
Observing cellulose biosynthesis and membrane translocation 
in crystallo

Jacob L.W. Morgana,*, Joshua T. McNamaraa,*, Michael Fischerb,c, Jamie Richb, Hong-Ming 
Chenb, Stephen G. Withersb, and Jochen Zimmera,#

aUniversity of Virginia School of Medicine, Center for Membrane Biology, Molecular Physiology 
and Biological Physics, 480 Ray C. Hunt Dr., Charlottesville, VA 22908, USA

bDepartment of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver, B.C., 
Canada V6T 1Z1

Abstract

Many biopolymers, including polysaccharides, must be translocated across at least one membrane 

to reach their site of biological function. Cellulose is a linear glucose polymer synthesized and 

secreted by a membrane-integrated cellulose synthase. In crystallo enzymology with the 

catalytically-active bacterial cellulose synthase BcsA-B complex reveals structural snapshots of a 

complete cellulose biosynthesis cycle, from substrate binding to polymer translocation. Substrate 

and product-bound structures of BcsA provide the basis for substrate recognition and demonstrate 

the stepwise elongation of cellulose. Furthermore, the structural snapshots show that BcsA 

translocates cellulose via a ratcheting mechanism involving a “finger helix” that contacts the 

polymer's terminal glucose. Cooperating with BcsA's gating loop, the finger helix moves ‘up’ and 

‘down’ in response to substrate binding and polymer elongation, respectively, thereby pushing the 

elongated polymer into BcsA’s transmembrane channel. This mechanism is validated 

experimentally by tethering BcsA's finger helix, which inhibits polymer translocation but not 

elongation.

Introduction

Cellulose is an abundant structural cell component produced by many organisms, including 

bacteria, vascular plants and animals
1–4

. It is a linear polymer of glucose molecules joined 

between their C1 and C4 carbons
5
. Cellulose is synthesized by membrane-integrated 
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glycosyltransferases (GTs) that contain 6 to 8 transmembrane helices (TMHs) as well as an 

intracellular catalytic GT domain
6
. These enzymes polymerize UDP-activated glucose 

(UDP-Glc)
7,8 into chains thousands of glucose units long

9
 and translocate the polymer 

across the plasma membrane, through a pore formed by their own TM region
10

.

Cellulose is also a common biofilm component
2,11

 where it is synthesized and secreted via 

an inner and, in gram-negative bacteria, outer membrane-spanning cellulose synthase 

complex
3
. At the inner membrane, the catalytic BcsA and membrane-anchored, periplasmic 

BcsB subunits form a complex sufficient to synthesize and translocate cellulose
7
, while 

transport across the outer membrane likely occurs through the BcsC subunit
12,13

.

Processive GTs, including chitin, alginate and cellulose synthases, transfer the glycosyl 

moiety from a nucleotide-activated sugar (donor) to a specific hydroxyl group of the 

growing polysaccharide chain (acceptor) by a nucleophilic SN2-like substitution reaction
14

, 

thereby forming an elongated polymer and nucleoside diphosphate as reaction products. A 

processive mechanism requires that the elongated polymer is translocated after each glycosyl 

transfer, such that the polymer’s newly added sugar unit becomes the acceptor in a 

subsequent reaction. Because all known processive GTs are TM channel-forming 

enzymes
15–17

, the translocation of the polymer into the TM channel between catalytic steps 

also gives rise to secretion.

Previous structural and functional analyses of the Rhodobacter sphaeroides BcsA-B complex 

containing a nascent cellulose polymer revealed the architecture of the active site, its close 

association with the TM channel, as well as the coordination of cellulose within the 

channel
10

. In bacteria, cellulose biosynthesis is activated by the signaling molecule cyclic-

di-GMP (c-di-GMP)
18

, a potent biofilm inducer and allosteric activator of BcsA
19

. Binding 

of the activator to BcsA’s C-terminal PilZ domain allows a “gating loop” to either insert into 

the catalytic pocket during substrate binding or to retract from it to release the UDP 

product
20

.

Cellulose synthases contain a short helix within the GT domain, termed "finger helix"
20

. The 

N terminus of the finger helix contacts the polymer’s acceptor glucose via an invariant 

“TED” motif, of which the Asp likely facilitates the deprotonation of the acceptor C4 

hydroxyl during catalysis
10,20

.

Crystal structures of the catalytically inactive “resting” state of BcsA-B (in the absence of c-

di-GMP)
10

 and a c-di-GMP-activated structure
20

 provided important insights into the 

architecture and function of processive GTs. Here, we used in crystallo enzymology to 

obtain structural snapshots of a complete cellulose biosynthesis reaction cycle, providing 

structures of substrate- and product-bound states, and delineating the mechanism by which 

the elongated glucan is translocated into BcsA’s TM channel.

Cellulose synthase elongates the cellulose chain one glucose unit at a time

The previously determined c-di-GMP-activated BcsA-B structure
20

 contains a nascent 

cellulose polymer 18 glucose molecules long whose non-reducing terminal glucose unit rests 

at the entrance to BcsA’s TM channel, which is marked by the invariant Trp383 of the 
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"QxxRW" motif
20,21

. In this state, BcsA's finger helix is in an ‘up’ position where it points 

toward the entrance of the TM channel, thereby positioning Asp343, the putative catalytic 

base, near the C4 hydroxyl of the polymer’s terminal sugar, Fig. 1a. Because BcsA’s active 

site is empty and the gating loop is retracted from it, this structure represents a state in which 

the enzyme is poised to initiate a new cycle of chain elongation, hereafter referred to as the 

“post-translocation state”.

Strikingly BcsA-B is catalytically active in crystallo. Incubating BcsA-B crystals with UDP-

glucose in the absence of Mg2+ (to slow down the reaction) results in the extension of the 

polymer's electron density by one glucose unit, Fig. 1a. This demonstrates that cellulose 

elongation occurs via a stepwise addition of glucose units and that Trp383 of the QxxRW 

motif indeed forms the acceptor-binding site. The elongated polymer points straight into the 

catalytic pocket, similar to its position in the recently determined resting state of BcsA
10

 .

BcsA’s finger helix resets in response to polymer extension

Processive cellulose biosynthesis requires that the elongated polymer is translocated after 

each elongation cycle and the above described in crystallo cellulose extension demonstrates 

that glycosyl transfer and polymer translocation are separate steps.

To identify whether the extended cellulose translocates spontaneously over time, we 

extended the polymer in crystallo as described above, then diluted the substrate 65-fold, and 

incubated the crystals overnight before harvesting. Under these conditions, the density for 

the extended polymer continues to protrude into the catalytic pocket, suggesting that this 

state is stable in the absence of substrate, Fig. 1a. Strikingly, after extending the cellulose 

polymer, BcsA's finger helix shifts to a ‘down’ position, such that Thr341 and Asp343 of its 

TED motif again form hydrogen bonds with the polymer’s terminal glucose unit, Fig. 1a.

The finger helix movement is accompanied by the retraction of a small preceding loop with 

Phe335 at its tip from a hydrophobic pocket underneath the active site, Fig. 1a. The resulting 

"pre-translocation" state of BcsA-B contains an empty catalytic pocket, a gating loop 

retracted from the active site, Extended Data Fig. 1, an extended polymer, and a downward 

pointing finger helix, Fig. 1a.

Cellulose translocation by a coordinated movement of BcsA's gating loop 

and finger helix

The observed downward movement of BcsA's finger helix in response to cellulose 

elongation suggests its role in translocation. If crystals containing the above described pre-

translocation step are soaked with UDP/Mg2+, UDP binds and the gating loop inserts into 

the catalytic pocket, Fig. 1b. Additionally, the finger helix returns to the ’up’ position and 

the density for the polymer's newly-added glucose unit disappears, Fig. 1b, suggesting its 

translocation into the channel.

To confirm that the elongated polymer is indeed translocated in crystallo, we extended the 

polymer by one unit with the chain-terminating analogue 6-thio-galactose, whose location 
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can be unambiguously determined based on anomalous X-ray scattering of its sulfur atom. 

After polymer extension, the 6-thio-galactosyl moiety sits inside BcsA's catalytic pocket; 

then upon UDP/Mg2+ binding and gating loop insertion into the active site, the density of the 

newly-added sugar disappears, and the thio-galactosyl unit moves into the TM channel next 

to Trp383, Extended Data Fig. 2, thereby confirming the genuine translocation of cellulose 

in crystallo.

The ability of UDP/Mg2+ to induce translocation brings about the question of why 

translocation doesn’t occur immediately after glycosyl transfer when the UDP/Mg2+ product 

is bound at the active site and the gating loop is inserted. All states of BcsA observed thus 

far either show its gating loop inserted into the active site and the finger helix in the ‘up’ 

position, Fig. 1b, or the gating loop retracted from the active site and the finger helix in the 

‘down’ position, if the cellulose polymer is extended
10,20

, Fig. 1a. This suggests that the 

finger helix cannot move to the ‘down’ position unless the gating loop is retracted from the 

active site and that in turn gating loop insertion could induce the upward movement of the 

finger helix. This coupled movement is likely due to steric clashes between the side chain of 

Ile340, preceding the TED motif of the finger helix, and the gating loop’s backbone, Fig 1c. 

Ile340 is primarily conserved among bacterial cellulose synthases, eukaryotic enzymes 

usually contain a valine or occasionally a leucine residue at this position, which could 

perform a similar function. Indeed, BcsA carrying a Val at position 340 shows 

indistinguishable catalytic activity compared to the wild type enzyme, while an Ile to Leu 

substitution reduces the apparent activity by about 50%, Fig. 1d. Thr, Ala, Ser, Phe or Trp, 

however, support only low or background activities, suggesting that gating loop to finger 

helix coupling requires a fairly rigid, hydrophobic residue at position 340, Fig. 1d.

The movement of the finger helix is required for cellulose translocation

The conformational changes of BcsA described above suggest that its finger helix moves up 

and down during cellulose translocation. To test this hypothesis, we engineered double Cys 

BcsA mutants expected to crosslink the finger helix to an amphipathic helix (IF2) above the 

GT domain
10

, Fig. 1a and Extended Data Fig. 3, and screened those mutants for changes in 

catalytic activity upon oxidation. Introducing Cys residues at positions 338 near the N 

terminus of the finger helix and 394 at the C-terminal end of IF2 (hereafter referred to as 

BcsA-2C) results in attenuated catalytic activity compared to the wild type enzyme or 

single-Cys mutants in inverted membrane vesicles (IMVs). Full activity, however, can be 

restored upon addition of excess DTT, Fig 2a. Upon purification of BcsA-2C and 

reconstitution into proteoliposomes, its catalytic activity further decreases to ~20% under 

non-reducing conditions, Fig. 2b, likely due to complete disulfide bond formation during 

purification. Addition of the oxidizing reagent tetrathionate does not further decrease the 

enzyme’s apparent activity, yet the catalytic activity robustly recovers with increasing DTT 

concentrations. The crystal structure of this BcsA-2C mutant reveals that the disulfide bond 

forms when the finger helix is in the ‘up’ position, Fig. 2b and Extended Data Fig. 3, similar 

to its position in the post-translocation state
20

.

Additionally, the ability to observe cellulose elongation and translocation in crystallo allows 

us to further delineate how the engineered disulfide bond affects BcsA’s activity. Soaking 
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BcsA-2C crystals with substrate leads to polymer extension as observed for wild type BcsA, 

demonstrating that glycosyl transfer is not abolished by the mutations, Fig. 2c and d. 

Subsequently, if those crystals are then incubated overnight under oxidizing conditions, the 

finger helix remains in the ‘up’ position, revealing that the cross-link prevents the finger 

helix from resetting to the ‘down’ position, Fig. 2c. Binding of UDP/Mg2+ in these crystals, 

which induces polymer translocation in wild type BcsA within 15 to 45 min, fails to initiate 

translocation, even after an overnight incubation, Fig. 2d. However, reducing the engineered 

disulfide bond in the BcsA-2C complex restores the capability of the finger helix to move 

downwards following polymer extension and, most notably, restores polymer translocation, 

Fig. 2c and d, thereby directly correlating the movement of the finger helix with BcsA's 

ability to translocate the polymer.

The product-bound state

Directly after glycosyl transfer, BcsA contains an elongated glucan plus UDP/Mg2+ and an 

inserted gating loop at the active site, as well as the finger helix in the ‘up’ position. This 

“product-bound” state is accessible through the BcsA-2C mutant described above. Because 

the engineered disulfide bond tethers the finger helix, UDP/Mg2+ can be bound to the active 

site after polymer extension without inducing translocation.

Alternatively, we observed that incorporating 2-fluoro-substituted glucose into the polymer 

stabilizes a similar product-bound state. Attempting to trap a “donor-bound” state by using 

the usually (but not always) unreactive UDP-2-fluoro-glucose as substrate
22,23

, we observed 

that the nascent glucan is elongated. However, the subsequent translocation of this polymer 

is significantly impeded (but not abolished), which may be due to the loss of a hydrogen 

bond between Thr341 of the finger helix and the polymer’s terminal C2 substituent, Fig. 1a. 

Thus, elongating the cellulose polymer with 2-fluoro-glucose in wild type BcsA, then 

diluting the substrate and soaking in UDP/Mg2+ reproduces a similar product-bound state to 

that obtained for the BcsA-2C mutant. Due to higher quality diffraction data, Extended Data 

Table 1, we discuss the structure obtained with 2-fluoro-glucose.

The product-bound BcsA structure shows that the catalytic pocket can accommodate both an 

extended cellulose polymer and UDP/Mg2+, suggesting that the newly added glucose unit 

can align with the polymer before the gating loop retracts from the active site and UDP is 

released, Fig. 3. In this position, the only major interactions of the terminal glucose unit are 

with UDP's β-phosphate as well as Asp246 of the "DxD" motif
6
,
14

 via its C2 or C6 hydroxyl 

group (depending on its orientation), Fig. 3b.

Of note, the individual glucose units in cellulose are rotated by approximately 180o relative 

to their neighbors
5,24

. Therefore, during relaxation into the polymer's plane, the newly added 

glucose moiety must rotate either clock- or counter clockwise to be in register with the 

preceding glucose units
25,26

. This alternating rotation is most likely driven by the formation 

of intramolecular hydrogen bonds
26

 and could be facilitated by UDP release after glycosyl 

transfer, which minimizes steric restrictions at the active site, Fig. 3.
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The donor glucose binds to a hydrophilic pocket underneath the acceptor

To stabilize the substrate-bound state of BcsA, we synthesized and employed a non-

hydrolyzable phosphonate substrate analogue
27

, (UDP-CH2-Glc), in which a methylene 

bridge connects the donor glucose with UDP’s β-phosphate. Additionally, we also capped 

the cellulose polymer with galactose (see Methods), which cannot be extended due to an 

axial instead of an equatorial hydroxyl group at its C4 position.

The donor glucose inserts underneath the acceptor into a conserved hydrophilic pocket 

formed by BcsA’s TED, HAKAG and FFCGS motifs, Fig. 4a, and the gating loop 

cooperates with the QxxRW motif to stabilize the substrate. In particular, the gating loop's 

Phe503 forms cation-π interactions with Arg382 of the QxxRW motif, which in turn forms a 

salt bridge with the nucleotide’s β-phosphate as well as a hydrogen bond with the donor’s 

C6 hydroxyl, Fig. 4a and b. Further, the donor’s C3 hydroxyl interacts with the backbone 

carbonyl of Cys318 of the FFCGS motif and its ring oxygen is in hydrogen bond distance to 

the Nε of Trp383 of the QxxRW motif, Fig. 4b. Thus, the recognition of the donor’s C3 and 

C6 hydroxyls and its ring oxygen appears particularly important for substrate selectivity.

In the substrate-bound state, BcsA's finger helix is in the ‘up’ conformation and positions 

Asp343 of the TED motif within 2.5 Å of the acceptor’s C4 hydroxyl group, consistent with 

its likely function as general base during catalysis, Fig. 4b. However, the distance between 

the acceptor and the donor’s C1 carbon is about 4.2 Å (assuming glucose instead of 

galactose as the polymer's terminal sugar), which is likely too far for a direct transfer. We 

note that the pyrophosphate group of UDP-CH2-Glc is less deeply inserted into the active 

site compared to UDP in the product-bound state, Extended Data Fig. 4, perhaps due to the 

substrate's methylene-bridge and/or the capping of the glucan with galactose. Repositioning 

UDP-CH2-Glc according to the UDP conformation in the product-bound state places the 

donor’s C1 carbon within approximately 2.9 Å of the acceptor’s C4 hydroxyl, a suitable 

distance for glycosyl transfer
29

, Fig. 4c. This distance is likely also maintained when the 

acceptor is in the opposite orientation (as is the case for every other glucose unit), due to 

repositioning of the terminal glucose unit at the active site.

Implications for cellulose biosynthesis and membrane translocation

Cellulose biosynthesis requires that BcsA binds the substrate, positions it for and catalyzes 

glycosyl transfer, translocates the extended polymer, and exchanges UDP with UDP-Glc for 

a subsequent elongation cycle. Our structural snapshots of a complete cellulose biosynthesis 

cycle suggest that BcsA accomplishes this in three steps, Fig. 5.

Upon substrate binding, BcsA’s gating loop inserts into the catalytic pocket, thereby 

positioning the donor glucose for transfer and perhaps also stabilizing the UDP leaving 

group, Fig. 5. In this state, the acceptor glucose rests next to Trp383 at the entrance to the 

TM channel and interacts with the TED motif at the N terminus of the finger helix. After 

glycosyl transfer, the newly added glucose unit aligns with the polymer and extends into the 

catalytic pocket next to UDP’s pyrophosphate group. In this product-bound state, the gating 

loop remains inserted into the active site and the finger helix continues to point ‘up’ as 
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observed in the substrate-bound state. Next, BcsA’s gating loop retracts to release UDP and 

the finger helix resets to the ‘down’ position to interact again with the polymer’s terminal 

glucose unit. Binding of a new substrate molecule to this pre-translocation state could elicit 

the translocation of the extended polymer (by an upward movement of the finger helix) 

through re-insertion of the gating loop into the active site. In crystallo translocation 

experiments with a galactose-capped polymer and UDP-Glc as substrate confirmed that the 

polymer can indeed be translocated when UDP-Glc/Mg2+ binds to the active site (Extended 

Data Fig. 5). An alternative, perhaps slower, pathway could be the translocation of the 

polymer prior to substrate binding, facilitated either by random cycles of gating loop 

insertion and retraction or favorable interactions of the polymer in the extracellular milieu.

How could the opening of the gating loop and resetting of the finger helix be coordinated? 

The retraction of the gating loop after glycosyl transfer could be facilitated by the rotation of 

the newly added sugar into the plane of the polymer. Alternatively, it is possible that the 

Mg2+ coordination changes after glycosyl transfer, which in turn could affect the stability of 

UDP and the gating loop at the active site, as proposed for non-processive galactosyl 

transferases
30

.

BcsA's finger helix is capped at its N terminus by the TED motif, which is invariant among 

cellulose synthases. Within the motif, Thr341 and Asp343 form hydrogen bonds with the 

polymer's terminal sugar unit, which may enable the finger helix to exert force on the 

polymer during the upward movement. Both residues are well-suited for this task: as a β-

branched amino acid, the side chain hydroxyl of Thr is sterically restricted, and Asp343 is 

further rigidified by interactions with its backbone amide proton and that of the following 

residues, Extended Data Fig. 6.

How might the finger helix move downward without retro-translocating the glucan? N-

terminal capping of α-helices with Asp residues has been shown to significantly stabilize the 

helical conformation in a pH dependent manner
31,32

. During catalysis, Asp343 abstracts a 

proton from the acceptor’s C4 hydroxyl group
14

, thereby likely altering its interaction with 

the amide protons at the N terminus of the finger helix. Thus, we speculate that the 

destabilization of the finger helix during glycosyl transfer enables it to refold in the ‘down’ 

position, after UDP release and subsequent deprotonation of Asp343. This notion is 

supported by the position of another conserved residue within the finger helix. Thr346 sits at 

the membrane distal side of the finger helix just three residues C-terminal of Asp343, and its 

side chain hydroxyl provides an alternative hydrogen bond partner for the backbone 

carbonyl of the preceding Glu342, Extended Data Fig. 6. Threonine residues in α-helices, in 

particular in hydrophobic environments, often induce helical kinks, which could facilitate 

the repositioning of the finger helix
33,34

.

On its own, the finger helix is insufficient for cellulose translocation, which requires 

substrate or UDP binding and gating loop insertion into the active site. Thus, we conclude 

that the free energy of substrate binding energizes cellulose translocation. Additional 

thermodynamic driving force for translocation may be generated by the base catalyst itself. 

The post-translocation state is likely energetically favorable due to a strong interaction 
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between Asp343 and the acceptor’s C4 hydroxyl. This interaction is broken upon 

protonation of its side chain during catalysis but re-established after polymer translocation.

Methods

In crystallo cellulose synthesis

Rhodobacter sphaeroides BcsA–B was purified and crystallized as previously described
20

 by 

the bicelle crystallization method with the exception that gel filtration and crystallization 

were carried out in buffers lacking MgCl2. After the crystals grew to full size (about 2 

weeks), cryo-protection was initiated by 3 successive 2 uL additions of cryo solution (well 

solution containing 20% glycerol) to the crystal mother liquor without added MgCl2, each 

addition separated by 10 minutes.

After the third addition of cryo solution, the polymer was elongated by adding 0.8 µL of 100 

mM UDP-activated sugar (glucose or 2-fluoro glucose) in the absence of MgCl2 to the ~8 

µL crystallization drop for a final UDP-sugar concentration near 10 mM. The crystals were 

incubated with UDP-sugar for 2–3 hours at 30°C. After incubation, 6 µL of the 

crystallization solution was replaced with an equal volume of fresh cryo solution and this 

process was repeated twice to dilute the UDP-sugar concentration approximately 65-fold. 

Subsequently, crystals were then looped and flash-cooled in liquid N2 at various time points.

In crystallo cellulose translocation

For in crystallo translocation experiments using wild-type BcsA–B, 0.8 µL of a solution 

containing 100 mM UDP and 250 mM MgCl2 was added to the ~8 µL crystallization drop 

(see above) for a final concentration of ~10 mM UDP and 25 mM MgCl2. Crystals were 

looped and flash-cooled in liquid N2 at various time points.

For translocation experiments using the BcsA-2C mutant, cellulose was extended as 

described above and after completion of cryo-protection, sodium tetrathionate was added to 

a final concentration of ~1 mM or dithiobutylamine was added to a final concentration of 

~100 mM, followed by incubation for 30 or 15 min, respectively. Then, UDP/MgCl2 were 

added as described above, and crystals were harvested at various time points.

BcsA accepts UDP-Glc as well as UDP-Gal as substrates, however because galactose is the 

C4 epimer of glucose, elongation of the cellulose polymer with galactose is expected to stall 

after a single turn over. Thus, for translocation experiments using UDP-6-thio-Gal as 

substrate, polymer extension was performed as described above for other substrates with the 

exception that the cryo solution contained 25 mM MgCl2, and the 100 mM UDP-6-thio-Gal 

solution contained 84 mM dithiothreitol (DTT).

Data collection

Diffraction data for wild type BcsA-B and its double cysteine mutant were collected and 

processed as previously described
20

. Diffraction data for UDP-6-thio-Gal were collected at 

6.5 keV at NE-CAT to high redundancy. Phases were obtained by molecular replacement 

using a search model composed of pdb 4P02 with all ligands as well as residues 332–350 

(finger helix) and 499–510 (gating loop) of BcsA omitted. All ligands except for the final 4 
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glucose units of the cellulose polymer were subsequently added, and the models were 

refined in Phenix_refine
36

. Ramachandran analyses of the product-bound, substrate-bound 

and pre-translocation state structures identify 95.8/3.9/0.3%, 97.6/2.4/0.0% and 

96.8/3.2/0.0% residues in the preferred/allowed/outlier regions, respectively. Figures were 

prepared using PyMol
37

 and crystallographic software is supported by SBGrid
38

.

UDP-CH2-Glc soak to generate the donor-bound state

BcsA-B was crystallized in the presence of 1 mM UDP-Gal, which was added to the protein/

bicelle solution prior to mixing with the crystallization well solution. Fully-grown crystals 

were cryo-protected at 24°C as described above. The crystals were then incubated with cryo-

solution containing 1 mM UDP-CH2-Glc and 10 mM MgCl2 for 20 minutes, harvested, and 

flash-cooled in liquid N2.

Finger helix cross-linking and activity assays

BcsA cysteine mutants were generated from the constructs described earlier
10

 by using the 

QuikChange mutagenesis technique, and the mutant BcsA-B complex was expressed and 

prepared as inverted membrane vesicles (IMVs) or purified and reconstituted into 

proteoliposomes (PLs) as previously described
7
.

PLs were diluted to 125 nM (or IMVs to 12% v/v) with 125 mM NaCl and 25 mM sodium 

phosphate, pH 7.2, and incubated with increasing concentrations of DTT or sodium 

tetrathionate each for 15 minutes at 37°C, prior to initiating cellulose biosynthesis.

To initiate cellulose biosynthesis, c-di-GMP, UDP-Glc, UDP-[3H]-Glc, and MgCl2 were 

added, giving final concentrations of 100 nM BcsA-B, 20 mM sodium phosphate, pH 7.2, 

100 mM NaCl, 20 mM MgCl2, 5 mM UDP-Glc, 0.25 µCi UDP-[3H]-Glc, and 20 µM c-di-

GMP. Reactions were carried out in 25 µL aliquots at 24°C for 15 minutes, terminated by 

adding 2% SDS, and the tritium-labeled cellulose product was quantified by scintillation 

counting as previously described
7
. Reactions with IMVs containing BcsA Cys or I340 

mutants were incubated at 24°C for 3 hrs or 30 min, respectively. All experiments were 

performed at least in triplicate as technical replicates and error bars represent the deviations 

from the means.

UDP-sugar syntheses

See Supplementary Information for detailed protocols of chemical syntheses and product 

characterizations.
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Extended Data

Extended Data Figure 1. Conformational flexibility of the gating loop after cellulose extension
Unbiased Sigma-A weighted Fo-Fc difference electron density of the gating loop in the pre-

translocation state contoured at 2σ. The ordered part of the gating loop is shown as a thick 

green ribbon and two alternative backbone positions are indicated by a black dashed line. 

The position of the gating loop in the inserted state in the presence of a UDP molecule as 

observed in pdb entry 4P00 is shown as a cartoon representation colored blue.
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Extended Data Figure 2. In crystallo translocation of a 6-thio-galactose-containing cellulose 
polymer
The position of the 6-thio-galactose group at the polymer's non-reducing end was 

determined after polymer extension (upper panel) and upon subsequent incubation with 

UDP/Mg2+ (lower panel) in an anomalous difference Fourier electron density (DANO) map. 

DANO peaks detected at a wavelength of 1.74 Å are shown as a red mesh contoured at 3.5σ. 

Unbiased Sigma-A weighted Fo-Fc difference electron density for the cellulose polymer is 

shown as a green mesh contoured at 4σ. The cellulose polymer was extended and 

translocated as described in Fig. 1 with the exception that UDP-6-thio-galactose was used as 

substrate and Mg2+ was included during the initial soaking step. The extended DANO peak 
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around Cys318 in the post-translocation state might arise from overlapping peaks originating 

from Cys318 and the thio-Gal unit in an opposite orientation. All Cys and Met residues 

close to BcsA's active site are shown as sticks. UDP is shown as sticks in violet for its 

carbon atoms.

Extended Data Figure 3. Position of the disulfide-tethered finger helix
The BcsA-2C-B complex was crystallized as described for wild type BcsA-B. (a) Unbiased 

Sigma-A weighted Fo-Fc difference electron density of BcsA's finger helix contoured at 4σ 

(magenta mesh). Cellulose and BcsA's Trp383 at the entrance to the TM channel are shown 

as sticks in cyan and gray for their carbon atoms, respectively. The finger helix and IF2 are 

shown as cartoon helices colored yellow and gray, respectively. (b) The finger helix-tethered 

BcsA-B complex was refined in a resolution range from 34 to 3.2Å to a final R/Rfree of 

19.9/23.9% in Phenix_refine
36

 with Ala residues at positions 338 and 394 of BcsA. A strong 
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difference electron density peak indicates the position of the omitted disulfide bond in a 

Sigma-A weighted Fo-Fc difference electron density map, (green mesh, contoured at 2σ).

Extended Data Figure 4. Comparison of the UDP conformation in the substrate and UDP-bound 
states of BcsA
The substrate-bound BcsA structure was superimposed with pdb entry 4P00 by secondary 

structure matching in Coot. The substrate is shown as "balls and sticks" in violet for the 

carbon atoms and the UDP molecule from pdb entry 4P00 is shown as gray sticks. BcsA's 
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finger helix is shown as a yellow cartoon and the cellulose polymer is shown as cyan and red 

"balls and sticks" as observed in pdb entry 4P00. Magnesium is shown as a green sphere.

Extended Data Figure 5. UDP-Glc induced polymer translocation
The nascent cellulose polymer was extended with a chain-terminating galactose residue 

upon soaking BcsA-B crystals with UDP-Gal. Following dilution of the substrate as 

described in Fig. 1, crystals were incubated for 150 min either in the absence of a nucleotide 

or in the presence UDP/Mg2+ or UDP-Glc/Mg2+, respectively. The unbiased SigmaA-
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weighted Fo-Fc difference electron density of the nascent polymer (green mesh) is shown at 

three different contour levels, indicating that UDP-Glc also induces polymer translocation.

Extended Data Figure 6. Stabilization of BcsA's finger helix by conserved residues
Top panel: Stick representation of BcsA's finger helix and nascent cellulose polymer shown 

in yellow and cyan for their carbon atoms. The finger helix is shown as a poly-glycine helix 

except for the labeled residues. Bottom panel: The finger helix's "TEDxxT" motif is 

conserved among pro- and eukaryotic cellulose synthases. Finger helix sequences are 

aligned for Micrasterias denticulata CesA, Physcomitrella patens CesA5, Arabidopsis 
thaliana CesA8, Rhodobacter sphaeroides and Escherichia coli BcsA, and Ciona savignyi 
CesA. The conserved threonine following the TED motif is indicated with a red box. Of 

note, the threonine residue is absent from the Ciona CesA sequence, however, this protein 

contains a serine residue at the following position, which could perform a similar function.
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Extended Data Table 1

Crystallographic data collection and refinement statistics.

Product-bound Substrate-bound Pre-translocation

Data collection

Space group P212121 P212121 P212121

Cell dimensions

  a, b, c (Å) 67.3, 216.8, 221.1 68.0 216.8 220.8 67.4 218.2 220.8

  α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 39.43–2.95 (3.01–2.94)* 35.05–2.90 (2.96–2.90) 29.48–3.4 (3.52–3.4)

Rpim 0.060 (0.512) 0.094 (0.514) 0.056 (0.638)

CC1/2
^ 0.995 (0.636) 0.986 (0.577) 0.997 (0.787)

Mean I / sI 10.3 (1.6) 5.2 (1.2) 9.6 (1.3)

Completeness (%) 98.6 (82.4) 99.3 (90.0) 99.7 (100.0)

Redundancy 5.0 (4.2) 10.4 (9.1) 6.6 (6.9)

Refinement

Resolution (Å) 34.35–2.94 34.92–2.95 29.48–3.4

No. reflections

  Total 68,776 70,259 86075

  Rfree 3,429 3,329 4367

Rwork/Rfree (%) 20.6/23.4 20.7/24.2 22.78/26.8

No. atoms

  Protein 10,673 10,725 10,618

  β-1,4 g1ucan 198 188 199

  c-di-GMP 92 92 92

  UDP 25

UDP-CH2-Glc 36

  Mg2+ 2 2

  Lipids 89 90 69

B-factors

  Chain A 82.8 87.41 155.0

  Chain B 72.2 79.4 147.0

  Chain D 91.3 106.9 211.0

  β-1,4 glucan 80.4 87.7 164.3

  c-di-GMP 68.8 71.4 144.7

  UDP 97.3

UDP-CH2-Glc 79.4

  Lipids 85.6 122.4 156.0

R.m.s deviations

  Bond lengths (Å) 0.003 0.003 0.004

  Bond angles (°) 0.861 0.905 1.052

*
Values in parentheses refer to the highest-resolution shell.

^
Correlation between intensities from random half-data sets.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In crystallo cellulose biosynthesis
BcsA is shown as a surface with the TM and GT regions colored gray and beige. BcsB is 

shown as a gray cartoon. The cellulose polymer is shown as cyan sticks, BcsA’s finger helix 

and gating loop are shown as a cartoon colored yellow and green, respectively. Trp383 is 

represented in gray sticks as a marker for the TM channel entrance. (a), Left Panel: 

Organization of the BcsA-B complex and formation of a channel for the translocating 

polymer. Right Panel: The pre-translocation state of BcsA. Unbiased Sigma-A weighted Fo-

Fc difference electron densities contoured at 4 and 3σ are shown as green and magenta 
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meshes for the nascent cellulose chain and finger helix, respectively. (b) Translocation of 

cellulose. Crystals described in (a) were subsequently soaked with UDP/Mg2+. UDP is 

shown in sticks and colored violet for the carbon atoms and Mg2+ is shown as a green 

sphere. (c) Insertion of the gating loop into the active site is incompatible with the ‘down’ 

position of the finger helix, likely due to a clash between Ile340 and the gating loop's 

backbone. The retracted gating loop and finger helix in the ‘down’ position are both shown 

as blue cartoons. (d) Cellulose biosynthesis by BcsA I340 mutants. Ile340 was replaced with 

the indicated residues and in vitro cellulose biosynthesis was performed in IMVs as 

described
7
. All activities are represented relative to the WT activity. All experiments were 

performed at least in triplicate and error bars represent standard deviations from the means. 

Inset: Western analysis of the IMVs used, showing equal expression levels of all BcsA 

mutants.
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Figure 2. Movement of BcsA's finger helix is essential for cellulose translocation
In vitro cellulose formation by wild type and mutant BcsA-B complexes. (a) Activity in 

IMVs under reducing (DTT) and oxidizing (sodium tetrathionate) conditions. For each 

mutant tested, the apparent activity was normalized to its activity in the presence of 50 mM 

DTT and (1.) and (2.) indicate the order of DTT and tetrathionate addition. (b) DTT and 

tetrathionate titrations are shown in red and blue, respectively, for wild type BcsA (dashed 

lines) and BcsA-2C (solid lines). All experiments were performed at least in triplicate and 

error bars represent the deviations from the means. Right panel: Location of the engineered 

disulfide bond in BcsA-2C, colored as in Fig. 1. (c) Comparison of BcsA-2C finger helix 

positions following polymer extension under oxidizing and reducing conditions. Upon 

cellulose elongation, crystals were oxidized or reduced and incubated without substrate for 

16 hrs or 6 hrs, respectively. (d) Comparison of in crystallo cellulose translocation in WT 

and BcsA-2C. The cellulose polymer was extended, then translocation was initiated as 

described in Fig. 1, and crystals were harvested after the indicated incubation periods. In all 

panels, the unbiased electron densities for the glucan and finger helix are contoured and 

colored as described in Fig. 1. Trp383 of the acceptor-binding site is shown in gray.
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Figure 3. The product-bound state
The product-bound state of BcsA contains an elongated cellulose polymer and an inserted 

gating loop coordinating UDP/Mg2+ at the active site. (a) Cellulose was elongated in 
crystallo with a 2-deoxy-2-fluoro-glucose moiety and UDP/Mg2+ was rebound to the active 

site as described in Fig. 1. Unbiased Sigma-A weighted Fo-Fc difference electron densities 

contoured at 4 and 4.5σ are shown for the nascent cellulose polymer and UDP/Mg2+ in 

green and blue, respectively. (b) The terminal glucose unit of the extended cellulose polymer 

forms interactions with the β-phosphate of UDP and Asp246 of the DxD motif. Colors are as 

in Fig. 1 and fluorine is shown in light blue.
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Figure 4. The substrate-bound state
The donor glucose binds in a conserved pocket beneath the acceptor. (a) Unbiased Sigma-A 

weighted Fo-Fc difference electron density of UDP-CH2-glucose at BcsA's active site, 

contoured at 4σ. Right panel: Conserved residues of BcsA involved in coordinating the 

donor glucose are shown as sticks. (b) Interactions between the donor sugar moiety and 

BcsA's D246xD, FFC318GS, T341ED343 and QxxR382W383 motifs. (c) Comparison of 

substrate- and product-bound states. Aligning the substrate's pyrophosphate group with the 

position of UDP in the product-bound state (Fig. 3) positions the donor's C1 carbon within 
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approximately 2.9 Å of the acceptor’s hydroxyl group. The substrate is shown as gray and 

black sticks for its UDP and glucose moieties, respectively.
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Figure 5. Model of cellulose biosynthesis
Cellulose biosynthesis might start with substrate binding to BcsA when the polymer's 

terminal glucose unit sits at the acceptor site at the entrance to BcsA's TM channel (a). At 

this time, the gating loop stabilizes the substrate and the finger helix in the ‘up’ position (red 

arrow). Glycosyl transfer generates the product-bound state (b) and retraction of the gating 

loop and UDP release allows the finger helix to reset to the ‘down’ position to contact again 

the polymer's terminal glucose unit (c). Substrate binding to this pre-translocation state and 

insertion of the gating loop could induce the upward movement of the finger helix and 
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polymer translocation (a) or spontaneous translocation might precede substrate binding via a 

post-translocation state (d).
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