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Abstract

The cellulose synthesizing terminal complex consisting of subunits A, B, C, and D in
Acetobacter xylinum spans the outer and inner cell membranes to synthesize and extrude
glucan chains, which are assembled into sub-elementary fibrils and further into a ribbon. We
determined the structures of subunit D (AxCeSD/AxBcsD) with both N- and C-terminal
Hise-tag, and in complex with cellopentaose. The structure of AxCeSD shows an exquisite
cylinder shape (height: ~65 A, outer diameter: ~90 A, and inner diameter: ~25 A) with a
right-hand twisted dimer interface on the cylinder-wall, formed by octamer as a functional
unit. All N-termini of the octamer are positioned inside the AxCeSD cylinder and create four
passageways. The location of cellopentaoses in the complex structure suggests that four
glucan chains are extruded individually through their own passageway along the dimer
interface in a twisted manner. The complex structure also shows that the N-terminal loop,
especially residue Lys6, seems to be important for cellulose production, as confirmed by in
vivo assay using mutant cells with axcesD gene disruption and N-terminus truncation. Taking

all results together, a model of the bacterial terminal complex is discussed.
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Introduction

Cellulose is a linear homopolymer of D-glucopyranose linked by B-1,4-glycosidic bonds. It
is an abundant polysaccharide in nature, and accounts for over half of the total organic carbon
in the earth’s biosphere. Cellulose is produced by many different organisms, including
vascular plants, algae, some bacteria, and even some animals (1-5). Among these, bacterial
cellulose (BC) produced by gram-negative obligate aerobe Acetobacter xylinum (A. xylinum =
Gluconacetobacter xylinus), has exceptional physicochemical properties, such as ultrafine
reticulated structure, high crystallinity, high tensile strength, high hydrophilicity, moldability
during formation, and biocompatibility, although its chemical structure is similar to those of
cellulose produced by plants and algae (2, 6, 7). These remarkable characteristics are of
interest for the development and manufacture of a wide range of commercial materials, such
as food matrix, dietary fiber, acoustic membranes, special biomaterials (8, 9), optically
transparent material additives (10), and electronic displays (11). Several techniques and the
optimum culture conditions are used for BC production. However, both the scale and cost of
production still impede a wide range of applications of BC (7, 12, 13). The elucidation of
cellulose biosynthesis by A. xylinum is indispensable for the efficient cellulose production
and industrial applications.

A. xylinum has been used for many years as a model organism to study cellulose
biosynthesis (14-16). In A. xylinum, the cellulose synthesizing terminal complexes (referred
to TCs) are arrayed in a linear row along the longitudinal axis of the cell (17, 18). One TC
consists of at least four subunits, AXCeSA (cellulose synthase subunit A), AxCeSB (subunit

B), AxCeSC (subunit C), and AxCeSD (subunit D), which are encoded by three (axcesAB,



axcesC, and axcesD) or four (axcesA, axcesB, axcesC, and axcesD) genes that form a
cellulose synthase operon (axces) (19-23). There has been a great deal of research to
determine the functions of these subunits. AxCeSA and AxCeSB are responsible for
catalyzing and regulating glucan chain polymerization, respectively (21). AxCeSC and
AxCeSD are believed to play roles in glucan chain extrusion and crystallization, which are
thought to be rate-limiting steps during the coupled processes of polymerization and
crystallization in cellulose assembly (16, 21, 24). The sites of cellulose synthesis on the cell
surface were observed as crater-like ring wall structures ~150 A in diameter with a central
hole or deepening of ~35 A (circle) (25). It will be important to elucidate how these
complexes are organized to form the structure for efficient cellulose synthesis.

The amino acid sequences deduced from the axcesD genes show a higher degree of
conservation than those deduced from other genes in the axces operon among
cellulose-producing A. xylinum family (22), although the homologs of axcesD genes are not
present in the databank of sequenced plant genes (16). AxCeSD encoded by this gene is not
essential for cellulose synthase activity, but cells with disruption of the axcesD gene show a
marked decrease in BC yield, suggesting that AxCeSD is required for maximal BC synthesis
in A. xylinum (21). It has been suggested that AxCeSD may play a role in extrusion and/or
crystallization of the cellulose sub-elementary fibrils (SEF) (21). However, the detailed
function and mechanism of action of AxCeSD in cellulose biosynthesis remain unclear.

In the present study, we obtained the first structure of a bacterial cellulose synthase subunit
D, AxCeSD from A. xylinum. This subunit, AxCeSD, is assembled into a novel octamer with

central pores, which has direct implications for extrusion of the glucan chain into the



extracellular medium. Based on the structure complexed with cellopentaose (CPT, a short
glucan chain) and the phenotypes of mutant cells, the current report discusses the function of

AxCeSD in extrusion of glucan chains as well as insights into cellulose biosynthesis.



Results
Structure determination and the monomer structure

The crystal structure of AxCeSD with a Hisg-tag at the N-terminus (N_AxCeSD) was
determined by the multiple wavelength anomalous diffraction (MAD) method (26) (Fig. 1).
The asymmetric unit contains eight copies with an average root mean square deviation
(RMSD) of 0.5 A for Co. atoms (Pro8 — Arg150). Based on the N_AxCeSD model, we found
that the N-terminus of AxCeSD may be important for its function (e.g., it may influence
central pore assembly, as discussed later). Therefore, AxCeSD with a Hise-tag at the C
terminus (C_AxCeSD) was also constructed and its structure was solved by the molecular
replacement (MR) method (27) at 2.8 A resolution. The C_AxCeSD crystal contains four
copies in an asymmetric unit with an average RMSD of 0.4 A for Co atoms (144 residues).
Although the N_AxCeSD and C_AxCeSD crystals have different space groups (P3, and
14,22, respectively), the average RMSD for Co atoms (Pro8 — Argl50) between the two
monomer structures is 0.6 A, and they show very similar conformations. The N- and
C-terminal loops (residues 1-5 and 151 - 156, respectively) are very flexible; the
conformations are different even in copies within the asymmetric unit; residues 1 —5 could
not be built in five of eight copies in N_AxCeSD crystal form; residues 1 — 4 could not be
built in three copies, and residues 1 — 3 and 152 — 156 could not be built in remain one of four
copies in the C_AxCeSD crystal form. The structure of C_AxCeSD complexed with CPT
(C_AxCeSD-CPT) prepared by the crystal soaking method was determined (residues 4 — 151,
4-161, 4-162, and 4 — 151 in the model) in addition to N_AxCeSD and C_AxCeSD. The

full CPT molecules were built and refined based on both 2Fo — Fc and Fo — Fc maps (Fig. 2).



The monomer structure of AxCeSD is composed of five a-helices and four p-strands, with
al (Thrll —Val25), a2 (1le27 — Arg44), a3 (Val53 — 1le67), B1 (Thr71 — Leu77), 2 (GIn81
—Glu88), a4 (LeulO4 —Ser118), B3 (Tyrl26 — Argl30), a5 (Alal34 — Alal39), and B4
(lle145 - Val151) ordered from the N-terminus to the C-terminus (Fig. l1la). The four
B-strands form an antiparallel sheet (B1 — B2 — B4 — B3), flanked by four a-helices (ol — 04)
on one side and one a-helix (a5) on the other. The arrangement of the two helices (a1 and a2)
in the N-terminus resembles a fishhook shape. Interestingly, this structural feature has been
found in a very different protein named TRAPP I, a transport protein particle | involved in
ER-to-Golgi trafficking. TRAPP | is a multi-subunit vesicle tethering complex composed of
seven subunits (PDB: 3CUE) (28, 29). The structure of AxCeSD was shown to be similar to a

subunit of TRAPP | by DALI search (30) with a Z score of 10.3 for 127 residues.

Molecular cylinder with four spiral interfaces of dimers

In the crystal structure of N_AxCeSD (space group P3;), an octamer (tetramer of dimers)
is formed with a non-crystallographic D4 point group symmetry in an asymmetric unit (Fig.
1b), which is consistent with the results of gel filtration experiments (Fig. S1). The monomers
in each of four dimers are related by the non-crystallographic 2-fold symmetry axes which lie
perpendicular to the non-crystallographic axis of 4-fold symmetry of the octamer. This
characterization was also confirmed by the crystal structure of the C_AxCeSD (space group
14,22), in which although there are only two dimers in an asymmetric unit, an octamer with
D, point group symmetry is generated by a crystallographic 2-fold axis. Furthermore,

small-angle X-ray scattering experiments using N_AxCeSD solution showed a gyration



radius (Rg) of 34.2 A, corresponding to the calculated Rg value of 34.4 A from the crystal
structure of octamer N_AxCeSD (Fig. S2). These results taken together indicate that
AxCeSD exists in an octamer as a functional unit, and the Hisg-tag in both of N- and
C-terminus do not affect the formation of AxCeSD octamer. We discuss the AxCeSD
octamer in this paper.

As shown in Fig. 1a, the two helices al and o2 at the N-terminus with a fishhook-like
arrangement in two monomers are intertwined and consequently a stable homodimer is
assembled with 2-fold symmetry. The monomer contacts in the dimer are mainly made along
the faces of these two N-terminal helices and two loops, one linking a3 and f1 and the other
connecting B2 and o4, through hydrophobic interactions. In addition, side chain — side chain
contacts including GIn15 — Arg44' and Glu20 — Glu36' contribute to dimerization (here, the
prime refers to the second monomer in the dimer). Upon dimer formation, an average of
approximately 15.5% of accessible surface area on each monomer is buried.

An octameric assembly, a tetramer of dimers AB, CD, EF, and GH, shows a cylindrical
structure along the non-crystallographic 4-fold symmetry axis with a height of ~65 A, an
outer diameter of ~90 A, and an inner cavity diameter of ~25 A (Fig. 1b). The upper layer of
the octamer is comprised of four monomers, A, C, E, and G, while the bottom half consists of
the remaining monomers, B, D, F, and H (Fig. 1c). The two layers are twisted by about 50 °.
As shown in the side view in Fig. 1b, each monomer interacts with both monomers of the
right-side dimer, and only one monomer (same layer) of the left-side dimer. The interactions
between monomers of different dimers in the same layer are made mainly by helix a3 and the

C-terminal half of the loop bridging a2 — a3 to the right-side monomer in the upper layer,



and by helix al and the loop bridging B2 — a4 to the left-side neighbor, while the contact
between different layer monomers is formed by C-terminus of a2 and the N-terminal half of
the following loop (Figs. 1b and S3). Finally, four dimers are held together in a cylindrical
shape with 4-fold symmetry, burying an average of 30% of the accessible surface area in each
monomer. Interestingly, the interfaces between dimers form four spiral interstices on the wall
of the molecular cylinder with an angle of 50° from the cylinder (vertical) axis (Fig. 1c). All
N-termini of the eight AxCeSD molecules extend to the center of the cylinder, while all

C-termini are positioned outside on two sides of the cylinder.

Passageway of glucan chain through AxCeSD cylinder

The crystal of C_AxCeSD-CPT complex was prepared by soaking native crystals in
crystallization solution with CPT, and its structure was determined by the same method used
for determination of the C_AxCeSD structure. Both 2Fo - Fc and Fo - Fc maps showed
electron density blobs along the dimer interface in the structure of C_AxCeSD-CPT complex
(Fig. 2a), which did not appear in native structures. The electron density blobs were shaped
similar to the structure of CPT, and interestingly the center part was bulged, the shape of
which corresponds to two B-D-glucopyranoses (Fig. S4). Considering that the 2-fold
symmetry axes of AxCeSD dimers are in the centers of blobs, two conformations for each
CPT were built close to the inner wall of the molecular cylinder on the dimer interface based
on electron density blobs. Two conformations for each CPT located at the same dimer
interface are in opposite directions related by either crystallographic or non-crystallographic

2-fold symmetry (Fig. S4c). Finally, based on Fo-Fc map, the eight CPTs with half (0.3) of



total occupancy (0.6) were refined. This means that four CPTs are located in an AxCeSD
octamer with two possible orientations each in opposite direction, and the result of refinement
corresponds to the average crystal structure of two alternative orientations. Such structural
features of C_AxCeSD-CPT complex suggested that AxCeSD does not recognize the
direction of CPT as expected from D, symmetry of the octamer; it has 2-fold symmetry
running through the centroid and perpendicular to the main axis of the cylinder.

As shown in Fig. 2b, the N-termini of the AxCeSD octamer form four passageways
together with the inner wall of AxCeSD. Each CPT passes through its own passageway. In
accordance with D, point group symmetry, the passageways are associated with
crystallographic or non-crystallographic 2-fold symmetry running in the same way as dimer
assemblage of C_AxCeSD. Half of each passageway is formed by the N-terminus of al and
the loop prior to al (CPT contact residues: Lys6, Asp9, Thrll, GInl5, GIn92) in the first
monomer (i.e., monomer A), and the C-terminal half of a3 (CPT contact residues: Ala62',
Ala65', and Leu66') in the second monomer (i.e., monomer B) that forms a dimer with the
above monomer. Following the symmetry, the other half of the passageway is formed by the
C-terminal half of a3 (CPT contact residues: Ala62", Ala65", and Leu66") in the third
monomer (i.e., monomer C) that is located at the left side of the first monomer, and the
N-terminus of al and the loop prior to al (CPT contact residues: Lys6"™, Asp9™, Thrll"™,
GIn15™) in the forth monomer (i.e., monomer D) dimerized with the third monomer. Among
the CPT contacted residues, the side chains of Lys6, Asp9, and Thrll were positioned within
the hydrogen bonding distance to the CPT.

Compared with the surrounding residues, the CPT was refined with higher average B
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factor and lower occupancy, suggesting that the CPTs are flexible with relatively weak
interactions of AxCeSD. This flexibility of CPTs can be considered a suitable feature for the
motion of glucan chains. The weak affinity between AxCeSD and the glucan chain is
important for the extrusion of glucan chains in cellulose production, as discussed below.
Taken together, these results indicate that a glucan chain can be extruded through the
passageway in the AxCeSD cylinder with no directionality. The extrusion direction of the
glucan chain in A. xylinum cells may be controlled by other factors. Furthermore, the
passageways in the AxCeSD octamer are tilted from the cylinder axis, which may result in
the extrusion of glucan chains into the extracellular SEF of cellulose in a right-handed twisted
manner (Fig. 2b right).

As described above, the structure of the AxCeSD indicated that the N-terminus was
important for cellulose synthesis; therefore, we prepared N-terminus deletion mutants of
AxCeSD and measured cellulose productivities of mutant strains to verify their effects on
cellulose biosynthesis. In comparison to the cellulose yield of the wild-type strain A. xylinum
ATCC23769 (100%), the relative yield of the axcesD deletion mutant strain DBCD (Fig. S5)
was 9.6%, indicating a significant decrease in cellulose yield (Fig. 3a). When the axcesD
gene was reintroduced into DBCD (DBCD+D), the relative yield of cellulose was recovered
to 87.8% of that in controls. With introduction of each plasmid containing the mutant axcesD
genes in which residues 1-4 (DBCD+DAN4), 1-5 (DBCD+DANS5), and 1-6 (DBCD+DANG)
of AxCeSD were deleted, the relative cellulose yield was less than 30% for DBCD+DANGS,
whereas those of DBCD+DAN4 and DBCD+DAN5 were of the same level as that of

DBCD+D (Fig. 3a). These results were consistent with the observation that the four
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N-terminal residues were disordered in the three structures of AxCeSD, and the inner four
passageways of the molecular cylinder were completed from residue Glu5 (Figs. 2b and 3b).
As shown in Fig. 3b, the model of DANS (deletion of the five N-terminal residues) retains the
inner four passageways, while the passageways are broken in the DANG6 (deletion of the six
N-terminal residues). Based on these results, Lys6 seems to play a critical role in the
production of glucan chains by simply creating interior passageways (Fig. 3b) or by forming

hydrogen-bonding with the middle glucopyranose ring of CPTs (Fig. 2b)

Discussion

Intramembrane TCs have been suggested to be responsible for the polymerization and
extrusion of glucan chains during cellulose synthesis (21, 25, 31). Among the four subunits of
the TC, AxCeSA and AxCeSB are known to play roles in glucan chain polymerization and
regulation respectively, being capable of binding UDP-Glucose and cyclic-di-GMP (1, 2, 21).
AxCeSC and/or AxCeSD were suggested to hold the pore for extruding glucan chains (16, 21,
25, 31, 32). However, it remains unknown how the newly synthesized glucan chains are
extruded out of the cell.

The cylinder-shaped structures of N_AxCeSD, C_AxCeSD, and C_AxCeSD-CPT octamer
indicate the molecular basis of the passageway for export of glucan chains. The N-terminal
loop, especially residue Lys6, plays an important role in glucan chain export, as confirmed by
the cellulose production of mutant cells with axcesD gene disruption and truncation. The
results of the present study suggest that AxCeSD may form an interior cylinder of TC pore,

and provides spiral passageways for extruding glucan chains. The weak interaction between
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AxCeSD and glucan chains mentioned above would be beneficial for newly synthesized
glucan chains to extend through the passageway.

Although the importance of the spiral passageways required confirmation by further
studies, it is conceivable that such unique construction of AxCeSD passageways may help
spin glucan chains and assemble them together. The SEF would be formed after glucan
chains are extruded from the AxCeSD octamer. Considering the physicochemical properties
of BC produced by A.xylinum and conservation of subunit D in this organism, the AxCeSD
octamer may be the key for such unique properties of BC. The effects of AxCeSD on
physicochemical properties of cellulose remain to address in further studies.

The complicated processes of BC biosynthesis are performed by TCs present in large
quantities in pore sites that are arranged in a linear row in the cell membrane. As of all
processes should be closely coordinated, and it is therefore reasonable that TC subunits are
well organized. The results of the present study clearly showed that AxCeSD exists as an
octamer as a functional unit. Taking into consideration the expression levels of proteins
encoded by genes in one operon, the AxCeSD octamer suggests that one TC could be
composed of eight sets of subunits A, B, C, and D in A. xylinum, and synthesizes and
transfers four glucan chains across the membrane through the TC pore. This corresponds to
the previous proposal that a glucan chain may be synthesized by two catalytic A-subunits (33,
34). Taking all of these observations together, a model [(A;B,)4CgDs] of bacterial TC can be
proposed. According to this model, subunits A, and B, work together to synthesize a glucan
chain from the substrate UDP-Glc, and the nascent four glucan chains are then passed

through the AxCeSD octamer in the inner TC pore formed by the AxCeSC octamer.
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Materials and Methods
The expression, purification, crystallization and data collection of AxCeSD with a
Hisg-tag (N_AxCeSD, C_AxCeSD) are provided in Sl text. The preparation of axcesD gene

deletion mutant strain (DBCD) is also provided in Sl text.

Structure solution and refinement
The X-ray diffraction data were collected using the in-house X-ray diffraction equipment,
and the synchrotron radiation. All data sets were processed with the HKL2000 software suite
(35). Se-MAD phasing was applied to solve the N_AxCeSD structure. The sites of selenium
atoms were found using the program SHELXD (36), and the initial phase was calculated and
modified by the program SHELXE (36), then a partial structure of 599 residues of polyalanine
was constructed with the program RESOVLE (37). With this partial structure, the phase was
improved iteratively using OASIS2004 (38), DM (39), and RESOLVE, and a model of 888
residues was obtained. The additional model building, fitting, and refinement were carried
out automatically with the program LAFIRE (40) running with the refinement program CNS
(41) following several cycles of manual model checking and fitting using the graphics
program O (42). TLS refinement with non-crystallographic symmetry restraint was finally
performed using REFMACS5 (43, 44). The programs PROCHECK (45) and WHATIF (46)
were used to assess the quality of the final model.
The structure of C_AxCeSD was determined by the molecular replacement method with
the program MOLREP using the dimer structure of N_AxCeSD as a search model, and the

structure of C_AxCeSD-CPT was determined by rigid-body refinement using the structure of
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C_AxCeSD. While the refinement process of C_AxCeSD was performed as described for
that of the N_AxCeSD structure, the refinement of C_AxCeSD-CPT had additional steps for
CPT; the CPTs were built based on the Fo—Fc map calculated from the refined protein
structure of C_AxCeSD-CPT using the program COOQOT (47). The final refinement of
C_AxCeSD-CPT complex with two conformations and total 0.6 occupancy for CPT (Fig. S3)

was performed using the program REFMACS. The refinement statistics are listed in Table S1.

Assay of cellulose production

Various axcesD genes expressing N-terminus-truncated AxCeSD were amplified by PCR
from genomic DNA of A. xylinum ATCC23769. Using specific primer pairs corresponding to
the predicted 5' and 3' termini (Tab. S2), the PCR products were digested with BamHI/HindllI,
and then cloned into the pTI99 vector. The kanamycin resistance gene was inserted into the
Ndel site of each plasmid constructed for screening of recombinant strains. The resultant
plasmids were introduced into DBCD by electroporation.

A. xylinum was grown in HS medium (48) containing 0.5% (w/v) peptone, 0.5% (w/v)
yeast extract, 0.115% (wi/v) citric acid, 0.27% (w/v) Na,HPQO,, and 2% (w/v) D-glucose at
30 °C without shaking for 7 days. Appropriate antibiotics were added as required. The BC
membrane formed on the surface of a medium was washed with 1% (w/v) NaOH solution to
remove medium and cells for a given time, and then with distilled water until NaOH was

removed. The purified BC membrane was air-dried and weighed.
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FIGURE LEGENDS

Figure 1. Crystal structure of AxCeSD. (a) Ribbon representation of the dimeric structure of
AxCeSD. The two monomers are shown in blue and red, respectively. The helices and sheets
are labeled, where the prime refers to the second monomer. (b) Overall structure of the
AxCeSD octamer. The octamer structure is viewed along the 4-fold axis (top view) and the
dyad axis (side view), with each monomer (A — H) shown in a different color. The N- and
C-termini of all copies that are positioned in the center and outside of the cylinder are
indicated by the circled N and C (same as in Fig. 1a), respectively. (c) A schematic diagram
of the octamer assembly based on side view in (b). The octamer is represented by a cylinder,
and monomers (A, C, E, G) and (B, D, F, H) are distributed in the top and bottom layers,
respectively. The colors of each molecule correspond with those in Fig. 1b. The dimer -
dimer interfaces are depicted with sloping rectangles, and indicated by arrows. Figures a — ¢
were  prepared with the program  PyMOL  (DeLano  Scientific  LLC,

http://pymol.sourceforge.net/).

Figure 2. The structure of AxCeSD complexed with CPT. (a) The CPT and its omitted
electron density map. The map along the dimer — dimer interface, shown in cyan chickenwire
contoured at 2.0 o, was calculated in the absence of CPT with coefficients Fo — Fc (left). The
inner view of the CPT passageway is shown by the protein surface of four monomers (right).
(b) Ribbon representation of AxCeSD octamer in complex with CPT (left), and the relocation
of four CPTs in the AxCeSD octamer (right). A magnified view of the pore is shown in the

rectangular box. The CPTs and the AxCeSD residues involved in contact with CPT are
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shown as stick models. Oxygen and carbon atoms in CPT are colored red and yellow, and

oxygen, nitrogen, and carbon atoms in AxCeSD are colored red, blue, and gray, respectively

Figure 3. Effects of axcesD gene deletion and mutations on the cellulose production.
AxCeSDs with N-termini truncated in various lengths were expressed in DBCD of A. xylinum
ATCC23769. All measurements of cellulose production were carried out under the similar
expression level of TC. (a) The relative yields of cellulose produced by wild-type (column
WT) and following mutant cells: axcesD gene deletion mutant with a control vector (column
DBCD), full-length (columns DBCD+D), deletion of the 4 N-terminal residues (column
DBCD+DAN4), deletion of the 5 N-terminal residues (column DBCD+DANS), and deletion
of the 6 N-terminal residues (column DBCD+DANG6). The measurements were done 5 times
for each sample. (b) Molecular surfaces of C_AxCeSD (WT; the 3 N-terminal residues were
disordered), DAN5 (deletion of the 5 N-terminal residues) and DANG (deletion of the 6
N-terminal residues) octamer. The colors correspond to eight monomers in the same way of

Fig 1b and the CPTs are shown as in Figure 2.
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Table S1. Data collection statistics

N_AxCeSD C_AxCeSD C_AxCeSD-CPT
Data collection
Space group P3, 14,22 14,22
Cell dimensions
a b, c(A) 77.7,77.7,213.9 133.4,133.4,217.8 132,9, 132.9, 216.7
o, B,y (°) 90.0, 90.0, 120.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (A) 50-2.7 (2.8-2.7) 50-3.0 (3.11-3.0)
Rym' (%) 6.1 (43.2) 8.8 (39.9)
o (1) 20.86 (2.39) 18.04 (3.41)
Completeness (%) 99.8 (99.2) 99.9 (99.9)
Redundancy 8.7 (4.8) 10 (9.0)
Refinement
Resolution (A) 20-2.5 20-2.8 15-3.0
No. reflections 44637 24424 17658
R/Rfree (%) 18.1/23.8 20.9/27.6 21.4/28.8
No. atoms
Protein 9535 4784 4828
Ligand 0 0 224
Water 393 261 179
B factor (A?)
Protein 64.5 63.1 49.8
Ligand - - 65.5
Water 64.3 73.3 61.5
R. m. s. deviations
bond length (A) 0.014 0.017 0.020
bond angle (°) 1.616 1.845 2.229
Ramachandran plot (%)
most favored regions 91.2 90.8 86.0
additionally allowed regions 8.8 9.2 14.0

Values in parentheses are for the highest resolution shell. The collection statistics of N_AxCeSD

have been reported previously (1).

iR, :Zth|<|>h—|hj |/th,~|h,- , Where <I>y, is the mean intensity of symmetry-equivalent

reflections.



Table S2. Primers and Plasmids

Primers

sense primers

SP(C_AxCeSD) catgccatggcaatttttgagaaaaaaccggatttcaccctgtttc

SP(D_Eco) cggaattcctgcgtgaggtcggacggggcatgacaatttttgagaaaaaaccggatttcacce

SP(D_GIu5_Eco) | cggaattcctgegtgaggtcggacggggcatggagaaaaaaccggatttcaccctgttte

SP(D_Lys6_Eco) | cggaattcctgegtgaggtcggacggggcatgaaaaaaccggatttcaccctgtttettcag

SP(D_Lys7_Eco) | cggaattcctgegtgaggtcggacggggceatgaaaccggatttcacccetgtttcttcag

SP(Km_Nde) aaacatatgtgaagaaggtgttgctgactc
R4(C)-bcsxA tgacaacaccgccccacttcttge
SP(bcsD) tcgaattcggacgagcecagtaatgacaatttttgag

antisence primers

AP(C_AxCeSD) | cccaagcttggtcgcggaactgegeac

AP(D_Hind) gaaagctttcaggtcgcggaactgcgcacy
AP(Km_Nde) aaacatatgggaaagccacgttgtgtctc
R2-bgIxA acagagcaacgatcccgccaaac
AP(bcsD) tcggatcecctgectcaggtcgeggaacty
Plasmids
PET-28b Km', P+, ori (pBR322), lacl®
pTrc99A Ap' Pyc, Trrmg, Ori (pBR322), lacl®
pFF6 endogeneous plasmid from A. xylinum IFO3288
shuttle vector between E. coli and A. xylinum, replication gene from FF6 cloned
PTISY in EcoT22l site of pTrc99A
pTIK pTI99 with Km' cassette
pTIDK pTIK with axcesD gene
pTIDAN4K pTIK with a gene expressing AxCeSD truncated until fourth amino acid
pTIDANSK pTIK with a gene expressing AxCeSD truncated until fifth amino acid
pTIDAN6K pTIK with a gene expressing AxCeSD truncated until sixth amino acid
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