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Sequence Analysis. The protein used in this study is SadA of
Salmonella enterica subsp. enterica serovar Typhimurium strain
LT2 (GenBank accession no. NP_462591). To determine its
genomic localization in enterobacteria, homologs were detected
by BLAST against the nonreduntant database at National Cen-
ter for Biotechnology Information. For selected hits, the geno-
mic context was extracted and visualized by using GCView (1).
The domain composition of the trimeric autotransporters from
different Enterobacteria was evaluated by using daTAA (2).

Cloning. The full-length SadA gene was amplified by PCR from
genomic DNA of S. enterica subsp. enterica serovar Typhimurium
strain L72 by using primers SP1 (5'-GGAACCTTTCTAGAT-
AACGAGGGCAAAAAATGAATAGAATATTTAAAGTC-
CTCTGGAATGCC) and SP2 (5'-CCAAGGTTAAGCTTAT-
TACCACTGGAA GCCCGCGCC). The obtained 4.4-kbp frag-
ment was digested with HindIII and Xbal and cloned in pASK-
IBA2 (IBA BioTAGnology). The resulting clone pSadA served
as a template for amplification of shorter SadA constructs by
PCR using primers SK5fw (5'-GACCATGGTCTCCGATTTA-
TGAAACCAACCAGAAGGTGGATC) and SKSrev (5'-GAC-
CATGGTCTCCTCATTCAGCCGTTACCCGTTGCGTATG-
CATC) for SadAKS, SK9fw (5'-GACCATGGTCTCCGATTCA
AAATGCCATTGGTGCGG TCAC) and SKOrev (5'-GACCA-
TGGTCTCCTCATTTGCGCCACATTAACCGCGTC AGTG)
for SadAK9, SK12fw (5'-GACCATGGTCTCCGATTTATTC-
TTTAAGTCAAT CCGTCGCCGACCGACTCGGCGG) and
SK12rev (5'-GACCATGGTCTCCT CATCTGAGAGCCGTT-
AACGGCATCGGTGCTGTCCGCAGCCAGG) for SadAK12,
and SK14fw (5'-GACCATGGTCTCCGATTAAAGTAACG-
GACGCGCAGGTTTCC) and SKldrev (5-GACCATGGTC-
TCCTCATCTTGTTTTCTACGCCTTTGATTTTGC) for Sad-
AK14. The yielded fragments of expected size were digested
with Bsal and ligated into vector pIBA-GCN4tri-His (3). Cor-
rectness of the clones was verified by DNA sequencing.

Protein Expression and Purification. The purification of SadAK1
and SadAK3 was described (3). SadAKS, which contains amino
acids 823-947 of SadA, was expressed as a fusion with only an
N-terminal GCN4pllI-adaptor. This was achieved by insertion of
a stop codon in primer SKS5rev immediately before the C-ter-
minal GCN4plI adaptor and the following (His)s linker. SadAKS
was overexpressed in Escherichia coli TOP10 as described above.
Pelleted cells were ruptured by using a French press in 20 mM
Tris:-HCI, 40 mM NaCl, 4 mM MgCl, at pH 7.4 containing
a protease inhibitor mix (Roche), PMSF, and Dnase I. After
a centrifugation step (140,000 x g, 40 min at 4 °C), the super-
natant was diluted 1:5 with 0.5 M Mes at pH 5.5 and applied
onto a cation exchange column (SP Sepharose; GE Healthcare)
equilibrated with 20 mM Mes and 40 mM NaCl at pH 5.5. Sa-
dAKS bound to the column and was eluted with a gradient of
0-1 M KCI. The final step was a size exclusion chromatography
step (S75; GE Healthcare) in 20 mM Mops and 150 mM NacCl at
pH 7.2. The other SadA constructs comprise SadA residues 1049-
1304 in SadAKO9, 255-358 in SadAK12, and 1185-1386 in Sa-
dAK14, each fused to GCN4plI adaptors on both the N- and C
terminus. The C-terminal adaptor is followed by a (His)e linker
to simplify purification. The proteins were expressed and purified
under denaturing conditions by using a NiNTA column (GE
Healthcare) as described for His-tagged SadAK3 (3). Refolding
was performed at 4 °C by dialysis by using the following buffers:
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20 mM Mops, 450 mM NaCl, and 10% glycerol at pH 7.2 for
SadAK9; 20 mM Mops and 150 mM NacCl at pH 7.2 for Sa-
dAK12, and 20 mM Tris-HCI and 150 mM NaCl at pH 7.4 for
SadAK14. For SadAK9, an additional size exclusion chroma-
tography step on a Superdex 200 column (GE Healthcare)
equilibrated with the appropriate refolding buffer was necessary
to obtain pure protein.

Antibody Purification. For antibody production, full-length SadA
was expressed in E. coli BL21 Omp8 DES3 cells (4) at 25 °Cin LB
medium overnight, supplemented with 100 pg/mL Ampicillin.
Outer membrane fractions were isolated essentially as described,
using the method of differential membrane solubilization with
Sarkosyl (5). The outer membranes were then solubilized in 3%
Octylpolyoxyethylene (CsPOE), 50 mM EDTA, 150 mM NadCl,
and 20 mM Tris-HCl at pH 8.0 and were diluted after 2 h to
a final detergent concentration of 1%. The solution was cleared
of debris by centrifugation and was subjected to phase separation
by using ice cold 20% (NH,),SOy (6). The detergent-rich phase
was collected, dialyzed against 1% C8POE and 20 mM Tris-HCI
at pH 8.0, and subjected to anion exchange chromatography with
a MonoQ column (GE Healthcare) by using a 0-1 M NaCl
gradient to remove residual lipopolysaccharides. Finally, the
fractions containing SadA were pooled, precipitated with 90%
ice-cold Acetone, and resuspended as a slurry in PBS to a con-
centration of approximately 0.5 mg/mL The purified protein was
used to raise rabbit anti-SadA antibodies. After testing the
specificities of several bleeds against SadA, the polyclonal anti-
serum was purified by using SadAK9 as bait. SadAK9 was
coupled to a 1-mL HiTrap NHS-activated HP column (GE
Healthcare) according to the manufacturer instruction. One
milliliter of anti-SadA antiserum was diluted 1:20 with 50 mM
Mops and 150 mM NaCl at pH 7.2 and loaded on the column
equilibrated with the same buffer. Bound antibodies were eluted
with a gradient of 0-4 M MgCl, and tested for specificity in
Western blotting.

Electron Microscopy. E. coli Top10 cells carrying either an empty
PASK-IBA3 or pASK-IBA2-SadA were grown at 37 °C until
ODgp = 0.6-0.8. Overproduction was induced by the addition of
anhydrotetracycline, and cells were grown for another 4 h, spun
down gently to concentrate cells, and immobilized on poly-L-
Lysine—coated coverslips.

For immunolabeling, immobilized cells were blocked with 0.5%
(wt/vol) BSA and 0.2% (wt/vol) gelatin in PBS and labeled with
affinity-purified SadA specific rabbit IgG. Bound antibodies were
detected with Nanogold coupled to goat IgG anti-rabbit IgG (no.
2003; Nanoprobes). After washing (2x blocking buffer, 3x PBS;
5 min each) the antigen—antibody-marker complexes were sta-
bilized with 0.5% GA in PBS for 5 min and washed six times with
H,O (total 25 min). Gold markers were enhanced for 35 min
with silver lactate, hydrochinone, and gum arabic in citrate buffer
at pH 3.8 according to Danscher (7).

For scanning electron microscopy, colonies were postfixed with
1% osmium tetroxide in PBS for 1 h on ice, dehydrated in ethanol
and critical-point-dried from CO,. The samples were sputter-
coated with 7 nm gold-palladium and examined at 20 kV ac-
celerating voltage in a Hitachi S-800 field emission scanning
electron microscope.

X-Ray Crystallography. Crystallization trials were set up by using
the Honey bee 961 robot from Genomic Solutions, mixing 400 nL
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of protein solution with 400 nL of reservoir solution in 96-well
sitting-drop Corning 3550 plates. The reservoir volume was 75 pL.
The crystallization conditions for all crystals used in the dif-
fraction experiments are listed in Table S1, together with soaking
conditions for cryoprotection where applicable. All crystals were
loop mounted, flash frozen in liquid nitrogen, and all data were
collected at beamline X10SA (PXII) at the SLS (Paul Scherrer
Institute, Villigen, Switzerland) under cryo conditions at 100 K
by using a mar225 CCD detector (Marresearch). Diffraction
images were processed and scaled by using the XDS program
suite (8). All structures were solved by molecular replacement
using MOLREP (9), in a hierarchical fashion: The shortest
construct SadAK1, comprising an FGG domain, was solved as
described for SadAK3 (10), using the trimeric GCN4 structure
1GCM as a search model. For K12, comprising an FGG domain
and a DALL/Neck tandem, was solved by using the K1 structure
as a search model, the resulting structure of the DALL/Neck
tandem from K12 was subsequently used to solve K5. K14 was
solved by using K5, and K9 by using K14.

In both crystal forms obtained for K9, K9cfI, and K9cfII, the
N-terminal 41 residues that should form a continuous coiled
coil are not traceable, albeit overall electron density resembling
the expected shape of the coiled coil is visible. As described in the
main text, we explain this phenomenon with the intrinsic flexibility
of the HANS connector following the coiled coil, giving rise to the
elevated R factors of the two structures. In K5, the C-terminal 43
residues are not traceable and supposedly unstructured—the C
terminus ending directly after a HANS domain was chosen un-
fortunate, which we learned after obtaining the first structure of
a HANS domain in KO9.

K12 shows an interesting crystallographic peculiarity: In the
crystal packing in P6322, cavities of 32-symmetry are formed
along the c-direction, which can accommodate full K12 trimers.
In the later stages of refinement, weak electron density charac-
teristic for the rod-shaped K12 trimer emerged in these cavities.
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This density can be explained by an average of two K12 trimers
in opposite orientations, related by the twofold axes of the crystal
system. Refinement of an additional protein chain in these cav-
ities was tried in space group P6322 with an occupancy of 50%
and also after expansion to lower symmetry, including P1. In all
cases, the refinement resulted in only faint electron density in the
resulting 2Fo-Fc maps for this chain, which was always, also in
lower symmetry, interpreted best as an average over both ori-
entations with low occupancy. Because none of these trials led
to improved R factors (but to more complicated models), we
decided to refine and deposit the final model in P6322 without
interpreting the density in the cavities. We assume that, through-
out the crystal, approximately 50% of these cavities are stochas-
tically filled with trimers, randomly in one of the two orientations,
which might be of importance for crystal integrity.

For K1, K5, K12, and K14, ARP/WARP (11) was used for
automated rebuilding. All structures were completed in cyclic
manual modeling with Coot (12) and refinement with REFMACS5
(13). For KO9cfII and K14, the refinement was carried out by using
NCS restraints. In all structures, the nature of structural solvent
molecules, such as the central water molecules in p-layers and
chloride ions in N@d layers, was identified on the basis of their
coordination distances to the protein, refined B-factors, and fit to
the electron density maps. Analysis with Procheck (14) showed
good geometries for all structures. Data collection and refine-
ment statistics are summarized in Table S2 together with PDB
accession codes. All molecular depictions were prepared by us-
ing MolScript (15) and Raster3D (16).

Modeling of Full-Length Fibers. The models of full-length SadA,
UpaG, and EhaG proteins were computed in Modeler by using
the structure of the YadA head (PDB ID code 1P9H), the
reported SadA structures, and the structure of the Hia membrane
anchor domain (PDB ID code 2GR8) as templates. The modeling
process was conducted with symmetry constraints.
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Fig. S1. Genomic context of the enterobacterial adhesins. Genomic region of E. coli and S. typhimurium strains containing SadA or its homologs (UpaG in
E. coli CFT 073, EhaG in E. coli 0157:H7). The adhesin is located between the mt/-operon (mannitol metabolism) and the //d-operon (L-lactate metabolism). This
genomic structure is conserved in all strains of E. coli and Salmonella spp except for E. coli K-12 and derivatives that appear to have a 5-kb deletion at
this location.
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Fig. S2. Sequence of SadA and constructs used in this study. Domains and constructs are marked individually and colored as indicated.
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Fig. S3. Sequence of UpaG and symbolic domain arrangement. Domains are marked individually and colored as indicated.
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Fig. S4. Sequence of EhaG and symbolic domain arrangement. Domains are marked individually and colored as indicated.
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Table S1. Crystallization conditions and cryo protection
Structure Protein solution Concentration, mg/mL Reservoir solution (RS) Cryo solution
K1 20 mM Mops at pH 7.2, 150 mM NadCl 4 16% (wt/vol) PEG 4000, RS+15% (vol/vol)
80 mM sodium acetate, PEG 400
100 mM Hepes at pH 7.5
K5 20 mM Mops at pH 7.2, 150 mM NaCl 17 10% (wt/vol) PEG 10000, RS+20% (vol/vol)
200 mM magnesium nitrate PEG 400
K9cfl 20 mM Tris at pH 7.4, 150 mM NacCl, 8.5 20% (vol/vol) butanediol, —
10% (vol/vol) glycerol 100 mM sodium acetate at
pH 4.5
K9cfll 20 mM Mops at pH 7.2, 150 mM Nacl, 4 15% (vol/vol) butanediol, —
10% (vol/vol) glycerol 100 mM sodium acetate at
pH 4.2
K12 20 mM Mops at pH 7.2, 150 mM NacCl 10 500 mM ammonium RS+25% (vol/vol)
tartrate, 100 mM sodium EG
acetate at pH 5.0
K14 20 mM Tris at pH 7.4, 150 mM Nacl 12 12% (wt/vol) PEG 8000, RS+10% (vol/vol)

100 mM magnesium

acetate, 100 mM Tris at

PEG 400

pH 8.5
Crystallization conditions for SadAK3 have been published (10).

Table S2. Data collection and refinement statistics

Structure SadAK1 SadAK5 SadAK9cfl SadAK9cflI SadAK12 SadAK14 SadAK3

PDB ID code 2YNY 2YNZ 2YO0 2YO1 2Y02 2Y03 2WPQ

Monomers/AU 3 3 1 3 1 3 3

Space group P2, P2:2,24 P 65 (*) P2, P 6522 (@] P2,

a A 34.8 44.6 54.0 81.9 48.6 189.3 26.0

b, A 40.4 60.3 54.0 48.7 48.6 46.2 37.0

¢ A 98.6 135.6 306.7 135.6 366.0 103.8 178.4

B, ° 93.5 90 90 105.1 90 98.0 92.7

Resolution range, A 38.0-1.35 19.9-1.40 37.2-2.80 39.1-3.10 38.3-2.00 37.3-2.00 34.1-1.85
(1.43-1.35) (1.49-1.40) (2.97-2.80) (3.28-3.10) (2.12-2.00) (2.12-2.00) (1.96-1.85)

Completeness, % 96.0 (89.6) 98.8 (97.9) 99.5 (99.4) 96.9 (94.6) 99.5 (98.6) 98.3 (96.8) 98.3 (94.0)

Redundancy 4.30 (3.22) 4.38 (4.14) 3.25 (3.22) 2.31(2.35) 7.30 (6.01) 3.91 (3.60) 3.97 (3.82)

I/5(1) 13.9 (1.98) 12.3 (1.97) 8.59 (2.07) 8.93 (2.35) 13.8 (2.29) 12.4 (2.32) 10.1 (1.91)

Rmerger % 5.5 (62.8) 6.9 (67.9) 14.0 (59.8) 10.0 (42.3) 8.7 (63.7) 7.1 (61.0) 7.7 (65.0)

Reryst/Rirees %0 13.3/19.8 17.6/23.2 22.1/29.7 26.5/32.0 24.2/28.4 20.0/25.3 22.1/28.8

Bond length/angle 0.021/1.68 0.011/1.10 0.010/1.14 0.014/1.32 0.015/1.29 0.011/1.10 0.007/0.84

rmsd, A
Ramachandran plot 98.9/1.1/0/0 97.7/2.3/0/0 72.6/26.2/1.2/0 77.3/20.7/1.0/1.1 97.3/2.7/0/0 93.6/6.1/0.3/0 100/0/0/0

statistics, %

Values in parentheses refer to the highest resolution shell. Statistics for SadAK3, which have been published (10), are shown for the sake of completeness.
The ramachandran plot statistics show the percentage of residues in the most favored/additionally allowed/generously allowed/disallowed regions, respec-
tively, as defined and determined by using the program Procheck (14).
*The crystals of SadAK9cfl were hemihedrally twinned with apparent 622 symmetry, twinning operator -H-K,K,-L and a twin fraction of 43%.
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