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Structure of the oligogalacturonate-specific KdgM

porin

The phytopathogenic Gram-negative bacterium Dickeya
dadantii (Erwinia chrysanthemi) feeds on plant cell walls
by secreting pectinases and utilizing the oligogalacturanate
products. An outer membrane porin, KdgM, is indispensable
for the uptake of these acidic oligosaccharides. Here, the
crystal structure of KdgM determined to 1.9 A resolution
is presented. KdgM is folded into a regular 12-stranded
antiparallel B-barrel with a circular cross-section defining a
transmembrane pore with a minimal radius of 3.1 A. Most
of the loops that would face the cell exterior in vivo are
disordered, but nevertheless mediate contact between densely
packed membrane-like layers in the crystal. The channel is
lined by two tracks of arginine residues facing each other
across the pore, a feature that is conserved within the KdgM
family and is likely to facilitate the diffusion of acidic
oligosaccharides.

1. Introduction

Plant cells are protected by a rigid wall composed of three
major carbohydrates: cellulose, hemicellulose and pectin.
Pectin, in particular, provides rigidity to the cell wall by cross-
linking cellulose and hemicellulose fibres. It is composed of
a-1-4-linked galacturonate residues, some of which are methyl
and/or acetyl esterified. Degradation of this polymer by
pectinolytic enzymes is a devastating process for the plant,
leading to cell necrosis and the so-called soft-rot disease
that affects various plants of agricultural interest and causes
significant economic losses every year (Hugouvieux-Cotte-
Pattat et al., 1996; Charkowski et al., 2012). Dickeya dadantii
(formerly named Erwinia chrysanthemi) is one of the phyto-
pathogens responsible for this disease. The bacterium can
process pectin by massively secreting pectinases to yield
galacturonate oligomers (GA,) of various lengths, mainly
trimers and tetramers, that are used as a carbon source for
growth (Condemine et al., 1992; Kazemi-Pour et al., 2004).
The smaller oligomers can cross the outer membrane via the
general OmpF porin, but in addition specific porins, KdgM
and KdgN, have evolved to facilitate translocation, in parti-
cular of the larger GA,, oligomers (Blot et al., 2002; Conde-
mine & Ghazi, 2007). Their expression is up-regulated when
GA,, is encountered in the environment.

In the periplasm, GA,, saccharides are subsequently further
processed into shorter oligogalacturonates that can be trans-
ported through the inner membrane via theTogMNAB ABC
transporter and the TogT symporter (Hugouvieux-Cotte-
Pattat et al., 2001) to finally enter the cytoplasm, where they
are degraded to pyruvate and 3-phosphoglyceraldehyde, the
final products that enter the general cellular metabolism to
produce energy for the cell (Shevchik ef al., 1999).
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Table 1

Data-collection and refinement statistics.

Values in parentheses are for the outer shell.

Wild-type KdgM KdgMki615-GAs uns

Data collection

Beamline . X06DA, SLS X06DA, SLS
Wavelength (A) 1.008 1.008
Space group P2, P2,

Unit-cell parameters (A °) a=36.9,b=597, a=369,b=597,
¢ =516, =106.8 ¢ =516, B=106.5

Matthews coefficient 22 22

(A’ Da™)
Resolution (A)
Runerget (%)
Total reflections
Unique reflections

4936-1.93 (2.03-1.93) 50.00-2.10 (2.21-2.10)
73 (39.3) 7.8 (30.5)

61216 (8662) 34323 (2961)

16187 (2329) 11990 (1419)

Completeness (%) 99.9 (99.9) 94.9 (77.5)
Multiplicity 3.8 (3.7) 29 (2.1)
Mean I/o(I) 10.6 (3.4) 9.9 (2.3)
Refinement
No. of atoms
Protein 1411 1417
Detergent 129 135
Solvent 66 41
Ryork/Rireet (%) 20.6/24.2 20.9/24.5
Average B factors (Az)
Overall 30.0 333
Protein 27.8 324
Detergent 54.8 43.1
Solvent 31.6 31.5
R.m.s.d. from ideal
Bond lengths (A) 0.011 0.008
Bond angles (°) 1.507 1.222
Ramachandran plot (%)
Favoured 96.9 98.7
Allowed 31 13
Outliers 0 0
PDB code 4fqe 4pr7

T Rmerge = Yopt 2oi Mi(hkl) — (I(RKD)|/> s 2= I:(hkl), where I(hkl) is the observed
intensity for a reflection and (I(hkl)) is the average intensity obtained from multiple
observations of symmetry-related reflections. # R =), ||F0bs| - ‘Fcalc”/zhkl | Fps s
the test set for the Ry, calculation comprised 5% of the data set.

The members of the KdgM porin family have the shortest
sequence amongst the known outer membrane channels, with
an average length of about 220 amino acids (molecular weight
of about 25 kDa) for the mature protein. The KdgM family
(Pfam family PF06178) currently comprises 1333 members
distributed amongst 545 species, most of them Enterobacter-
iaceae spp., including plant and human pathogens such as
uropathogenic or food-poisoning Escherichia coli, Salmonella
enterica, Yersinia pestis, Y. enterocolitica, Pectobacterium,
Vibrio, Shigella and Pseudomonas species. In most cases two
and up to four homologous sequences are present in the
genome, indicating a functional advantage for these bacteria
to maintain several paralogues. For example, the two
D. dadantii GA,, porins KdgM and KdgN are differentially
expressed depending on the environmental conditions
(Condemine & Ghazi, 2007).

Recently, the crystal structure of the N-acetylneuraminic
acid-inducible NanC from E. coli, a member of the KdgM
family, has been determined (Wirth et al., 2009). The outer
membrane protein is folded into a simple oval-shaped
12-stranded B-barrel that delimits a water-filled channel with
an average radius of 3.3 A. Conspicuously, the channel is lined

by two tracks of basic residues that face each other across the
pore and extend from the extracellular vestibule to the peri-
plasm. Their potential role in the translocation of negatively
charged oligosaccharides has been discussed.

KdgM from D. dadantii was the first member of the family
to be functionally characterized (Blot et al., 2002). It is
essential for the transport of the longer (n > 3) GA,, pectin-
degradation products. The virulence of the bacterium is
significantly impaired in the knockout mutant, which makes
this porin an interesting drug target. [on translocation through
KdgM was studied within artificial lipidic bilayers and showed
an average conductance of 450 pS in 0.8 M KCI and anion
selectivity (2.8-fold preference for chloride versus sodium
translocation in a 0.8-0.1 M gradient). The ion current was
blocked by the addition of trigalacturonate at millimolar
concentrations. Here, we report an unusually densely packed
crystal form of the integral outer membrane protein KdgM
and describe its high-resolution structure.

2. Materials and methods
2.1. Protein expression, extraction and purification

KdgM was amplified from plasmid pKM2 (Blot et al., 2002)
with the primers KdgMHis+ (5-GGGTTCGAATATAGGG-
AAAATACAATGAAG-3") and KdgMHis— (5-CCGAAT-
TCAGTGGTGGTGGTGGTGGTGGAAGCTGTACTGCA-
CGCCTAC-3') to introduce a C-terminal Hiss tag. The
amplified fragment was cloned into plasmid pGEM-T
(Promega). A Sacl-EcoRI fragment was cut and introduced
into the same sites of plasmid pKSM717 (Maneewannakul
et al., 1994) to create plasmid pKdgM-6His. To create single-
point mutants of KdgM, site-directed mutagenesis was
performed on plasmid pKM?2 using the QuikChange kit
(Stratagene). Mutagenized fragments were cut out with Sphl
and EcoRI and introduced into plasmid pKSM717.

To produce the proteins, the plasmids were introduced into
E. coli strain BL21(DE3)omp8/pLys [F— ompT hsdSB gal
dcm AlamB ompF:Tn5 AompA AompC (DE3)] (Prilipov
et al., 1998). Transformants were grown in 31 LB medium at
30°C. When the OD reached 1.5, IPTG was added to a
concentration of 1 mM and the cells were grown for an
additional 3 h. The bacteria were collected by centrifugation
at 6000g for 10 min, resuspended in 10 mM Tris—-HCI pH 8.0,
1 mM EDTA, treated with Benzonase (Merck, Darmstadt,
Germany) and disrupted in a French press. Unbroken cells
were eliminated by centrifugation at 6000g for 20 min and the
membrane fraction was collected by centrifugation at 100 000g
for 1 h.

To solubilize the inner membrane, membrane samples were
diluted twofold with 50 mM Tris-HCI pH 8.0, 2% (v/v) lauroyl
sarcosine (LS), homogenized and centrifuged for 1h at
~140 000g. Proteins were extracted from the outer membrane
by stepwise solubilization with octyl-POE (Bachem). Outer
membrane pellets were resuspended in 50 mM Tris—-HCl pH
8.0 containing increasing concentrations of octyl-POE
(Bachem) [0.5, 1, 2 and 3%(v/v)], homogenized and centri-
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fuged for 30 min at ~140 000g. The 2 and 3% (v/v) octyl-POE
fractions contained the largest amounts of solubilized KdgM
and were pooled.

Wild-type and mutant KdgM were purified using nickel-
affinity chromatography with a 1 ml HisTrap HP column
(GE Healthcare) equilibrated with 50 mM Tris-HCI pH 8.0,
0.6% (v/v) octyl-POE. The protein was eluted by applying an
imidazole gradient up to 500 mM. KdgM-containing fractions
were concentrated using an Amicon Ultra-4 centrifugal filter
(Millipore) to a volume of 500 pl. To exchange the buffer,
size-exclusion chromatography was applied. The protein
sample was loaded onto a Superdex 200 10/300 GL column
(Amersham Bioscience) equilibrated
with 10 mM Tris—-HCI pH 8.0, 100 mM
NaCl, 0.5%(v/v) CgE4. Peak fractions
were concentrated to 8 mgml~' and
stored at 4°C for crystallization experi-
ments.

2.2. Crystallization and soaking

A Phoenix robot (Art Robbins
Instruments) was used for initial
screening in 96-well plates (sitting-drop
vapour-diffusion method) at 273 K.
Crystals were obtained with the MPD
Suite screen (Qiagen) only in the
presence of digalacturonate (GA,;
Sigma) as an additive. Optimization was
carried out in 24-well plates (hanging-
drop and sitting-drop vapour-diffusion
methods). Drops consisted of 1 pl
protein solution at 2-6 mgml™' in
10 mM Tris-HCI pH 8.0, 100 mM NaCl,
0.5% (v/v) CgE4 and 1 pl reservoir solu-
tion. Plate-like crystals (0.3 x 0.3 mm)
grew in a broad range of reservoir
conditions: 100 mM MES pH 5.5-6.5 or
100 mM HEPES pH 7.0-7.5, 19-23%
MPD, 36-72 mM GA,. To obtain the
structure of KdgM in complex with
oligogalacturonate,  crystals  were
soaked with 175mM unsaturated
GAs s (4,5-unsaturated pentagalactur-
onate; a gift from J. Benen, U. Wagen-
ingen) for 7 h in 100 mM MES pH 6.0,
25% MPD.

2.3. Data collection, processing,
structure determination and
refinement

Crystals were flash-frozen in liquid
nitrogen without additional cryopro-
tectant and data were collected on
beamline X06DA (PXIII) at the Swiss
Light Source (SLS), Villigen, Switzer-
land using a MAR225 CCD detector.

Figure 1
Crystal packing of KdgM. (a) View along the crystallographic ¢ axis, (b) view along the a axis. The
monoclinic unit cell and crystallographic 2, symmetry axes are shown in black. Superimposed on the
2F, — F. map (grey, contour level 1.20), the KdgM C” traces are shown in cyan. (c) Close-up view of
the major crystal contact between 2;-related molecules within the ab plane. The ¢ axis is vertical.
The contact appears to mainly be defined by direct interactions between apolar side chains (yellow
and cyan), but some detergent or lipid molecules (black) are also involved.

Diffraction data were indexed and integrated using MOSFLM
(Leslie, 2006) and were scaled using SCALA (Evans, 2006).
Phases were determined by molecular replacement using
Phaser (McCoy et al., 2007). CHAINSAW (Winn et al., 2011)
was used to obtain a modified model of NanC (PDB entry
2wjq; Wirth et al., 2009) in which nonconserved residues were
truncated to common atoms. Furthermore, three loops (119-
128, 158-169 and 196-204) were removed from the search
model. Refinement was carried out with REFMACS
(Murshudov et al., 2011) and manual model building in Coot
(Emsley et al., 2010). Waters were automatically placed with
ARP/wARP (added for F, — F_ density > 40 and removed for
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F, — F, density < 2.50). Stereochemical validation of the
structures was performed using the MolProbity server (Chen
et al., 2010). The KdgM pore dimensions were quantified and
the pore lumen was visualized with the program HOLE
(Smart et al., 1996).

3. Results and discussion
3.1. Structure determination

Wild-type KdgM, KdgMgi2s and KdgMg6s including
the native signal sequence and a C-terminal Hise tag were

(b

Figure 2

overexpressed in E. coli. The point mutations were chosen
following the surface-entropy reduction strategy (Derewenda,
2004) to potentially facilitate subsequent crystallization. For
this, a KdgM homology model was generated on the basis of
the structure of NanC porin to predict surface-exposed lysine
and glutamate residues. Four nonconserved lysine (Lys124,
Lys130, Lys156 and Lys161) as well as two glutamate residues
(Glu199 and Glu203) were identified to probably reside in
external loops that often mediate crystal contacts in porins.
The homology model also predicted solvent exposure of the
C-terminus, justifying the addition of a C-terminal tag. The

EXTRACELLULAR
SPACE

22 A
MEMBRANE CORE

PERIPLASM

10 A

Crystal structure of KdgM. (a, b) Cartoon representation showing the transmembrane S-strand (ribbons), the extracellular loops (green tubes) and the
periplasmic turns (magenta tubes) of the 12-stranded B-barrel. In addition, all side chains are shown in full. Aromatic side chains of the two girdles are
coloured gold. NT and CT indicate the chain termini. View from within the membrane (@) and from the cell exterior (b). (¢, d) The same views as in (a)
and (b) but in molecular-surface representation. Horizontal lines indicate the approximate boundaries of the outer-membrane hydrophobic core as

defined by the aromatic girdles (gold).
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proteins were extracted from the
outer membrane with octyl-POE

EXTRACELLULAR SPACE

L2
and further purified via affinity L5 L4 KiN/p
chromatography. L6 Lyies (G P T
. . S | F

A final size-exclusion chroma- 200 T - = K
tography step was performed to DT J N GK - G120 |3 E A-D L1
exchange detergent prior to = SE 0} @ M iy s oy 31 @k
crystallization. Many detergents, Track 2 ® Y-D G\T K\,D (R \N\S/\s S\V d’s ANT
such as N,N-dimethyldodecyl- £ £ & ,\{(\ A \a\ S AN 48 }\N_\ \A\ ,\H\VG N
amine N-oxide (LDAO) and \R\ \N\ ey S e \Y\ \Y\ \E\ & ) S \M\ -
polyethylene glycol monooctyl R\Y £9 N\H\ \E\ \L\ \R\P S & V\g\ \v\ \R\ \H\E 3
ethers (CsE, and CgEs), as well as \v\ \E\ \v\ E\L G\T R\Y \v\ \F\ \v\ S\E L\L Y\R g
sugar-based detergents such as V\G Y\V L\K \v\ \N\ \,_\ R\" P\G s\A \s\ \|\ \D\ o
octyl or nonyl glucoside, were \0\ \P\ \s\ . 'S 8 \G\ \E\ \Y\ A £3 A 5
tested for crystallization of wild- S\Y &Y. & \T\ \Y\ (8> ,A\R y & ‘\> \R\ D =
type KdgM. Crystals appeared in F ond &Y LY 4 GNA & NT
many conditions, especially in o 3 11~ Track 1
CsE,4, CgEs and octylglucoside.
Notably, all successful detergents
had eight-carbon acyl chains. The B2 B B0 B BB BT B B B B o®E M )
surface-entropy-reduced mutants PERIPLASH
were tested for crystallizationina  Figure 3

second phase. Clearly, compared
with the results for wild-type
KdgM, even more hits were
obtained. For example, KdgMg 245
in LDAO yielded crystalline
objects in 24 of the 384 tested
conditions. Nine of the successful conditions gave harvestable
crystals, although the crystals only diffracted to low resolution.

A breakthrough was achieved with the addition of di-
galacturonate (GA,), a substrate of KdgM. Well diffracting
plate-like crystals belonging to space group P2, were obtained
for both wild-type KdgM and the K161S mutant. Data-
collection statistics are given in Table 1. The structure was
solved by molecular replacement using a truncated model of
the homologous NanC porin (PDB entry 2wjq; Wirth et al.,
2009). The quality of the electron-density map allowed the
tracing of 80% of the polypeptide chain; the segments 12-15,
42-55, 118-129, 160-169 and 197-203 were not traced.
Subsequent refinement yielded a wild-type KdgM model with
final R and Ry.. values of 20.6 and 24.2%, respectively
(Table 1).

shown as black dashed lines.

3.2. Crystal packing

Fig. 1 shows that monomeric KdgM porin molecules are
arranged into a densely packed layer in the ab plane of the
monoclinic crystal. The layer is stabilized by lateral contacts
between the porin B-barrels, mainly involving direct van der
Waals contacts between their apolar surfaces. In addition,
elongated density features, which have been modelled as
detergent acyl chains, are observed as part of the contacts.
Details of the major crystal contacts can be seen in Fig. 1(c).
Neighbouring barrels in the crystal layer are oriented up and
down (according to the crystallographic 2, axes parallel to b).

Topology diagram of KdgM. The first three B-strands are repeated to indicate interactions closing up the
barrel. Circled residues belong to loop regions and residues in squares belong to S-strands. Residues
indicated in bold have their side chain pointing towards the pore interior, with basic residues coloured blue
(forming tracks 1 and 2) and acidic residues red. Otherwise, the same colour code is used as in Fig. 2.
Extracellular loops without defined structure are shown in dashed circles. Hydrogen bonds in turns are

Note that such an arrangement is artificial and will not occur in
the native outer membrane.

The protein layers are stacked on top of each other
according to the c translation symmetry. Since the pore axis of
the barrel is oriented approximately perpendicular to the ab
plane, pores of adjacent layers are roughly aligned, resulting in
the appearance of water-filled channels that run through the
entire crystal (Figs. 1a and 1b). The use of such crystals for the
development of highly precise filtering devices appears to be
attractive.

Paradoxically, there is virtually no electron density between
the layers. The closest distance (5 A) is observed between
Arg204 and Lys130* from an antiparallel molecule of the
adjacent layer. Layer contact must be mediated by structurally
heterogenous elements. In fact, large segments of the extra-
cellular loops are not defined by density (see below) but would
be large enough to establish inter-layer contacts. Thus, the
pile-up of presumably rather rigid and well ordered layers also
appears to mediate long-range crystalline order in the direc-
tion of the layer normal.

3.3. Overall structure

KdgM is folded into a 12-stranded antiparallel B-barrel
encompassing a transmembrane pore (Fig. 2). Its structure is
similar to that of NanC (Wirth et al., 2009), with which it shares
24% sequence identity. 172 C% positions superimpose with
an rm.s.d. of 1.4 A. The cross-section of the barrel is almost
circular, with dimensions of about 23 x 25 A as defined by the
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(a)
EXTRACELLULAR SPACE

PERIPLASM
(©

Figure 4

Pore architecture. (a, b) Cut-open views of the pore related by a 180°
rotation about the pore axis. All side chains are shown and charged or
aromatic residues are labelled. The arginines of the two tracks are
emphasized by larger bond width. (a) Track 1, (b) track 2. Two side-chain
conformations have been modelled for Argll2, of which only one is
shown. (¢) Pore lumen as visualized by HOLE with charged side chains at
the most constricted region (r = 3.1 A) shown in full.

(b)

backbone, whereas NanC has a more elliptical cross-section
(20 x 26 A). The B-strands are connected by short turns on
the periplasmic side, which is a typical feature of porins.
Strikingly, all loops on the extracellular side, except for the
short L3 loop, are not defined by electron density, although
they are present and have not been cleaved by proteolysis as
shown by SDS-PAGE and mass spectrometry. The same was
observed for the surface-entropy reduction mutant K161S
that affects a residue in one of the disordered loops (data not
shown). Disorder of extracellular loops has been observed
before for porins, for example for OmpG (Subbarao & van
den Berg, 20006).

The B-strands are amphiphilic, as expected for a B-barrel
that encompasses an aqueous pore and is incorporated in the
membrane. The topology diagram (Fig. 3) demonstrates that
barrel residues facing the outside are hydrophobic, with few
exceptions, whereas the residues pointing inwards are mainly
hydrophilic and are often charged. The apolar outer surface
of the B-barrel (Fig. 2) would face the core of the outer
membrane in vivo. Two belts composed of aromatic residues
delimit this part of the surface (Fig. 2), a feature that is typical
of membrane proteins.

3.4. Pore structure

The KdgM pore is lined by a large number of charged
residues (Figs. 2 and 4). Conspicuously, there are two clusters
of arginine side chains that face each other across the pore.
Each of the clusters forms a right-handed helical track at the
pore lining (track 1 and track 2), as can been seen in the side
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views in Figs. 4(a) and 4(b). The two tracks are flanked at the
pore entrance and outlet by eight lysine residues (by Lys69,
Lys116 and Lys155 and by Lys18, Lys38, Lys177, Lys181 and
Lys187, respectively). Additionally, 11 carboxylic side chains
(Asp4, Glu8, Glu36, Glu6l, Glu77, Glu83, Asp139, Glulsl,
Glul53, Asp171 and Glul91) are part of the pore lining, with
only four of them being engaged in salt bridges with track
residues. The quadrupolar arrangement of track 1, Glul51/
Glul53, track 2 and Glu36/Glu61 define the narrowest part of
the channel (Fig. 4c), with a radius of 3.1 A as defined by
HOLE (Smart et al., 1996).

The peculiar accumulation and segregation of charged
residues at the KdgM pore lining has been observed before in
the crystal structure of NanC (Wirth et al., 2009). At the time,
structural modelling had already predicted the conservation of
this electrostatic feature in KdgM and also in other members
of the family. The sequence alignment shown in Fig. 5 shows
that five of the nine track residues are conserved (KdgM

Bl L1 p2 Tl
10 30

KdgM DD (Q934G3) DTAQAGHKDR
NanC_EC (P69856) SGS-HAYETRLKVSE
KdgN_DD (EOSBWO) DTIONANHQD
YiiY ST (POA1U9) DDSKANY -
OMPL_EC (P76773) LASDQGE-

p4 T ps L3

SEVKWAQSS
SNTWNTI

FGLS
AS
FGLSSEVKWKQSS
GFAT
GIM TYNFQR Loy KH

residues 6, 20, 209, 110 and 112) in NanC and one (residue 96)
is mutated to a lysine. This contrasts with a 25% conservation
of the other charged pore residues and suggests an
outstanding functional role for the tracks. Unlike in the NanC
porin, there are only two aromatic residues at the pore lining.
These are Tyr94 and Tyr189, which are situated just under-
neath tracks 1 and 2, respectively, and appear to support the
extended conformation of the arginines as in NanC. Also of
interest is the conservation of Gly79 and Gly211 (Fig. 5) which
appears to be linked to the conservation of the aforemen-
tioned tyrosines, since the missing side chains permit the
packing of Tyr94 and Tyr189 with the inner surface of the
barrel.

Intriguingly, four largely conserved proline residues (Pro78,
Pro93, Prol13 and Prol88) are found as part of transmem-
brane B-strands (Figs. 3 and 5). Despite (i) the constraint
imposed by the circular side chain and the resulting deviation
of the ¢ main-chain torsion angle (¢ = —66 £ 5°) from the

extended conformation and (ii)

the missing hydrogen-bond donor

L2 functionality of the main-chain

amide, these proline residues are
surprisingly well accomodated in
the barrel fold. Conspicuously, all
four residues have their side
chains protruding outside, where
they would be exposed to the
membrane core in vivo. Thus,
proline residues appear to qualify

40 50

TPNKPFNEQVS
K----KENAAL
TPNKPYNEQVS

ISK-SG T-NKAFNDLET

B6 T3 B7

60 70 100 110 well for the outer surface of
KdgM DD (Q934G3) NG ASE-VYRF RGRANVTDDLSVA P transmembrane S-strands.
NanC_EC (P69856)  NDVQVEVNY-AIKL {LSWDATKDLNFGIRYRY
KdgN DD (EOSBWO)  NGTEVTASY-LYKF RGGVNFTDSLYYT P
YiiY ST (POA1U9)  QGNEYTISK-QFKT RATWTLNESWWVG F 3.5. Substrate complex and
OMPL_EC (P76773)  GYNEIEGWMPLFKPTDKLTIQPEGLINDKSTGS DVNYKFVPWFNLTVIRNRY -2+ oubstrale complex
* * * translocation mechanism
L4 B8 B9 L5 To gain insight ' into the
— - translocation mechanism of the
130 140 150 160 natural  substrate, co-crystal-
KdgM DD (Q934G3)  YF TMDKGYTLTGNIDYTFLKDYTIGYELEYKKGTSGKTI -~ lization experiments were
NanC_EC (P69856) D SRDNVHRWDGYVTYHINSDFTFAWQTTLYSKONDYRY -~ .
KdgN DD (EOSBWO) FY| TNMKGYTITSVLGYKFLDNETVEYELEYNKNTKAGNFGY performed with KdgMgies and
YiiY ST (POA1U9) EY TINR---MDVWAGYKWN-NEDWT IEGI YKKADKYDLY -~ oligogalacturonides (up to
OMPL_EC (P76773)  NHNNYSSTDLSG----ELDNNDTYEIGTYWNEKITDKESYTFEPHYFMRVNDENS-— 30mM) of different lengths
dissolved in 10 mM Tris—-HCI
L5 p10 T5 p11 L6 p12 pH 6.0, but no diffracting crystals
were obtained. Therefore, a
170 180 190 200 .
¢ : > v native KdgM r |
KdgM DD (Q934G3) LS YDITHNVKLS d SG----SETTDER] F ative ,dg Kiets Crystal was
NanC_EC (P69856) - ANHKKWATENAFVL DRQGVYNGRDNILS L soaked in 175 mM GAs., at
KdgN DD (EOSBWO)  IY DNLTHDVKL EGP---SKTTDER ©  pH 6.0 and the structure was
YiiY ST (POA1U9)  --DGGKDNYEYNFRT SV----NSNSDER F determined to 2.1 A resolution
OMPL EC (P76773)  -SNGKDHHWEITNTF DRN---VEPYHRE Ig ) ’
- * The complex structure super-

Figure 5

Sequence alignment of selected KdgM family members. The accession codes for the proteins are shown in
parentheses. DD, EC and ST stand for D. dadantii, E. coli and Salmonella typhi, respectively. The alignment
was generated by ClustalW2 and has been modified slightly to be consistent with the structure-based
alignment of KdgM with NanC. Fully conserved residues are shown with a grey background; semi-
conserved residues are boxed. Secondary structure and residue numbers of KdgM are depicted at the top.
KdgM and NanC residues that are part of the pore lining are shown in colour (blue, basic residues; red,
acidic residues; green, pore residues; orange, tyrosine residues). Stars mark highly conserved residues
within the KdgM family (Pfam family PF06178) according to the HMM logo.

imposes closely with the native
structure. The same disorder is
seen in the extracellular loops as
in the native structure. Fig. 6(a)
shows that there is weak frag-
mented residual density along the
axis of the pore, but this did not
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Figure 6

(a) Model of GAj as bound to KdgM (stereoview). A GAs oligosaccharide (yellow C atoms) with approximate 2, symmetry [repetitive glycosidic torsion
angles (@, ¥) = 120, 150°] has been positioned manually in the KdgM channel such that its carboxylate groups (magenta O atoms) form ionic interactions
with both positively charged tracks. The model is included in PDB entry 4pr7. Also shown is the residual F, — F, density (green, contoured at 3.00)
obtained after soaking a crystal in 175 mM GAs s (b) Chemical structure of oligogalacturonate (GA,,).

warrant building a model for a bound saccharide. Considering
the relatively large pore lumen and the weak, i.e. millimolar,
affinity previously determined by ion-flow blockage (Blot et
al.,2002), this is perhaps not surprising. It is quite conceivable
that the path of the oligosaccharide through the pore is not
unique and that there are a multitude of binding modes.

Oligogalacturonate (Fig. 6b) in a conformation with
approximate 2; symmetry [repetitive glycosidic torsion angles
(o, ¥) = 120, 150°; Seyedarabi et al., 2010] can easily be
accommodated within the channel (Fig. 6a). In this confor-
mation the carboxylic side chains of consecutive residues point
in opposite directions and are well suited for interacting with
the two basic tracks, as has also been suggested based on
molecular dynamics for the binding of N-acetylneuraminic
acid oligomers to the NanC pore (Wirth et al., 2009). It can be
expected that as found for maltoporin (Dutzler et al., 1996)
and other facilitated diffusion channels (Moraes et al., 2007),
the negatively charged oligosaccharide will not experience
large energy barriers during translocation, since at any given
time the substrate can engage in a multitude of ionic and
hydrogen-bonding interactions. Further functional studies in
combination with site-directed mutagenesis are now needed to
test the translocation mechanism.

We would like to thank the team at the Swiss Light Source,
Villigen, Switzerland for their excellent support. This work
was supported by Swiss National Science Foundation grant
No. 3100A0-105587 to TS.
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