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Structural Basis for Sugar Translocation Through 
Maltoporin Channels at 3.1 Resolution 
Tilman Schirmer,* Thomas A. Keller,? Yan-Fei Wang, 

Jurg P. Rosenbusch 

Trimeric maltoporin (Lam6 protein) facilitates the diffusion of maltodextrins across the 
outer membrane of Gram-negative bacteria. The crystal structure of maltoporin from 
Escherichia coli, determined to a resolution of 3.1 angstroms, reveals an 18-stranded, 
antiparallel p-barrel that forms the framework of the channel. Three inwardly folded loops 
contribute to a constriction about halfway through the channel. Six contingent aromatic 
residues line the channel and form a path from the vestibule to the periplasmic outlet. 
Soaking of a crystal with maltotriose revealed binding of the sugar to this hydrophobic 
track across the constriction, which suggests that maltose and linear oligosaccharides 
may be translocated across the membrane by guided diffusion along this path. 

Maltoporin ( I ) ,  originally discovered as 
the receptor of bacteriophage h (2), forms 
three water-filled channels across the outer 
membrane of Gram-negative bacteria (3). 
The maltoporin gene lamB (4) is part of the 
maltose regulon (3, which encodes the 
other proteins required for uptake and me- 
tabolism of maltose and linear maltooligo- 
saccharides. For maltoporin, a sugar binding 
site with a dissociation constant of M 
has been postulated (6 ,  7). 

Crystals of maltoporin from E. coli con- 

T. Schirmer, Department of Stnrctural Biology, Biozen- 
trum, University of Basel, CH-4056 Basel, Switzerland. 
T. A. Keller, Y.-F. Wang, J. P. Rosenbusch, Department 
of Microbiology, Biozentnrm, University of Basel, CH- 
4056 Basel, Switzerland. 

'To whom correspondence should be addressed. 
tPresent address: Ecole Polytechnique FBdBrale, lnstitut 
de Chimie Physique, CH-1015 Lausanne, Switzerland. 

taining one trimer in the asymmetric unit 
(Table 1) were obtained as described (8). 
The structure was solved by a native 
Patterson correlation method (9) ,  yielding 
the position of the local triad, followed by 
molecular averagiag. After phase exten- 
sion from 8 to 3.1 A resolution, the result- 
ing map was of high quality and allowed the 
entire polypeptide chain of 421 residues to 
be traced. The model has been ~artiallv 
refined with strict noncrystallographic sym- 
metry constraints (10). 

The scaffold of the monomer (Fig. 1) is 
an 18-stranded antiparallel p barrel form- 
ing a channel. Strands are connected to 
their nearest neighbors by long loops and 
turns. The l o o ~ s  are found at the end 
of the barrel t i a t  is exposed to the cell 
exterior. Three of them (Ll, L3, and L6; 
Fig. 1) fold into the barrel and are, togeth- 

er with loop L2 from an adjacent subunit, 
packed against the inner wall of the bar- 
rel and line the channel. The remaining 
loops form a compact structure at the cell 
surface. 

Subunit interactions within the stable 
trimer structure (Fig. 2) involve peripheral 
contacts between L1 and L5, in addition 
to large parts of the barrel and loop L2 
close to the molecular symmetry axis. A 
hydrophobic area encircles the trimer lat- 
erally and would match the core of the 
membrane in vivo. It is formed   redo mi- 
nantly by short aliphatic residues. Eleven 
of those 14 transmembrane 0 strands that 
contribute to this area are flanked by ar- 
omatic residues at the nonpolar-polar 
boundary. Three polar residues, AsnZZ8, 
Asp274, and Tyr288, are also located within 
the hydrophobic zone. Their compatibility 
with the environment of low dielectric 
constant is likelv due to saturation of their 
hydrogen-bonding potential by mutual in- 
teractions. Resemblance of the maltoporin 
fold to that of nonspecific porins is obvi- 
ous, although there is no  detectable se- 
quence homology, and nonspecific porins 
are about 80 residues shorter and form 
16-stranded barrels with a single internal 

Fig. 1. Schematic drawing of the maltoporin 
monomer. The cell exterior is at the top and the 
periplasmic space is at the bottom. The area of 
the subunit involved in trimer contacts is facing the 
viewer. The 18 antiparallel P strands of the barrel 
[shear number (24) = 221 are represented by ar- 
rows. Strands are connected to their nearest 
neighbors by loops or regular turns (25). Loops L1 
(blue), L3 (red), and L6 (green) fold inward toward 
the barrel (see also Fig. 3A). L3 (red) is the major 
determinant of the constriction site. The yellow 
bond symbolizes the disultide bridge C y ~ ~ ~ - C y s ~ ~  
within L1. Loop L2 (facing the viewer) latches onto 
an adjacent subunit in the trimer. Loops L4 to L6 
and L9 form a large protrusion. The horizontal 
lines delineate the boundaries of the hydrophobic 
core of the membrane as inferred from the hydro- 
phobic area found on the molecular surface. All 
figures were prepared wkth the program 0 (23). 
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loop (1 1, 12). In particular, the asymmet- unit interface, and the role of L2 and L3 loops deduced from biochemical and genet- 
ric distribution of loops and turns, the are similar. ic data (1 3) are entirely consistent with our 
location of the chain termini at the sub- The assignments of cell-surface exposed three-dimensional structure. In the inferred 

topology model, the orientations of more 

Fig. 2 Space-filling stereo representation of the maltoponn tnmer. The view is toward the face exposed to 
the cell surface and along the symmetry axis. The protrusions at the periphery (loops L4 to L6 and L9) 
convey the impression of a half-open "tulip" and largely conceal the three transmembrane channels. 
Carbon, nitrogen, and oxygen atoms are shown in yellow, blue, and red, respectively. The sulfur atoms 
(pink) of the disulfide bridge can be seen at the bottom of the vestibule. Sites of mutations that confer 
resistance to phage A (15) are highlighted in green. Their residue numbers are 155,164,259,386,387,394, 
and 401. Additional sites conveying resistance are buried within the structure of the protrusion (see text). 

thin half of the transmembrane P strands, 
however, are incorrect. A recently reported 
topology based on the recognition of hydro- 
pathic and aromatic patterns (14) correctly 
identified locations and polarities of 16 of 
the 18 strands. 

The protuberances on the extracellular 
surface of the trimer (Fig. 2) shield the 
three pores and harbor the point mutations 
in strains selected for bacteriophage resis- 
tance (15). Only about half of the sites 
involved in recognition by phage A are 
exposed (Fig. 2), whereas the remaining 
sites appear to be buried at locations where 
the loops pack together to form the protru- 
sions. Such mutations might indirectly 
cause structural alterations on the surface, 
or they might affect the dynamic behavior 
of the loops. In any event, structural varia- 
tions of the protrusion may protect the 
molecule from recognition by harmful 
agents (such as phages, antibodies, and pro- 
teases) without affecting its function. 

Fig. 3. The structure 
of the channel. For 
the Ctx trace, the 
same color code was 
used as in Fig. 1. 
Loop L2 from an ad- 
jacent monomer, 
which also contrib- 1 
utes to the channel, 
1s shown in light blue. 
(A) Stereo dlagram of 
the channel constric- 
tion. The direction of 
the vlew is slmilar to 
that In Fig. 2 .  but is 
zoomed In on the 
pore of the top 
monomer. For clarlty . 
all loops obstructing 
thls view have been 

channel are depicted The greasy slide consists of six aromat- 
ic residues in the following sequence: Trpi" (at the top: con- 

, 
tr~buted from the adjacent subunit), TyP1. TyP, Trp4?0, Trp358, 
and Phe2". (B) Cyclic averaged electron denslty map (3.1 A 
resolution) of the central region of (A). The partially refined ! 
model is shown superimposed. (C) Stereo view, turned by 
-90"  around the barrel %IS relatlve to the vlew in Fig. 1. Loop 
L1 and the front of the barrel are not shown. The molecular ' 

difference density (4.0 

crystal-soaking experiment (78). 
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Table 1. Crystaiiographic data. The crystals are of orthorhombic space-group C222,(a = 131.9 A, b = 

21 4.8 A, c = 220.2 A) and contain pne trimer in the asymmetric unit. Cyciic averaging was stated wlth the 
use of the data between 30 and 8 A resolution. The averaging Rfactor (R,,,,) dropped from 49.4 to 27.2% 
during thls process. Phase extension from 8 to 3.1 A resolution was done In 53 steps with concomitant 
tightening of the mask. The R,,, of the final map was 13.1 %, with a reai-space correlation of 0.95. Vaiues 
given in parenthesis are for the h~ghest resoiution shell. 

Natlve maitoporin Maltoporin/maltotriose 
complex (18) 

Detector Image plate (MARRESEARCH) TV detector (FAST) 
Resolution range (A) 30 to 3.1 30 to 4.0 
Number of unique reflections 54,001 23,125 
Rmerge (%)* 8.8 (35.9) 13.4 (23.7) 
Completeness (%) 95.3 (90.4) 89.5 (80.1) 
Redundancy 3.6 (3.2) 2.4 (2.2) 

The  constriction of the channel (Fig. 3) 
is located about halfway through the mem- 
brane. As in the nonspecific porins, it is 
defined bv residues from L3 and from the 
juxtaposed barrel wall, but the lumen at the 
channel entrance is further restricted by 
residues from L1 agd L6. The  pore has a 
diameter of 5 to 6 A and is thus consider- 
ably smaller than that of OmpF porin (1 2),  
which qualitatively explains its lower ion 
conductance (1 6). Only aromatic and ion- 
izable residues occur at the channel con- 
striction (Fig. 3A). The latter are distribut- 
ed pairwise, but are in most cases too far 
apart to form salt bridges. The charged 
groups of five such pairs (for exampl:, 
Arg109-G1~43) are separated by 4 to 6 A, 
which suggests that water molecules medi- 
ate their mutual interactions. 

A salient feature is a series of aromatic 
residues arranged along a left-handed heli- 
cal path at the channel lining. They form 
what may be dubbed a "greasy slide" and 
extend from the channel vestibule through 
the constriction to the periplasmic outlet 
(Fig. 3C).  Because the hydrophobic faces of 
glycosyl moieties are known to stack with 
aromatic residues in sugar-binding proteins 
(1 7), such a n  arrangement may correspond 
to a series of sugar-binding sites. Indeed, 
soaking of a lnaltoporin crystal in maltotri- 
ose solution (18) revealed positive differ- 
ence density for the trisaccharide close to 
the aromatic residues at the center of the 
channel (Fig. 3C). The  translocation of 
small sugars may thus be envisaged as a 
process that is initiated by binding of the 
solute to the aromatic subsites at the pore 
entrance. This would align the substrate 
with respect to the pore axis and would be 
followed by guided diffusion along the 
greasy slide through the narrow constric- 

sites with unfavorable rates of dissociation 
would be avoided. 

Residue TyrllR and the ionizable residues 
(Fig. 3A)  in  the vicinity of the greasy slide 
are located in such a way that thev are 
likely to interact with the hydroxyl groups 
of the sugar (thereby replacing the hydra- 
tion shells). This presumably accounts for 
the sugar specificity of the channel. The  
positions of all mutations selected for al- 
tered affinities toward maltodextrin (20) 
cluster at the pore constriction. Elucidation 
of the structures of lnaltoporin and selected 
mutants, free or in complex with sugars of 
different lengths, will now, in conjunction 
with functional analyses, allow a rigorous 
testing of the mechanism suggested by the 
structure presented here. 
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