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Energy profile of maltooligosaccharide
permeation through maltoporin as derived
from the structure and from a statistical
analysis of saccharide-protein interactions
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Abstract

The crystal structure of the maltodextrin-specific porin from Salmonella typhimurium ligated with a maltotrioside at the
pore eyelet is known at 2.4 A resolution. The three glucose units assume a conformation close to the natural amylose
helix. The pore eyelet fits exactly the cross-section of a maltooligosaccharide chain and thus functions as a constraining
orifice. The oligomer permeates the membrane by screwing along the amylose helix through this orifice. Because each
glucose glides along the given helix, its interactions can be sampled at any point along the pathway. The interactions
are mostly hydrogen bonds, but also contacts to aromatic rings at one side of the pore. We have derived the energy
profile of a gliding maltooligosaccharide by following formation and breakage of hydrogen bonds and by assessing the
saccharide-aromatics interactions from a statistical analysis of saccharide binding sites in proteins. The resulting profile
indicates smooth permeation despite extensive hydrogen bonding at the orifice.

Keywords: permeation model, saccharide-aromatics interactions, saccharide binding sites, specific membrane
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Porins form passive channels in the outer membrane of Gram-
negative bacteria, which are used for the uptake of nutrients and
for the exchange of ions through this protective barrier (Nikaido,
1994). There exist general porins with wide channels that are open
for polar compounds but closed for nonpolar ones (Schulz, 1993).
Furthermore, there are specific porins, among them the (malto-
dextrin-specific) maltoporins (Thirion & Hofnung, 1972). Malto-
porins allow for the uptake of linear maltodextrins, while their
permeability for small compounds including ions is much lower
than that of general porins (Luckey & Nikaido, 1980a, 1980b;
Benz et al., 1986).

Several structures of general porins (Weiss et al., 1990; Cowan
et al., 1992; Kreusch & Schulz, 1994) and two structures of mal-
toporins (Schirmer et al., 1995; Meyer et al., 1997) are known. The
two maltoporins differ grossly with respect to their tentacles pre-
sented to the external medium, but they resemble each other closely
in their regions facing the periplasm and at their specificity-
defining orifices. Here, we use the structure of one of these mal-
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toporins ligated with a bound maltotrioside (Meyer et al., 1997)
for deriving an energy profile for the permeation of a maltooli-
gosaccharide.

Two permeation types for oligomers are conceivable: First a
“ratchet type” where the movement from one glucose to the next
is hindered by a high energy barrier, and second a “slide type”
where the oligomer can glide freely from one of its ends to the
other. While a “ratchet type” would hinder permeation seriously, a
“slide type” would involve significant energy steps only on initial
association and final dissociation of the oligomer. Here, we dem-
onstrate that in spite of its defined binding site, maltoporin belongs
to the “slide type.”

Results and discussion

Construction of the pore

Maltoporin from Salmonella typhimurium follows the general con-
struction principles of porins (Fig. 1). It consists of a trimer of
18-stranded hollow B-barrels, where each barrel contains 427 amino
acid residues. With an M, of 48,022 this maltoporin is much larger
than general porins (M, around 32,000). Most of the mass differ-
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Fig. 1. Stereo view of trimeric maltoporin from Salmonella typhimurium consisting of three 18-stranded hollow B-barrels. The
threefold axis is perpendicular to the membrane. Through each barrel runs a channel that is constricted to a small orifice in its middle.

ence lies in the large bulky tentacles of maltoporin, which protrude
into the external medium, presumably fishing for maltodextrins.
The crystal structure of maltoporin from S. typhimurium, which
had been ligated with p-nitrophenyl-maltotrioside by soaking for
2 days at a concentration of 5 mM, has been solved at 2.4 A
resolution (Meyer et al., 1997). The three glucose units of the
ligand form a left-handed helix with the non-reducing end pointing
towards the periplasm. The nitrophenyl group is located in the
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channel section opening to the external medium, but it is not
visible indicating that its position is not defined. The result is in
agreement with solution studies that revealed a maltooligosaccha-
ride binding site in the pore with a dissociation constant somewhat
below 1 mM (Schiilein & Benz, 1990). The detailed binding struc-
ture is shown in Figure 2. The protein:ligand complex resembles
the respective complex of the maltoporin from Escherichia coli
(Dutzler et al., 1996).
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Fig. 2. Stereo view of a maltotrioside attached by numerous hydrogen bonds to the orifice of the maltoporin channel. The channel runs
from the top (external medium) to the bottom (periplasm) and is lined by a ribbon of 6 aromatic side chains forming an irregular
left-handed helix (“‘greasy slide,” see text). The three glucose units G1, G2, and G3 make hydrophobic contacts to Trp426, Tyr6, and

Tyr41, respectively.
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Permeation geometry

The snug fit between the central glucose unit G2 of the maltotrio-
side and the constraining orifice is illustrated in Figure 3. The
specificity of this pore is obvious. There are numerous hydrogen
bonds between the glucose hydroxyl groups and polar residues
(Fig. 2), and there is an additional nonpolar contact between the
outer pyranose surface and Tyr6.

The bound maltotrioside consists of glucose units G1, G2 and
G3 occupying sites S1, $2, and S3 of maltoporin. It fills the orifice
and extends further into the wider channel sections above and
below. The rotation/translation relation between glucose units Gl
and G2 is almost identical to that between G2 and G3. The com-
mon relation can be used to extend the chain beyond both ends,
giving rise to a regular helix with about 7 glucose units per turn at
a pitch of 20 A. This helix agrees well with the observations for
single- and double-stranded amylose (Goldsmith et al., 1982; Hin-
richs & Saenger, 1987).

Because of the well-fitting orifice (Fig. 3), the permeating chain
has to proceed by a screwing motion along this helix, which trans-
fers each glucose unit continuously from one of the observed po-
sitions S1, S2, and S3 to the next one. This regular helix can be
followed for a total of five glucose units before clashes with the
protein enforce deviations.

Hydrogen bonding of a permeating maltooligosaccharide

First we approximated the bound maltotriose by a regular glucose
helix, which was subsequently used to model putative intermediate
chain positions for determining the interactions in a continuous
manner. For this purpose, the path between two glucose units was
subdivided into ten equal steps. First, a single glucose unit was
placed at each position, and all hydrogen bonds at the orifice were
recorded. The polar interaction energy was taken as the sum of all
hydrogen bond energies, where donor-acceptor distances below or
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equal 3.5, 3.1, and 2.7 A were considered to contribute 1, 2, and 3
kJ/mol, respectively. The rough energy grading is supported by the
quality of the structure, the energy scale is rather arbitrary but
adjusted to approximate the observed dissociation constant of
Schiilein and Benz (1990). The evaluation scheme appears to be
valid because there occurred only minor peptide conformational
changes on maltotriose binding (Meyer et al., 1997).

The path of a single glucose, for instance G1, over the binding
sites 83, S2, and S1 is sketched in Figure 4A. The resulting inter-
action profile (labeled G1) is shown in Figure 4B. The interaction
is small when G1 reaches site 83, it is at its optimum shortly before
§2, and it is small again at S1. Beyond S1 and beyond S3 we
observed further hydrogen bonds giving rise to a constant basic
interaction level of —4 kJ/mol. This level has been subtracted (to
yield the profile of Fig. 4B) because it does not contribute to the
points made.

The energy profile for an oligomer permeating the orifice can be
derived by adding the coniributions of single glucoses in proper
register according to Figure 4A. The resulting interaction profile
becomes periodic as soon as G1 passes over S1. The profile shows
optimal binding always about 0.1 glucose units before the ob-
served binding sites. It should be noted that the ripple on this
profile amounts to merely *10% of its depth.

Interactions with aromatic side chains

A peculiar feature of maltoporins is a ribbon of six aromatic side
chains forming an irregular left-handed helix along the channel
(Fig. 2), which has been dubbed “greasy slide” (Schirmer et al.,
1995). Tyr41, Tyr6, and Trp426 of this ribbon are packed tightly
edge to edge at the orifice and do contact the permeating pyranoses
(see Fig. 3). There could be further contacts to the other aromatic
side chains, but they are too weak for resulting in defined binding
sites in the crystals (Dutzler et al., 1996; Meyer et al., 1997). The
three aromatic rings at the orifice can be approximated by a left-

Fig. 3. Stereo view of the cross section of the channel orifice cut in parallel to the membrane plane. The molecular envelope was
calculated according to Connolly (1993); it demonstrates the snug fit of a maltooligosaccharide, here glucose unit G2 of the bound
maltotrioside. The glycosidic oxygens connecting adjacent units are marked by crosses. The upper surface of glucose unit G2, which
is the outer surface of the saccharide helix, makes hydrophobic contacts with the aromatic ring of Tyr6. All other contacts are of a polar

nature.
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Fig. 4. Hydrogen bonding energy profile of a maltooligosaccharide screw-
ing along the regular saccharide helix through the orifice of the maltoporin
channel. A: Sketch of such an oligomer moving toward the periplasm and
passing over sites S3, S2, and S1 that are outlined by the bound malto-
trioside (Fig. 2). B: Energy profiles for glucose units G1, G2, etc., as they
move over the binding sites. For a particular glucose unit, e.g., G1, the
interactions are strongest when passing over S2 and much weaker at S3 and
S1. The sum of all contributions (thick line) represents the total hydrogen
bonding energy of a permeating oligomer. Note that the minimum for a
maltotrioside is just before its observed position (G1 at S1, see Fig. 7).

handed helix similar to the glucose helix. The two helix axes,
however, deviate by about 30° such that the permeation process
cannot be described as one helix sliding along another one.

1t is known that saccharide binding sites in proteins frequently
contain aromatic side chains (Quiocho, 1989; Weis & Drickamer,
1996) pointing to a localized interaction between these partners.
An attraction between the partial positive charges of the aliphatic
hydrogens and the aromatic 7-electrons is discussed (Chakrabarti
& Samanta, 1995; Weis & Drickamer, 1996); but it should be
rather weak because it does not enforce a defined ring packing
arrangement (see below). Clearly, such binding sites are also fa-
vored by the hydrophobic effect.

The saccharide-aromatics interactions have to be clarified for
the analysis of the permeation process, because it makes a differ-
ence whether the observed ribbon of aromatic side chains were a
continuous ‘“‘greasy slide” (Dutzler et al., 1996), or a row of sep-
arated attracting patches. In the absence of sufficient physicochem-
ical data, we performed a statistical analysis of the observed
saccharide binding sites and converted it to interaction energies.

Statistics of saccharide-binding sites in proteins

The Protein Data Bank (Bernstein et al., 1977) was screened for
noncovalently bound pyranoses or oligomers thereof. Exclusion
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of all mutually homologous arrangements as well as all sialic
acids and phosphorylated saccharides resulted in the 78 cases
listed in Table 1. These demonstrate that pyranoses are predom-
inantly bound at aromatic side chains (see Methods for the def-
inition), in particular at tryptophans. In spite of the small sample,
the preferences are significant. The subset of glucoses within the
pyranoses has about half the size and distributes similarly
(Table 1). The glucose distribution at tryptophans is shown in
Figure 5.

A closer inspection showed that pyranoses tend to bind near to
the aromatic ring centers, but there is neither a preferential sac-
charide orientation nor preferential interactions with the polar side
chain atoms of tyrosines and tryptophans.

From frequencies to binding energies

Preferred pyranose binding at aromatic ring centers translates
into an uneven profile of the saccharide-aromatic ring inter-
action energies for a maltooligosaccharide permeating malto-
porin. For establishing this profile, we used the subset of glucoses
binding at tyrosines as well as tryptophans and represented the
preferences by frequency plots (Fig. 6). According to Boltz-
mann, a frequency f; at position k of a glucose is related by f; =
c-exp(—AH,/RT) to the glucose binding energy AH,, where ¢
is a constant. This relation is rigorous for interactions between
an isolated glucose and an isolated aromatic ring when based on
observed frequencies of the isolated species. Since all statistics
were done in proteins, however, we had to restrict the Boltz-
mann approach to dominant attractive (AH, < 0, fi > c) inter-
actions, i.e., to glucoses near to the aromatic rings. At more
distant positions glucoses are involved in numerous other, stron-
ger interactions with the protein. Accordingly, we considered the
second contour levels of the frequency distributions of Figure 6
as the divide at AH, = 0, and neglected all interactions with f;
values below that.

The pathway of a permeating single glucose unit, as defined
by the regular saccharide helix screwing through the orifice, was
related to the three interacting aromatic rings by projecting the
pyranose ring center onto the plane of Tyr4l, Tyr6, and Trp426.

Table 1. Statistics of noncovalently bound pyranoses to proteins
as derived from the Protein Data Bank

Position of pyranose

Type of pyranose Trp? Tyr? Phe? General Total
All pyranoses® 28 17 11 22 78
Glucose® 13 10 5 9 37

2See Methods for the definition of the location.

YExcept for sialic acids and phosphorylated sugars. The 78 entries of
the Protein Data Bank (as of 24-April-1996) were: JIABE, IABR, IAFA,
1AGM, IAGM, iBCX, 1BFC, IBTC, 3*1BTC, iBYH, 3*ICDG, 3*ICEN,
1CGU, I1CGV, ICHB, ICHB, 2*1CXE, 2*1DBP, IDMB, I1DRJ, 1GCA,
1GLG, IHEW, \HEW, 1HGG, 1HGG, 1HLC, 1HLC, IHOT, 1HVQ, 1LMO,
1LMT, ILED, 1LES, 1LTE, \LTE, ILTT, 1LZG,2*IMDP, IMDQ, 2*IMFA,
IMFB, 1IMSA, 1PNF, 2*/PPI, 1PRI, 1PTO, I1RIA, 1RDN, 1SBA, 1SLB,
ITLF, 1WGC, 3*1XIF, 2*2AAl, 2ACQ, 2GBP, 2YHX, 5CNA, 2*5GPB,
3*5GPB, where Trp, Tyr, and Phe positions are in italics and glucoses are
underlined. Multiplicities arise because some entries contain more than one
sugar and some sugars bind to more than one aromatic ring.

°Either as monomer or as part of an oligosaccharide
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Fig. 5. Scatter plot of 13 independent entries in the Protein Data Bank showing glucoses (single or as part of an oligomer) bound at
tryptophans. Only the pyranose ring atoms are depicted. Hetero atoms are marked.

This resulted in rather irregular trails shown in Figure 6. At
each glucose position i we calculated AH;; values by taking the
logarithm of the frequency f;; at each aromatic side chain j and
adding them up to AH; = X; AH;, where AH; was taken as zero
for all f; below the second contour level. This yielded the en-
ergy profile shown in Figure 7B, which has the second contour
level as zero line.

In spite of the uncertainties of this approach, the profile shows
clearly three binding energy minima that are displaced from the
observed binding sites S1 to S3. Again the energy profile of the
oligomer is derived by adding the single glucose profiles in proper
register. The result is also shown in Figure 7B. The energy function
becomes periodic as soon as G1 passes over S1, the minima occur
about 0.4 units after the glucoses pass the binding sites.

Total energy profile

The binding energy contributions of the polar and the saccharide-
aromatics interactions are added to yield Figure 7C. The resulting
profile is rather smooth, because the optimal binding positions of
both contributions are offset by about half a glucose unit, such that
the minima of the saccharide-aromatics interactions (Fig. 7B) tend
to compensate the maxima of the polar ones (Fig. 4B). The resid-
ual ripple is merely somewhat above *1 kJ/mol.

As a consequence, the oligomer does not encounter high energy
hurdles hindering permeation as in a ‘“ratchet type.” Rather, per-
meation follows a “slide type” where the oligomer can move freely
along the pore. The energy steps of initial binding and final dis-
sociation are presumably decreased by weak binding sites (e.g., at
Trp74’, Tyr227, and Trp368, Fig. 2) between orifice and both chan-
nel ends.

For relating the derived energy profile to the observed disso-
ciation constant, we have to account for the entropy change on
binding. On one hand, entropy disfavors binding because it fixes
the oligosaccharide conformation, but on the other there is a
favorable entropy contribution from the release of some bound

water molecules (Meyer et al., 1997) to the bulk solvent. Taken
together, we consider the entropy contribution to oligomer bind-
ing as negligible within the framework of our rough energy
estimates and equate the binding enthalpies of Figure 7C with
Gibbs free energies. Accordingly, the minimum level of the total
binding energy profile of about —25 kJ/mol can be converted to
a dissociation constant ranging somewhat below 1 mM, which is
in general agreement with the experimental data of Schiilein and
Benz (1990).

In conclusion, the strong transversal electrostatic field of gen-
eral porins (Weiss et al,, 1991; Cowan et al., 1992; Schulz,
1993; Kreusch & Schulz, 1994) is replaced in maltoporin by
hydrogen bonding partners offering almost continuous glucose-
binding energy to a translocating maltooligosaccharide. The net-
work of hydrogen bonding partners is stabilized by pairs of
oppositely charged residues in the pore, i.e., Glu37-Arg33, Glu39-
Arg8, Glu43-Arg82, Asp73’-Arg82, Aspl16-Arg33, Glu218-
Lys229, Glu424-Arg370. Despite the introduced inaccuracies, the
shapes of the two energy profiles and especially the half-unit
off-set between them are significant. Clearly, the saccharide-
aromatics interactions flatten the spikes of the hydrogen bonding
energy profile.

Methods

Translocation of maltooligosaccharide

The bound maltotrioside forms a regular helix which can be de-
scribed by a rotation/translation. All putative intermediate glucose
positions were determined by subdividing a full rotation/translation
between G1 and G2 as well as between G2 and G3 into ten steps.
An extension over both ends gave rise to further putative positions
beyond sites S3 and S1, respectively. The evaluation of hydrogen
bonds energies and hydrophobic energies was done manually at
each position.
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Fig. 6. Pathway of a glucose unit permeating the orifice by screwing along the regular saccharide helix. The path is projected onto the
contacting aromatic rings of Tyr41, Tyr6, and Trp426. The observed binding sites S1, S2, and S3 are marked by dots. The path from
one site to the next is subdivided into 10 equal steps giving rise to 9 further putative positions. Because the helix is regular, the putative
positions could be extended beyond S3 and S1, respectively. The arrangement of the aromatic rings (hetero atoms marked) approx-
imates their locations at the orifice (periplasm at the bottom), but they are separated such that all 8 putative glucose positions below
S3 at Tyr41 are also present at Tyr6, and the last putative position below S2 at Tyr6 is also present at Trp426. For each of the three
side chains the frequency distribution of glucose units as derived from the Protein Data Bank is given as a density distribution
normalized to equal volume. The contours are at 10, 20, 30, etc. arbitrary units.
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Fig. 7. Total energy profile of a maltooligosaccharide as it permeates mal-
toporin. A: Sketch of an oligomer passing over the observed binding sites
$3, 82, and S1 toward the periplasm. B: Saccharide-aromatics interaction
energy profiles of glucose units G1, G2, etc. (different line types) passing
the side chains of Tyr41, Tyr6, and Trp426 at the orifice as derived from the
frequency distributions of Figure 6 (see text). Appropriate addition yields
the energy of a permeating oligomer (thick line), which becomes periodic
as soon as G1 passes over S1. C: Combination of the hydrogen bonding
energy profile (dotted line) from Figure 4B with the saccharide-aromatics
energy profile (solid line) to yield the total energy profile (thick line). The
minimum of this profile for the path of G1 up to S1 is close to S1,
explaining the abserved binding position of the maltotrioside (no G4, etc.).

Distribution of saccharide-binding sites in proteins

The Protein Data Bank (Bernstein et al., 1977) was screened for
structures containing noncovalently bound pyranoses. These were
related to the next aromatic ring of Phe, Tyr, or Trp. For each pair,
we determined center P; of the pyranose ring and center A; of the
aromatic ring atoms. A vertical distance was defined between point
P; and the aromatic plane. The lateral displacement was the dis-
tance between A; and the projection of P; onto the aromatic plane.
A pyranose was considered to bind at an aromatic side chain if the
vertical distance and the lateral displacement were below 5 A and
4 A, respectively. Otherwise, the binding site was considered as
“general.” There was a clear separation because only few cases
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were near the cut-off values. All pyranoses (except sialic acids and
phosphorylated ones) were entered into Table 1.

When referred to the aromatic ring atoms as shown in Figure 5,
the pyranoses align mostly parallel to the aromatic plane at a
ving-to-ring distance of approximately 4.0 A. The saccharides are
mostly trans to the C, atom, presumably because of steric hin-
drance by the main chain and neighboring residues. For the mal-
totrioside bound to maltoporin (Fig. 3) the vertical distances were
45A,42A,and 4.1 A for the G3:Tyrd1, G2:Tyr6, and G1:Trpd26
interactions, respectively. The corresponding lateral displacements
were 3.1 A, 1.1 A, and 3.4 A.

Probability of pyranose at tyrosines and tryptophans

As a first step, all centers P; of the pyranoses were projected onto
the aromatic ring planes of the reference tyrosine or tryptophan,
respectively. Subsequently, a Gaussian function with a full width at
half maximum of 2 A was centered at each projected P;. The
probability function was then taken as the sum of all these Gaus-
sians and normalized to equal volume (Fig. 6).
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