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Wild-type and seven mutant maltoporins were purified and their channel-forming activities studied after reconstitu-
tion into black lipid membraiies. The proteins were assayed for alterations at the maltodextrin binding site by
measuring the sugar-dependent blockage of ion flux through these chanuels. Some substitutions (RSH, W74R)
caused reduced channel affinity for all maltodextrins without chunging singie channel conductivities. The chanwel
with a GlySer insertion after residue 9 was also poorly blocked by sugars but unique to this protein, the channel
showed a striking, almost expcnential increase of affinity with increasing maltodextrin chain length. In mutants
with AspPro insertions after residues 79 and 183, there was an increase in affinity for glucose and maltose but net
longer maltodextrins. The additional negative charge in the AspPro insertion miisats increased the cation
selectivity of maltoporin channels, as did the decrease in positive charge resalting from the R8H substitution. A
mutant with & W128C substiiution also showed an increased affinity for glucose and maltose but reduced affinity for
longer maltosacchiirides. In contrast, a YI18F substitution resulted in an 8-fold increase in maltviriose aifinity, bt
iesser improvements for other sugars. These results are interpreted to reflect changes in subsites contributing to an

extended binding site within the channel, which in turn determines the overall sugar affinity of maitoperin.

Introduction

Maltoporin (or LamB protein) functions as a mal-
tosaccharide facilitator in the outer membrane of Fs-
cherichia coli [1-6], The protein contains a mal-
tooligosaccharide binding site with increasing affinity
for longer maltodextring, up to and including starch
polysaccharides [7]. Cell-sorting techniques canable of
separating mutants witii alterations in starch binding
[8-10] have permitted the selection of maltoporin vari-
ants with sugar affinity changes and the identification
of residues of the protein involved in affinity functions
{11). The residues identified as being important in
maltodextrin binding are also completely conserved in
two other recently identified sugar-specific porins with
sequence relatedness to the LamB protein [12,13].

Correspondence: T. Ferenci, Department of Microbivlogy, G08, Uni-
versity of Sydney, Sydney, N.S.W. 2006, Australia.

A great deal of information is available on the
topology of maltoporin of E. coli, from work using
phages, proteases and antibodies 2= probes of structure
[14-19). Based on the iopological data as well as se-
quencc-based predictions, a detailed model maltoporin
folding across the outer membrane has been derived
[20). This model has been tested and supported by
more recent immunological and genetic evidence
[12,18). The binding sites for starch and Lambda have
been further mapped by cysteine mmutagenesis, and
these studies also supnort the structural models and
confirm the involvement wi residues in sugar-specific
functions [21,22].

Maltoporin reconstituted into vesicles or black lipid
membranes is a malto-saccharide-selective pore pro-
tein [1,3,5]. To investigate the role of particular residues
in transport specificity, pore selectivity in the variant
maltoporins needs to be studied. A iiposome swelling
study with maltoporin mutants indicated some sugar-
selective flux changes [23] but this earlier study was
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only capable of measuring fluxes of sugars at high
concentrations and limited data on sugar affinity and
no data on ionic selectivity of mutant pores was ob-
tained. The only mutants properly characterized were
in the study by Dargent ct al. [3], who studied mutants
probably altered at the mouth of the channel rather
than genuinely at the binding-site [11].

This paper examincs ¢ channel properties of four
maltoporins altered by single amino acid substitution
and unve pioteins with two amino acid insertions. The
sites of substitution/insertion are shown in Fig. 1,
superimposed on the model of folding of maltoporin
across the outer membrane [20). Three of ihe muta-
tions were ir proposed transmembrane scgments of the
protein. All but one of these mutations were shown to
qualitatively affect maltodextrin binding in vivo (using
an assay involviig the maitoporin-dependent binding
of bacieria 1o starch [8,21,24,25]. The precise affinity
changes resulting from these mutations could not bhe
quantitated previously. Using the sugar-spocific block-
ing of maltoporin channels [1], this study permitted the
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determination of the association constants for malto-
and non-maltosaccharides and heace a more precise
analysis of the role of the residues at the maltodextin
binding site in determining the sugar selectivity of
mattoporin.

Materials and Methads

Protein purification

The source strains used for maltoporin purifications
and their derivation have been previously described
[10,21,23). The protein from BW1042 (with an Arg8 —
His, R8H substitution in maltoporin), BW1333 (Trp-74
— Arg or W74R) and BW1402 (Tyr-118 - Phe or
Y118F) was extracted exactly as described in Nakae et
al. [23]. The wild-type protein from BW1022 [8] as well
as proteins from BW2646 (GlySer inscrtion after
residue 9, or +GS(9)), BW2645 (AspPro insciiion af-
ter residue 79, or + DP(79)), BW2655 (Trp-120 — Cys,
or WI20C) and BW2642 (AspPro insertion after residue
183, or + DP(183)) were purified to homogeneity by

Fig. 1. A madel of maltoporin folding across the outes membrane, The mode! derived in Ref, 20 is shown with the predicted structuraily ordersd
segments boxed in the figurc. The sites of substitution and insertion are shonen by cirrled and arrowed residues, respectively. The segments with
alternating vnstructured and ords-cd sequences (a)-(1') are shown.



affinity chromatography on starch-Sepharose exactly as
described by Francis ct al. [22). The maitosc-eluted
proteins were procipitated with isopropanui aiid redis-
solved and store: in a bhuffer containing 0.5% Triton
X-100, 10 mM Tris-HCIL, 5 mM EDTA and 5 mM
PMSF (pH 7.2).

Black lipid membrane experiments

The method using black lipid membranes for the
reconstitution of membrane protcins has been previ-
ously described [1,2]. The apparatus consisted of a
Teflon celi with two compartments filled with salt
solution; the wall between the two compartments had
small circular holes with an area of either 2 mm? (for
macroscopic conductance experiments) or 0.1 mm? (for
single-channel experiments). A 1% solution of diphy-
tanoviphosphatidylcholine (Avanti Polar Lipids, Birm-
ingham, AL) in n-decane was painted over the holes to
make the membrane. The incorporation of maltoporin
into these membranes was as previously described {2],
and was started after the lipid membrane had turned
black as seen with incident illumination, indicating
bilayer formation. The aqueous KCI solutions (Merck,
Darmstadt, FRG) were used unbuffered and had a pH
around 6. The temperature was kept at 25°C through-
out. The different sugars used were from Sigma, St.
Lounis, MO, and added from concentrated stock solu-
tions stored at 4°C prior to use.

The membrane current was measured with a pair of
calome) elecirodes switched in series with a voliage
source and an electrcmeter (Keithley 602). In the case
of single-channel recordings, the electrometer was re-
placed by a current amplifier. The amplified signal was
monitored with a storage oscilloscope and recorded
with a tape or a strip chart recorder. Zero-current
membrane potential experiments were performed by
establishing a salt gradient across membranes contain-
ing 100 to 1000 maltoporin channels as has been de-
scribed earlier [2].

Results

Purification of mutant proteins

The mutant proteins tcsted in this stuc; belong to
two classes, those which still show considerable mal-
todextrin binding activity (i.e., the insertion mutants
+DP(79) and +DP(183) and the Y118F and W120C
mutants) and those with greatly reduced maltodextrin
binding activity (the R8H and W74R mutants as well as
the insertion + GS(9)). Wild-type protein and the first
of these classes of mutant protein couid be isolated to
high purity by the affinity-Laromatographic n.ethod
recently described [21] since thes¢ mutants stiil bound
the starch .sed as the affinity matrix. The R8H and
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Fig. 2. Stability of maltoperins used in channel reconstitutions.

Purified wild-type protein (tracks 1-3) and + GS(97 protein (tracks

5-%) were diluted in SDS-containing sample bulfer {30] and elec-

trophoresed in the acryiamide gel system oi Lagteaberg i ol (30}

The proteins were applied 1o the eel direcily at room temperawre

(tracks 1 and 5 or after heating for § min at 55° (tracka 2 omd 6), 75°
(tracks 3 and 7Y or 10° (tracks 4 and 8).

W74R mutants could not be purified using this method
due to low retention in these affinity columns; these
proteins were obtained exactly as previously described
in Ref. 23. Somewhat surprisingly, the protein with the
+GS(9) insertion was retained by starch-Sepharose,
even though bacteria with this protein show reduced
affinities for maltose and maltohexaose [10]. An expla-
nation of this retention is suggested below; this protein
has an exponentially increasing affinity with increasing
size of maltodextrin, and this presumatly permitted the
atumity for starch during purification.

The properties of the +GS(%) protein also differed
from other maltoporins in that the stabiiity of the
trimeric form of the protein was reduced. As shown in
Fig. 2, wild-type maltoporin {as well as all the other
mutant protein proteins exc it from BW2646, not
shown) was stabie as the oligomer (trimer) in SDS at
temperatures up to 75°C, but the protein with the
GlvSer insertion was dissociated into subunits even at
room temperature in SDS. This is the most unstable
maltoporin trimer yet reported. The reduced stability
properties of this mutant were suspected from earlier
studies which showed the temperature-sensitive expres-
sion of the protein in the outer membrane [10}; this is
ascribable to thermolability at the higher temperatures.
The reduced stability may also be responsible for the
two closely migrating bands of the +GS(9) protein
eluted from starch-Sepharose columns, one of which
may be a proteolytic product of the unstable protein.
The variable nature of the channeils formed by this
protein (sce below) may also be due to trimer instabil-
ity or the presence of the modified maltoporir in the
mutant protein preparation.
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Reconstitution of charnnels and single channel conduc-
tanice experiments

The channel propeities of each of the mutant pro-
teins was tested in singlk: channel experiments. These
were performed by adding small amounts of the mu-
tant proteins to 1 M KCl solutions bathing the black
lipid membranes (final concentration of protein was 10
ng /m! for all mutants except + GS(9), which was added
at 50 ng/ml). Step increases in conductance were
observed shortly after addition of protein to one or
both sides of the lipid bilayer membrane. The single-
channel recording shown in Fig. 3A shows the conduc-
tancc steps obscived with the W120C protein. The
average single-channel conductance of all mutants (ex-
cept +GS(9)) was 140 to 160 pS under these condi-
tions (1 M KC1). The +GS(9) mutant BW2646 formed
irrcgular channcls with a large variation (30-120 pS) of
the single channel conductance (see Fig. 3B).

A histogram of the conductance steps obtained with
protein from W120C mutant BW2655 (see Fig. 4) shows
thai there is a narrow range of step sizes in the LamB
preparation. Hence the protein purified by affinity
chromatography was homogeneous with respect to
channel size and was noi contaminated with the gen-
eral diffusion perins OmpF and OmpC, confirming the
purity of thesc preparations demonstrated by SDS-
polyacrylamide gel clectrophoresis (Fig. 1 and Ref. 22).
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Fig. 4. Histogram of the conductance steps observed with diphy-

tanoylphosphatidylcholine / ni-decanc mcwibranes in the prescace of

10 ng/mi LsmB mutant Wi22C (BW2655). The average single-chan-

el conductance was about 168 pS for 148 steps. The aqueous phase
contained 1 M KCl, the temperature was 25°C: V,, = SU mV.

The addition of 1 m} maltohexaose reduced fon
flux through all mutant chanuels (see Fig. 1C), as it
docs LamB channeis from wild-type protein from both
E. coli [1,2} and S. typhimurium [26). Also as demon-
strated with lamB from S. ryphimurium [26], the addi-
tion of sugar to the mutant proteins increased the
current noise of the single-channel recordings (see Fig.
3C). However, in the proteins purified without affinity
chromatography, there was a low level of residual
channel activity after addition of maltodextrin due to
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Fig. 3. Single-channe recordings of diphytanoylphosphatidylcholine / #-decane membrancs after the addition of various LamB mutant proteins iv
the squeous phuse containing 1 M KCi (pH 6.0). The temperature was 25°C and the applied membrane potential, ¥, was 50 mV. The traces

show ductivities of
chanrels, {C) as (A). but in the presence of 1 mM maltoh

branes with; (A) 10 ng/ml WI20C proteia (BW2655); (B} 50 ng/ml+GS(9) protein (BW2646), with irregular
Noute the

. .

of

e steps in (C) and the increased current noise

because ol the association-dissociation reaction between binding site and sugar.



the non-specific large channels previously demon-
strated in this kind of LamB preparation [1]). There was
no difference in the properties of wild-type protein
whether purified by affinity chromatrography or the
older method (results not shown). Overall, these results
suggested that some affinity for large maltosaccharide
was retained in mutant proteins, and the affinities for a
range of sugars was further investigated in the macro-
scopic conductance experiments below.

lTon selectivity measurements

The wild-type maltoporin channel is cation selective.
To study the influence of the mutations on ion selectiv-
ity, we mcasured the zero-current membrane potential
in the presence of sali gradiens. Afier incorporation of
100~-1000 channels into the membrane, the KCI con-
centration on one side of the membrane was raised in
small steps from 10 to 100 mM. For each gradicmt, the
zero cuirent potential was me.surad, and the perme-
ability ratio P, un/Puion Was calculated according to
the Goldmar-Hodgkin-Katz equation {1,2), The results
are summarized in Table 1 for those mutaats that did
not have contamination with large, non-specific chan-
nels. The values are the means of at least thrce mem-
branes at each experimental condition. For all the
mutants shown, the more dilute sidc was pesitive which
indicated a preferential movement of cations through
the channel. The wild-type, +GS(9) and W120C pro-
teins showed little significant difference, but the in-
creased cation selectivity of the +DP(79) and
+DP(183) proteins was presumably due to the addi-
tional negatively charged amitio acid in these latter two
mutants. The R8H substitution also increased cation
seiecivity, uence remaval of a <Ll pusitively-
chargzd residue at pH 6 was equivalent to the intro-
duction of a negative charge in the DP insertion ma-
Lants.

TABLE 1

Zera-current membrane potentials of mutant maltoporins

Mutant V, (m\hs pspb
W.T. 4 12
BWIM(RSH) 48 19
BW2646 (+GS, 9) 45 13
BV/2645 (+ DP, 79) 47 17
BW1655 (W120C) 4“4 12
BW2642 (+DP. 183) 49 20

* The ¥,. or zero-membrane potential, was measurcd in diphy-
tanoyl-phosphatidyicholine / n-decane membranes in the presence
oi difforent LunB mutzols. measured for a 10-fold gradient of
KCl.

® The 7. /P, is the permeability ratio for cations /anions and was
calculated from the Goldman-EHodgkin-Katz equation as previously
described [1).
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Fig. 5. Plat of the relative condurtance inhibition (G, - GOV / G,
as & function of the maltohevaose concentration in the aqueous
phase. The data were derived -om a titration experiment in which
the membrane conductance (G(c) mediated by the LamB mutant
WI20C (BW2635) was meusured as a function of increasing concen-
trations of maltohexaose. The ~wembrane was formed from dipiy-
tanuyiphosphatidylcholine / n-decane in an aqueous solution contain-
-ng 1 M KCl and 10 ng/mi muamt protein. Tie solid line was
drawn with Eqn. 7 of Ref. 2, corresponding to a stab ity constant of
sugar binding of 110000 M ' or a hulf-saturation constaat of
90 M.

0

Binding affinity of sugars to maltoporin variants

The single-channel daa suggesied the binding of
naltooligosaccharides to the LamB mutants. Macro-
scopic conductanze expcriments were performed to
determine the stability constants of sugar binding. The
experiments were perfortied in the following way. The
mutant proteins were added to the black lipid mem-
brane in concentrations between 100 ng/ml (wild-type
and mutants other than +GS(9)} and 500 ng/mi (for
+GS(9)). The macroscopic conductance was allowed
to reach its maximum after addition of the proteins
{within 30 to 40 min). At this point, increasing concen-
trations of sugar was added to the | M KC' soiutions
on both sides of the membrane. There was an increas-
ing inhibition of macroscopic conductance with increas-
ing concentrations of sugar. Fig. 5 shows an experiment
of this type with BW2655 (W120C) and maltohexaose.
The addition of maltohexaose up to 1.75 mM resulted
in an almost complete inhibition <f the membranc
conductance (sze Fig. 5). Assumirg *hat the two-bar-
rier, one-site modul of malivporin channels is valid [2),
then the sugai-induced blockage of ion current through
the niutant proteins can be used ior the evaluation of
the stability constant K as previously described [2}.
The half-saturation constant Kq(=1/K) can be ob-
tained from a plot of sugar binding as a function of
sugar concentration as given in Fig. 5 or from a
Linewe~.cr-Burk plot of the same data. Using this
formalism, a half-saturation constant (K) of 90 uM
can be calculated from the inhibition curve for the
W120C protein penineability by maltohexaose.
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TABLE 11

Stability constamt, K, for the binding of sugar to wild-type and murent maltoporins

Sugar Nutant proteins *
W.T. BWH42 BW26d6 BW1333 BW2645 BW1402 BW2655 BW2642
RRH +6GS(H W74R + DP{79) Yii8F W120C + DP(183)

Glucose B 8 <1 3 31 20 17 21
Mallose 110 40 10 52 220 660 240 230
Maltotriose 2800 470 9{x) 440 4700 23000 19% 3600
Maltotetraose 90) 2100 1500 - 9600 - 6000 7500
Maltopentaose 14000 2900 K00 3300 20000 19000 7700 13000
Maltohexaose 160606 2709) 4(HN} 3600 19000 23000 K0 22000
Malishentaose 170000 270 TR} SO0 25000 2706H) 13000 20000
Lactose 22 5 <5 <5 16 10 19 38
Sucrose 60 t3 <5 6

O 36 170 170

* The membranaes were formed from diphytanoyi phosphatidylcholine /n-decans. The unbuffered agueous solutions (pH around 6) contained 1
M KCl and 100 ag/ml purified maltoporin excepl for BW2646 protein, which was added at 500 ng/mb; 7 = 25°C; ¥, = 20 mV. The stability
conctant K was calcelated from the mean of at least three experiments from data similar to that shown in Fig. 5.

" The substitutions or insertions are indicated using the one-letier amino acid code. The residue numbers in brackets show the position of amino

acid insertions,

Similarly, half-saturation constants and stability con-
stants were calculated for maltosaccharides between
maltose and maltoheptaose and three non-maltosac-
churides. These constants are lisied in Table H for
wild-type and all purified mutant proteins. As was
expected from the properties ¢ these proteins in vivo,
the affinity of maitogorin was modified in the mutant
chanpele: both increases as well as reductions in affin-
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X wT

O 70/80 A& 108/184

ity were obscrved for some ligands, in liic with qualita-
tive data indicating binding changes in starch-Sep-
harose binding assays [8,10,21,24].

Saturation of the maltodexirin binding site wiih larger
oligosaccharide

The changes in the association constants of gach
mutant for maltodextrins was further analyzed in two
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Fig. 6. Plots of the affinities of mutant proteins relative o the that of the wild-type tor different maltosaccharide substrates. Using the data in

Tabie 1. the stability constant of a muiant (K,) was plotied relative 1o that of the wild type for sugars between glucose and malioheptaose, with

the wild-type affizity for each sugar tuken as unity in this plot. In Fig. 6(A), the proteins from BW1042 (R8H, ), BW1333 (W4R, +), BW2645

(+DP(79), O) and BW2642 (+ DP(183). a) are compared and in Fig. 6(B), the mutants BW1402 (Y118F, x). BW2655 (W120C, o) and BW2646
(+ GS(9), +)are shown.



ways. Firstly, Fig. 6 shows the changes in binding
affinity for cach ligand relative to wild-type for the
same sugar (in plots of K,/K,, versus maltosaccha-
ride chain length). From thi- analysis, it is clear that
the sequence changes in the mutant proteins can dif-
fereniially affect affinity for particular subst:ates. Com-
pared to wild-type, the mutants R8H and W74R as
well as the insertion mutant +GS(9) showed reduced
affinities for maltosaccharides of all sizes tested, as
well as for non-maltosaccharides lactose and sucrose
(Tabie 1I). Yet the changes to the binding sites were
not identical in these mutants. as the defect in binding
was greatest for large suga's in R8H but for small
sugars in BW2646 protein (the +GS(9) insertion mu-
tant). In all of these mutants, there were definite
trends in changes of affinity with chain length of lig
and, as shown in Fig. 6. This also holds true in mutants
that showed an increase in affinity selectively for some
maltodextrins; in mutants with AspPro insertions after
residues 79 and 183, there was a significant increase in
affinity for glucose and meltose but not longer mal-
todextrins. The progressive nature of this change with
chain length is clezi from Fig. 6A. Fig. 6B also illus-
trates the chain-length-dependent increase in affinity
in the Y!i8F mutant. The major difference in the
Y 118F binding site compared to wild-type was a partic-
ularly large increase in affinity for dextiins close to
maltotriose in size.

The stability consiani of the maltodextrin binding
site i wild-type channeis saiwaics with increasing

Kx/Kmaliose
200

A
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chain iength. Hence there is normally ouly a marginal
increase in affinity for maltoheptaose as against malto-
hexaose, even though there is more than a 150-fold
increase in affinity between maltose and maltopen-
taose [2,7]. This point is illustrated in Fig. 7, in which
the stability constant of a protein for a particular
maltodextrin is compared to the stability constant of
the same protein for maltose, This approach. of plot-
ting Ky/K ume versus chain length, highlights the
relative changes in the saturation of the mutant mal-
todextrin binding sites with increasing chain length.

As with wild-type protein, in most mutants ihe in-
crcase in affinity with chain Iengih begins to saturate
with mattohexaose and maltoheptaose (Fig. 7A). In the
Y118F mutant, this process already occurs with mal-
totriose reinforcing that the largest increase in affinity
occurs for shorter dextrins in this mutant. Conse-
quently, there is only a 40-fold incrcase in affinity
between maltose and maltoheptaose. The channel with
thc R8H substitution is another =xample of a protein
that is already saturated with maltopentaose, although
in this case with a much lower overail affinity than
wild-type. In extreme contrast, the BW2646 (+ GS(9))
protein shows a large, near-exponential increase in
affinity with increasing chain length and therc was a
700-fold increase in binding constants between maltose
and maltohcptaose. This is clearly evident from Fig.
7B. despite the result that the overall affinity of the
protein is down compared to wild-type, even for malto-
heptaose, as shown i Fig. 6.

Kx/Kimneltoee
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B
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, *
200} /
o /
) 2 4 8 8 0 s L
Qe residues in dextrin o 2 4 (] 8
« mBH ¥ wran O a0 X YneF Gle residues in dextrin
& wigoc A werws X W.T. + /0 z WT
Fig. 7. Plots of the affinities of mutant proteins for longer maltosaccharides relative to that for maltose. As a e of the i ing affinity of
maltoporin with increasing chain length, the stability constant of ts for mal charide (K,) was pared relative to the stability

<onstant for maltose in the sume mutant. In part (A), proteins derived from wild-type strain BW1022 and the mutants SW1042 (R8H, @)
BW1333 (WMR, »), BW2645 (+ DP(79), 0), BW1402 (Y118F, X), BW2642 (+ DP{183), &) and BW2655 (W120C, ¢) are compared and in Fig.
7(B). the mutant BW2646 ( + GS(9), +) and wild-type protein { x ) are shown.
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Discussion

The residual sugar affinity of the channels discussed
in this paper permiticd qguantitation of the binding
changes inside the channel. Adoption of the sugar-de-
pendent blockage of channels as the sugar binding
assay made it feasible to quantitate the stability con-
stants of the maltodextrin binding site even in mutants
that had a large reduction in affinity in FITC-amylo-
pectin binding assays; these latter assays werc (0o
insemsitive to measure stability constants when the
affinity for amylopectin or longer maltosaccharidec
dronned hy 2 factor of 5-10 [8].

Residue changes in the 8-10 region of maltoporin
significantly reducc the sugar affinity of channels. The
amino acid substitution R8H reduced affinities for
both malto- and non-maltosaccharides without chang-
ing the single channel conductivity of channcls, hence
it is unlikely that the affinity changes arise from a
change in pore size. The mutation, which also did not
affect other propertics of maltoporin (antigenic or
phage binding), is therefore highly spoaific for the
sugar binding site.

The insertion of two residues near residue 5 (be-
tween residues 9 and 10) also drastically affected chan-
nel function. In addition, the insertion strongly af-
fected the trimer stability of the protein and resulted in
variable single-channc! conductivities, se the mutation
was more non-specific. It may be that as in the
Rhodobacter porin structure [27), this N-ierminal por-
tion is significant in completing the g-parrcl structure
of maltoporin. But the most interesting characteristic
of this mutation is the change in saturability of the
binding site with increasing chain length of dextrin; this
protein is unique in not being “saturated’ cven with
maltoheptaose. The simplest explanation of this prop-
city is that an extended binding site is so distorted that
residues contributing to the binding sites are moved
apart by the inscrtion and only reached by long dex-
trins.

In the four mutants with incrcased affinity for
smaller sugars (with W120C, Y118F substitutions and
DP insertions at 79 and 183) the possible explanation is
a displacement in the binding site bringing subsites
closer, better firting shoricr maltosaccharides. Alterna-
tively, a subsite fitting a monosaccharide unit in the
substrates is improved, and this notion is supported by
the increase in affinity for glucose in all four mutants.

The ion seclectivity of maltoporin channels was
shifted even further towards a preference for cations in
the three proteins, but not in mutants with amino acid
charges involving neutral substitutions or insertions,
The R8H subsiitution as weli as two negatively charged
AspPro insertions near residucs 80 and 183 increased
cation selectivity. The sites at 80 and 183 are postu-
[ated to be in tight turns on the periplasmic side of the

membrane in Fig. 1. L. is not necessarily the case that
ion selectivity was shifted because these sites are di-
recily in the channel, as the additional negative charge
may be delocalized and influence ion conductivity at a
distance [29).

Overall, these results are consistent with current
views of models of the role of the maltodextrin binding
site in channel function. A clearer view of the changes
caused by these mutants will emerge once the crystal
structure is solved for maltoporin [28]; perhaps the
mutations investigated in this paper influence an
‘eyelet’ type structure in the channel found in the
Rhodobacter porin [27].
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