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Wild-type and seven mutant malteperins were purified and their channel.forming activities studied after r,:conslitu- 
tion into black lipid membranes. The proteins were assayed for alterations at the maltodextrin bindb~g site by 
measuring the sugar-dependent blockage of ion flux through these channels, Some substitotions (RgH, W74R) 
caused reduced channel affinity for all maltodextrins without changing 5int~ channel condectivities. The channel 
with a GlySer insertion after residue 9 was also poorly blocked by sugars but unique to this protein, the char, rid 
showed a striking, almost ex~nentJal increase of affinity with increasi~ql maltodextrin chain Jeu~th. in mutmets 
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 eharlie in the AspPro insertk)e mu~ats increased the calion 
selectivity of maltopoHn channels, as did the decrease in positive charge resulting from the RgH substitutien. A 
mutant with a WI20C snbstilatio~t also showed an increased affinity for glucose and maltose but reduced affinity for 
longer maltosacehhrides. In contrast, a YII8F substitution resulted in an 8-fold increase in maltuirhne affinity, but 
iesser improvements for other sugars. These results are interpreted to reflect clumlles in subsjtes contributJ~ to me 
extended binding site within the channel, which in turn determines the ove~ll sugar affinity of maltoporin. 

Introduction 

Maltoporin (or Lamb protein) functions as a mal- 
tosaccharide facilitator in the outer membrane of Es- 
cherMlia coli [1-6]. The protein contains a mal- 
.*ooiigosaccharide binding site with incleasing affinity 
fo," longer maltodextrins, up to and including starch 
polysaccharides [7]. Cell-sorting techniques o.apable of 
separating mutants with alterations in starch binding 
[8-10] have permitted the selection of maltoporin vari- 
ants with sugar affinity changes and the identificatiort 
of residues of the protein involw:d in affinity functions 
Ill]. The residues identified as being important in 
maltodextrin binding are a l ~  completely conserved in 
two other recently identified sugar-specific porins with 
sequence relatedness to the LamB protein [ 12,13]. 

Correspondence: T. Ferenci, Department of Mierobhdogy. 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. colt, from work using 
phages, proteases and antibod;es ~:' ~robes of structare 
[14-19]. Based on the topological data as well as se- 
quence-based 0redictions, 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 genettc evidence 
[12,18]. The binding sites for starch and Lambda have 
been further mapped by cysteine mutagenesis, and 
these studies also sul:nort the structural models and 
confirm the involvement t,; residues in sugar-specifK: 
functions [21,22]. 

Maltoporin reconstituted into ve~icles or black lipid 
membranes is a malto-saccharide-selective pore pro- 
tein [1,3,5]. To investigate the role of pa~ic.ular rcsi,!ues 
in transport specificity, pore selectivity in the variant 
maltoporins needs to be studied. A liposome swelling 
study with maltoporin mutants indicated .some sugar- 
selective flux changes [23] but this earlier study w~ 
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only capable of measuring fluxes of sugars at high 
concentrations a,~d 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 eta[.  [3], who s*,dicd mutants 
probably altered at the mouth of the channel rather 
than genuinely at the bidding-site [I1]. 

This paper examines , : e  channel properties of four 
maltoporins altcrcd by single amino acid substitution 
and G, cc p~,~tcins with tvo amino acid insertions. The 
sites of substitution/insertion are shown in Fig. !, 
superimposed on the model of folding of maltoporin 
across the outer membrane [20]. Three u[ the muta- 
tions were iv proposed transmcmbrane segments of the 
protein. All but one of these mutations were shown to 
qualitatively affect maltodextrm binding in vivo (using 
an assay invol~ing the maltoporin-dcpendcnt binding 
of bacteria ~o starch [8,21,24,25]. The precise affinity 
changes resulting from these mutations could not be 
quantitatcd previously. Using the sugar-s~ecif,.'~ b[~ck- 
[ng of maltoporin channels [1], this study permitted the 

determination of the association constants for malto- 
and non-maltosaccharides and hence a more precise 
analysis of the role of the residues at the maltodextin 
bi,ding site in determi,,ting the sugar selectivity of 
maltoporin. 

Materials and Meth-ds 

Protein purij7cation 
The source strains used for maltoporin purifications 

and their derivation have been previously described 
[10,21,23]. The protein from BWI042 (with an Arg8 
H i s ,  RSH substitution in maltoporin), BWI333 (Trp-74 
--, Arg or W74R) and BWI402 (Tyr-ilS--*Ph¢ or 
Y i 18F) was extracted exactly as described in Nakae et 
al. [23]. The wild-type protein from BWI022 [8] as well 
as proteins from BW2646 (GlyScr insertio_q aftcr 
residue 9, or + GS(9)), BW2645 (AspPro in.~t~,ti~, af- 
ter residue 79, or + DP(79)), BW2655 (Trp-120 --* Cys, 
or WI20C) and BW2642 (AspPro inser t[~ after residue 
183, or +DP(183)) were purified to homogeneity by 
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affinity chrom~togrdphy on starch-Sepharosc exactly as 
described by Francis ct al. [22]. The maetose-elutcd 
proteins were precipitated wRh tsopropanoi aiid r~di~- 
e, olved and stored in a buffer containing 0.5% Triton 
X-I00, 10 mM Tris-HCI. 5 mM EDTA and 5 mM 
PMSF (pH 7.2). 

Black lipid membrane experimolts 
The method using black lipid membranes for the 

reconstitution of membrane proteins has been previ- 
ously described [i,2]. The apparatus consisted of a 
Teflon cell with two compartn~ents filled with salt 
solution; the wall between the two compartments had 
small circular holes with an area of either 2 ram' (for 
macroscopic conductance experiments) or 0.1 ram: (for 
single.channel experiments). A I% solution of diphy- 
tono~,lnhosphatidylcholine (Avanti Polar Lipids, Birm- 
ingham, ALl in n-decane was palmed over the holes to 
make the membrane. The incorporation of maltoporin 
into these membranes was as previoasly described [2], 
and was started after the lipid membrane had turned 
black as seen witn incident illumination, indicating 
bilayer formation. The aqueous KC! 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. 
Louis, MO, and added from concentrated stock solu- 
tions stored at 4°C prior to use. 

The membrane current was measured with a pagr of 
calomel electrodes switched in series with a voltage 
source and an electrometer (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 I00 to 1000 maltoporin channels as h¢~s been de- 
scribed earlier [2]. 

Results 

P~trification of mutant proteins 
The mutant proteins tested in this stu('j belong to 

two classes, those which still show considerable mal- 
todextrin binding activity (i.e., the insertion ~utants  
+DP(79) and +DP(183) and the YI18F and WI20C 
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 could be isolated to 
high purity by the affinity-~.nrom~tographic n;¢thod 
recently described [21] since these mutants still bound 
t~he starch .:~ed as the affinity matrix. The R8H and 
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Fig. J. Stability of malto~:rins used in channel reconstithtions. 
Purified wild-type protein (tracks l-4) and + GS(t)~ protein (lracks 
5-~:) were diluted in SDS-conlaining sample bliffer 130] and elec- 
Irot)horescd in the acuiamide g~! system o; Lii~abcrg ,:i ,d. [3~]. 
The proteins were applied to the gel dircc',ky at rot, m tcmpcralure 
(tracks I and 5tot after heating for 5 min a155" (traLk., 2 o,d 6). 75 ° 

(tracks 3 and Dot I00 ° (tracks 4 aud 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 :his prcsumaLiy permitted the 
o~ . i t y  for star,:h during purification. 

The properties of the + GS(9) protein also differed 
from other maltoporins in that the stabiiiW 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 ~t from BW2646, not 
shown) was stable as the oligomer (trimer) in SDS at 
temperatures up to 75°C. but the protein with the 
GlySer 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 proteoI~ic product of the unstable protein. 
The variable nature of the channels formed by this 
protein (see be!owl may also be due to trimer instabil- 
ity or the presence of the modified maltoporin in the 
mutant protein preparation. 
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Rcconsti;ution of  chan~els and single channel conduc- 
tance experiments 

The channel propellies of each of the mutant pro- 
teins was tested in singh: channel experiments. These 
were performed by adding small amounts of the mu- 
tant proteins to 1 M KCI solutions bathing the black 
lipid membranes (final concentration of protein was 10 
ng/m! for all mutants except q- GS(9). which was added 
at 50 ng/ml).  Step .;ncrc~=~e ¢ in conductance were 
ob~rved shortly after addition of protein to one or 
both sides of the lipid bilayer membrane. "]'he single- 
channel recording shown in Fig. 3A shows the conduc- 
tance steps obsc,-ved with the WI20C protein. The 
average single-channel conductance of all mutants (ex- 
cept +G5(9)) wa~ 140 to 160 pS under the.~e condi- 
tions (! M KCI). The +GS(9) mutant BW2646 formed 
irregular channels 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 
that 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 not contaminated with the gen- 
eral diffusion Ix~rins OmpF and OmpC, confirming the 
purity of these, preparations demonstrated by SDS- 
polyacrylamide gel elcct='ophorcsis (Fig. 1 and Ref. 22). 
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Fig. 4. Histogram of the conductance steps ob~fved with dipby- 
tanoy|phosphatidylcholine/n-tleeanc n;,:n;..~an~-s in the- pr~,:;~;ncc of 
t0 ng/m! LamB mutant WI~,',',','~ (BW2655), The average singIe-chan- 
he! conduclance was about 160 pS for 148 steps. The aqueous pha~ 

contained ! M KCI. the temperature was 25~C: V m = b U  inV. 

The addi t ion of I m~A maltohexaose reduced ion 
flux through all mutant channels (see Fig. IC), as i t  
does LamB channels from wi ld-type protein from both 
E. colt [ I ,2 ]  and S. typhimunum [26]. Also as demon- 
strated wi th  lamB from S. iTphimurium [26], the addi- 
t ion 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 maitodextrin due to 

.l 
jJ I 

_ _ 7 -  

. . . . . . . . . . .  , .  - . , J , =  . . . . . . . . . .  

! ~OpS 
40pA 

2rain 

Fig. 3. Single-~hanncl recordinf, s of diphylanoylphosphatidyleholine/n.decan¢ membranes after the addition of various LamB mutant protein> io 
the aqueous phase containing I M KC: (pH f)JI). The temperature was 25°C and the applied membrane potential, V m, was 50 inV. The traces 
=how conduclivilies of membranes with: (A) 10 ng/ml WI20C protein (BW2655); (B) 50 ng/mt+GS(9) protein (BW2646). wi|h irregular 
channels: (C) as tA). but in the presence of 1 mM ma]tohexaos¢. Note Ihc absence of conductance steps in (C) and the increased current noise 

bccau~ ol the association.dissociation reaction bclwcen binding sile and sugar. 



the non-specific large channels previously demon- 
strated in this kind of LamB preparation [I]. 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- 
seopic conductance experiments below. 

Ion selectiri~' measurements 
The wild-type maltoporin channel is cation selective. 

To study the influence of the mutations on ion selectiv- 
ity, we measured the zero-current membrane potential 
in the presence of satt gradients. After 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 raM. For each gradient, the 
zero current potential was me ~sured, and the perme- 
ability ratio P~.,io./P,,,,+,,., was calculated according to 
the Goldman-Hodgkin-Katz equation [I,2]. The results 
are summarized in Table ! for those mutants that did 
not have contamination with large, non-specific chan- 
nels The values are the means of at least three mem- 
branes at each experimental condition. For all the 
mutants shown, the more dilute side was pcsit.;x,~ whi,:h 
indicated a preferential movement ef  cations through 
the channel. The wild-type, +GS(9) and WI20C pro- 
teins showed little significant difference, but the in- 
creased cation ~electivity of the +DP(79) and 
+D1~[183) proteins was Presumably due to the addi- 
tional negatively charged amino acid in these latter two 
mutants. The RgH substitution also increased cation 
~eiectiv,ty, ;,ca=" ,'em:w~l of a "'.,..~,'y positi~ely- 
charged residue at pH 6 was equivalent to the intro- 
duction of a negative charge in the DP insertion mu- 
zants. 

TABL~ ! 

Zero.currt, nt membrane pored+rials of mmant maitoporins 

Mutant V m lmV~ ~ p~/p;, h 

W.T+ 44 12 
BW1042(R8H) 48 19 
BW2646 ( +GS. 9) 45 13 
BW2645 ( + DP. 7Y) 47 17 
B'tu~,655 (WI20C) 44 t2 
BW2642 ( + DP. 183) 49 20 

+ The F m, or zero-membrane potential, was measm~-d in diphy- 
tanoyl-phosphatidylcholine/s)-decane membranes in th© preface  
oi" di[f~,~--d Lamb mutants, measured for a 10-fold gradient of 
KCI. 

b The Pc/P. is the permeability ratio for cations/anions and was 
calculated from the Goldman-I Iodgkin-Katz equation as previously 
described !1]. 
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Fig. 5. Plot of the relath,+u cundu,'lance inhibiUon ((;.,,. -G(c))/G,~,~. 
as a function of Ih,c mallohe~a~v conoentration in lh~ aqueous 
phast:. The data wcr¢ derived ==:)m a tilralion ¢xperimcnl in which 
the membrane conduclance (G{c)) mediated ~ the Lamb mulant 
WI20C (BW2655)was n~asurcd as a function of increasing concen- 
trations of maltohexaose. The .-:wmbrane was formed from dip',y- 
lan,Jy;0hosphatidyfcholine/n.deeaoe in an aqueous ~lul ion conlaia- 
• ng I M KCI and llgl ng/ml  roman! protein. Tin: .~did line was 
drawn with Eqn. 7 of Ref. 2. corrcsp~mding Io a stab, ily conslant of 
sugar binding of I I(NI(]0 M ' or a halb~turation consta.al of 

gO ~M. 

Bi, ding affinity of sugars to maltoporin t'ariants 
The single-cha,-mc| ,JaL.~ sa~gcstcd the binding of 

n,attooligosaccharides to the LamB mutants. Macro-. 
scopic conductan:e experiments were performed to 
determine the stability constants of sugar binding. The 
experiments were performed in the following way. The 
mutant proteins were :'.dded to the black lipid mem- 
brane in concentrations between 100 ng /ml  (wild-type 
and mutants other than + GS(9)) and 500 ng/ml  (for 
+GS(9)). The macroscopic conductance was allowed 
to reach its maximum after addition of the proteins 
(within 30 to 40 rain). At this point, increasing concen- 
trations of sugar was added to the ! M KC t s o l u t i o n s  

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 (WI20C) and maltohexaose. 
The addition of maltohexaose up to !.75 mM resulted 
in an almost complete inhibition +~f the membrane 
conductance (see Pig. 5). Assumivg +h~t ~.he two-bar- 
rier, one-site model of maltuporin channels is valid [2], 
then the st;gat-induced blockage of ion current through 
the mutant proteins can be u ~ d  [or the evaluation of 
the stability constant £ as previously described [2]. 
The halt:saturation constant Ks(= l /K)  can be ob- 
tained from a ~lot of sugar binding as a function of 
sugar concentration as given in Fig. 5 or from a 
Linewe-::~r-Burk plot of the same data. Using this 
formalism, a half-saturation constant (Ks) of 9 0 / t M  
can be calculated from the inhibition curve for the 
W I20C protein permeability by maltohexaose. 



304 

TABLE II 
.. 

StaOiliO, constant, K. for the binding of sugar to wild-type and mut,:nt maltoporins 

Sugar l~.iutanI proteins ~ 

W.T. B W 1 0 4 2  B W 2 6 4 6  BWI333 B W 2 6 4 5  BWI402 B W 2 6 5 5  BW2642 
RRH + GS(9} t, W74R + DPtT9) Y! I,~F W120C + DP(183) 

Glucose 8 8 < I 5 31 20 17 21 

Maltose I tO dO I0 52 220 660 240 230 
Mallolriose 28IN) 470 ~}0 4,10 4 700 23 ~,'~0. 19qO 361)0 
Maltotelraose 90IK) 21IX} 151XI - 96(N) - 6000 7500 
Maltopentaose 14{XX) 29(~) 2800 3300 20000 19000 7700 130()0 
Mallohexaosc 16(N)O 27(~) 4000 36{g} 19{}(}0 230(}0 I0(}()0 22{}()0 
Malmh,,p~ao.~ 17{X}0 27tX) 7iN)i? ~0(O 25(h')0 27(H)0 13000 20000 

Lactose 22 5 < 5 < 5 16 IU 19 38 
Sucrose 60 t3 < 5 6 I I0 36 170 170 

" The mcmbra.acs were fl~rmcd from diphytanoyl phosphatidylcholinc/n-dccan~:, The unhuffcrcd aqueous solulions (pit around 6) contained l 
M KCI and It~) ng/ml purified maltol'n~rin except for BW2(~6 protein, which was added at 5~1 ng/ml; T = 25°C: v = 2~1 inV. The stability 
conqant K was calculated from Ihc mean of al [cast three cxperimcnls from data similar to that shown in Fig. 5. 

h The substitutions or insertions arc indicated using the one-lel:cr amino acid code. The residue numbers in brackets show the ix~silion of amino 
acid insertions. 

Similarly, ha l f -sa tura t ion  cons tan t s  and  stai~ility con-  

s lants  were  ca lcu la ted  for  ma l tosaccha r ides  be tween  
mal tose  and  m a l t o h e p t a o s e  and  three  non -ma l to sac -  

charides .  These  cons tan t s  are  listed in Tab le  11 for  

wild-type and  all purif ied m u t a n t  prote ins .  As  was 

expec ted  f rom the  p roper t i e s  c,;" these  pro te ins  in viw), 
the affinity o f  ma i topor ln  was modi f ied  in the m u t a n t  

channel~: ,ho!h ;nc,,-ease.~, as well as r educ t ions  in aft in- 

i ty  we re  observed  fo r  some l igands, in [tae w i t h  qua l i ta -  
t ive data i nd i ca t ing  b ind ing  changes in s ta rch-Scp-  
harose b ind ing  assays [8,10,21.24]. 

Saturation of the maltodextrin hhla'ing site ~'it!: larger 
oligosaccharide 

The changes in the associatk.m constants of each 
m u t a n t  fo r  ma l t odex t r i ns  was f u r t h e r  ana lyzed in two  

g.~/l<,~,c~-type 
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Fig. 6. Plots of the affinities of mutant prolcins relative to the thai of the wild-type ~or different maRosa¢charidc substrales. Using the data in 
Table II. the stability constant of a mui.anl (K , )  wa~ plonP.d relative in thai of the wild type for sugars between glucose and maltoheplaose, with 
the wild-type affi.~ity for each sugar lakcn as unity in this plot. In Fig. ~(A). the proteins from BW1042 (R8H, • ), BWI333 (W74R. • ), BW2645 
( + DP('/9), El .~ -',nd BW2642 ( + DP(183). ~ ) are compared and in Fig. ~B), the mutants BW1402 (Y i 18F, x ). BW26fi5 (W! 20C, <>) and BW2646 

( + GS(9), + ) are shown. 
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ways. Fixstly, Fig. 6 shows the changes in binding 
affinity for each liBand relative to wild-type for the 
same sugar (in plots of K~/Kw.,. versus maltosaccha- 
ride chain length). From thi" analysis, it is clear that 
the sequence changes in the mutant proteins can dif- 
femmially affect affinity for particular subst~'ates. Com- 
pared to wild-type, the mutants RSH 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 
(Table II). 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 showcd an increase in affinity selectively for ~ m e  
maltodextrins; in mutants with AspPro insertions after 
residues 79 and 183, there was a significant increa~ in 
affinity for glucose and maltose but not longer mal- 
todextrins. The progressive nature of this change with 
chain length is cie:a' from Fig. 6A. Fig. 6B also illus- 
trates the chain-length-dependent increase in affinity 
in the ","::,,°F mutant. The major difference in the 
Y118F binding site compared to wild-type was a partic- 
ularly large increase in affinity tbt dextrins close to 
maltotriose i~ size. 

The stability corJs~ant of the maltodextrin binding 
site in wild-type channeis a~tloJaLt;~ with increasing 
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chain iength. Fience there is normally o,ly a marginal 
increase in affinity for ma[toheptaosc as against malto- 
hexaosc, cvcn though there is more than a 150-fold 
increase in affinity betweL:n 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 Kx/Km,,,,~ versus chain length, highlights the 
relative changes in the saturatio~ of the mutant mal- 
todextrin binding sites with increasing chain length. 

As with wild-type protein, in most mutants the in- 
crease in affinity with chain length begins to ~turate 
with maitohexaose and maitobeptatvse (Fig. 7A). In the 
Y118F mutant, this process already L~curs with mal- 
totriose reinforcing that the largest increase in affinity 
occurs for shorter dextrins in this mutant. Con.~- 
quently, there is only a 40-fold increase in affinity 
between maltoge and maltoheptaose. The channel with 
the R8H substitution is another ~:xample of a protein 
that is already saturated with maitopentaose, although 
in this case with a much lower overall 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 there 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 malt~ 
heptaosc, as shown iii Fig. 6. 

Kx/Kmldlme 
800 

B 

? 

000 ...................................................................... "/'"'"' .... 
I 

400 ......................................................... " /  ................ ! 

0 2 4 0 8 

QIC reeldueo in dextr in 
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Fig. 7. Piots of Ihe affinities of mutant proteins for longer maltosa¢charidvs relalive Io that for maIzosc. As a measure of the increasing affinity ot 
ma|loporin with increasing chain length, the stabilily constant of mutants for maltosaccharid¢ (K , )  was compared r~lative to Ihc stability 
¢onstanl for maltose ha the ,~m¢ mutant. In part (A), proteins derived from wild-type strain BWI022 and ih© rnuta.zt~ BWIO42 (ASH, IB), 
BWI333 (W74R, * ). BW2(~45 ( + DP(79). Q ). BWI402 (Y1181=, x L BW2642 ( + Dl~183), ,~ ) and BW2~5 (WI20C, o) arc compared and in [:iS. 

7(B), the mutant BW2640 ( + GS(9), + ) and wild-t,,'~ protein ( x ) are shown. 
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Discuss ion 

The residual ~agar affinity of the channels discussed 
in this paper permit~,cd quantitation 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- 
slants of  the maltodextrin binding site even in mutants 
that had a large reduction in affinity in FITC-amylo- 
pectin binding assays; these latler assays were too 
insensitive to measure stability constants when the 
affinity for amylopectin or longer maltosaccharidez 
d r n n n e d  b,~ ~ ¢~ctor o f  5 - 1 0  [8]. 

Residue changes in the 8 - ! 0  region of maltoporin 
significantly reduce the sugar affinity of channels. The 
amino acid substitution R8H reduced affinities for 
both malto- and non-mallosaccharides without chang- 
ing the single channel conductivity of channels, hence 
it is unlikely that the affinity changes arise from a 
change in pore ~ize. The mutation, which also did not 
affect other properties of maitoporin (antigenic or 
phage binding), is therefore highly sp~":ific for the 
~ g a r  binding site. 

The insertion of two residues near residue ~ (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, so the mutation 
was more non-specific, it may be that as in the 
Rhodobaczer porin structure [27], this Nqerminal  por- 
tion is significant in completing the p-barrel 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' even with 
maltoheptaose. The simplest explanation of this prop- 
e~ ty is that an extended binding site is so distorted that 
residues contributing to the binding sites are moved 
apa.,'* by the insertion ~nd only reached by long dex- 
trins. 

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

1"he ion selectivity of maltoporin channels was 
shifted even further towards a preference for cations in 
the three proteins, but not in mutants with amino acid 
char, ges involving neutral substitutions or insertions. 
Thg R8H sub~,iitution as well as two negatively charged 
AspPro insertions near residues 80 and 183 increased 
cation selectivity. The si:.cs at 80 and 183 are postu- 
lated to be in tight turns on the periplasmic side of the 

membrane in Fig. 1. h is not necessarily the case that 
/on selectivity was shifted because these sites are di- 
rectly 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 
~:ructL:re 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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