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ABSTRACT 

A large number of linear and branched oligosaccharides and several 

glycosides of D-mannose were tested for their inhibitory activity on the agglutina- 

tion of yeast cells or guinea pig erythrocytes by three D-mannose-specific enteric 

bacteria possessing type 1 fimbriae. With Escherichia coli 346. the best inhibitors 

found are the (Y glycosides of the branched oligosaccharides a-D-Manp-( 1+3)-[cu- 

D-Manp-( l-6)]-a-D-Manp-(1+6)-a-D-Manp-( l&3)-D-Manp and cu-D-Manp- 

(1~3)-[a-D-Manp-(l--*6)]-a-D-Manp-(1~6)-[a-D-Manp-(1~2)-a-D-Manp- 

(l-+3)]-D-Manp and the trisaccharide cu-D-Manp-(1+3)-P-D-Manp-( 1-+4)-D- 

GlcNAc, all of which are 21-30 times more inhibitory than methyl a-D-man- 

nopyranoside. The aromatic glycoside p-nitrophenyl a-D-mannopyranoside was 

also a strong inhibitor (30 times more inhibitory than methyl a-D-man- 

nopyranoside), whereas the corresponding P-D-glycoside was only a weak inhibitor 

(approximately as methyl a-D-mannopyranoside). A nearly identical pattern of in- 

hibitory activity was observed with the fimbriae. This suggests that the combining 

site of the E. coli fimbrial lectin is in the form of an extended pocket on the surface 

of the lectin corresponding to the size of a trisaccharide and fitting best the struc- 

ture a-D-Manp-( 1+3)-P-D-Manp-( l&4)-D-GlcNAc. Since p-nitrophenyl &D-man- 

nopyranoside is a strong inhibitor. the existence of a hydrophobic region in the 

combining site or close to it was assumed. The combining site of the Klebsiella 

pneumoniae fimbrial lectin is probably similar to that of E. coli, but that of the Sal- 

monella typhimurium fimbrial lectin differs considerably. It appears that the com- 

bining sites of the three bacterial lectins tested exhibit preference for structures 

found in N-glycosylic oligomannoside units of mammalian cell surface glycopro- 

teins. 

*Dedicated to Professor Elwn A. Kabat. 
‘This work was supported. In part. by a grant from the U.S.-Israel Blnatlonal Science Foundation to 

1.0. (No 2138/80). 
*The Welzmann institute of Scwnce. 
$Tel-Aviv Unwcralty 

00f.wh215/83/$03.00 0 1983 Elsevier Science Pubhshers B V. 



36 N FIRON. I OFEK. N SFi,tRON 

INTRODUCTION 

Bacterial adherence to surfaces of animal tissues has recently gained increas- 

ing attention as an important initial event in the pathogenesis of bacteria! infec- 

tion’.‘. The adherence of many strains of Ercherichirr co/i and other cnterlc bac- 

teria to epitheiiai cells. as well as the agglutination of guinea pig erythrocytrs or D- 

mannan-containing yeast cells (c.R., &zccharotn~czs cww~isiur and C.tiniiitk aihi- 

cans) by these bacteria, is inhibited specifically by small concentrations of D-man- 

nose (I), methyl n-D-mannopvranoside (5) and jeast D-mannan-’ ‘. Roth the D- 

mannose-specific (MS) adherence and the MS agglutination are mediated by bacte- 

rial-surface structures in the form of type 1 fimbriar (or pili). These fimbriae nre’.” 

thin (7 nm in diameter) and long (-S(L250 nm) appendages consisting of protein 

subunits known as piiin, molecular weight I7000. Isoiatcd fimbriae agglutinate 

guinea pig erythrocytes or yeast cells, and this agglutination is also specifically inhi- 

bited by low concentrations of D-mannosr (1) or methyl tu-D-mannopyranosidr 

(5) ’ ‘I’. Thus, the fimhriae exhibit properties characteristic of icctin\! ’ 
Until recently. the specificity of the MS bacterial &tins had been examined 

only with a limited variety of sugars, mostly simple monosaccharides’.‘l.‘~. Perhaps 

the only exception is the study of 01d13, who tested the effect of various monosac- 

charides. as well as several simple oiigosaccharides, on the MS agglutination of 

guinea pig and horse erythrocytes by certain strains of Salnmdlu r!ph~nurr~unz and 
Shiyella,%rneri possessing type 1 fimbriae. Modification of OH-Z. -3. -4. c)r -6 of 

the D-mannopyranosyl residue resulted in loss of inhihitorp activity. showing that 

these groups are required for binding to the bacteria. The CY configuration of the D- 

mannose unit was also found to be Important. since carbohydrates contaimng a ,!3- 

linked D-mannose unit were much poorer inhibitors than those containing the CY- 

linked unit. Of the oligosaccharides examined by Old”. none proved to be an ef- 

fective inhibitor. It should he pointed out that the data on the relative inhibitory ac- 

tivity of the various sugars tested in the earlier studies were only semiquantitative. 

owing to a lack of accurate methods for rneasuring agglutination. 

Quantitative studies of the specificity of the bacterial-surtace iectlns are of in- 

terest for several reasons: (a) They permit better characterization of the structures 

of the combining sites of these lectins; (b) they give an insight into the nature of the 

interaction between the bacteria and ceil surfaces; and (c) they may provide infor- 

mation for the design of more effective inhibitors for the prevention ot adhesion to 

mucosal surfaces in ~7~0’~. and perhaps also of natural infection. 

We have recently demonstrated that the specificity of the E. colr fimbrial lec- 

tin can be studied quantitatively by examining the relative inhibitory activity of 

various D-mannose-containing glvcosides and olignsaccharides on the rate of 

agglutination of yeast ceils by the bacteria. as measured in an aggregometer. A 

linear correlation wa:, found hetwecn the percent of inhibItion of yeast aggregation 

and the logarithm of inhibitor concentration, permitting the determination of Its re- 

lative inhibitory activity, Preliminary data on thc\e finding\ hafc been re- 
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ported’“-‘“. We have now extended these studies by use of additionail sugars, as 
well as two other MS bacteria, Kl~~.~~e~la ~~e~~~ni~~ and S. fy~~~~~r~~~, and 
have also used guinea pig erythrocytes in the agglutination experiments. 

EXPERIMENTAL 

itfaterials. - Methyl ~-~-mannopyranoside (S), D-mannose (11, t-mannose 
(3): and 2-deoxy-D-arubino-hexose (4) were purchased from Pfanstiehl 
Laboratories Inc. (Wauk~gan, IL 50085, U.S.A.); ~-nitrophenyl tr-D-man- 
nopyranoside’(6~ from Koch-Light Laboratories Ltd. (Colt&rook, Berkshire SL3 
OBZ, U.K.); and p-nitrophenyf ~-~-mannopyra~oside (8). ~-D-mannop~ranosyl 
phosphate (7), methyl ~-D-glucopyranosid~ (91, and D-mannose &phosphate (2) 
from Sigma Chemical Co. (St. Louis, MO 63178, U.S.A.). The oligosaccharides 
used were generous gifts of several investigators: IO-12 isolated from yeast mannan 
(T. Nakajima, Tohoku University, Sendai, Japan); 13 also from yeast mannan (C. 
E. Ballou, University of California, Berkeley. California); synthetic 14-16 (H. 
Paulsen, University of Hamburg, West Germany); 15, X7, and 18 isolated from the 
urine of patients with mannosid~sis (A. Lundblad, University of Lund, Sweden); 
synthetic branched oIigosaccharides 19-23 (T. Ogawa, Institute of Physical and 
Chemical Research, Saitama, Japan); 24-26 from the urine of patients with GM1 
gangIjosidosis (.I. Montreuit and G. Strecker, University of Lille, France); and syn- 
thetic 27-29 (J+ L6nngren. Stockholm University, Sweden). AI1 other chemicals 
were of analytical grade, obtained from commercial sources. 

~uLt~~at~~~ of ~~~t~r~a~ - E. coli strain 346 and K. ~n~~~~~iffe were isolated 
from patients with urinary tract infection, and S. f~~~~~uriu~ was from the collec- 
tion of the Department of Human Microbiology (Tel-Aviv University). To obtain 
bacteria enriched in type 1 fimbriae and expressing high Iectin-activity, the serial 
passage technique was used 3*17 For this purpose, the bacteria were serially pass- . 

aged in test tubes containing 5 mL of nutrient broth (Difco), incubated at 37” for 
48 h under static conditions. After each passage, the bacteria were harvested by 
cent~fugation, washed once with phosphate buffered saline (PBS; 20mkt phos- 
phate in 0.15M sodium chloride, pH 7.41, and assayed for their yeast agglutinating 
activity as described hater. Passaging was continued until lo7 cells/mL gave a rate 
of aggregation of 15-20 units/min. At this point, the bacteria were grown once in 
5QQ mL of broth under the aforementioned conditions. The organisms were har- 
vested by centrifugation, washed three times with PBS, and resuspended in the 
same buffer. The bacterial concentration was adjusted to Abs. 0.5 (O.D.) (Junior 
Coleman, 610 nm). For most of the experiments, the cells were kept frozen at -70” 
until used. 

~re~arut~o~ nf E. coli ~~~~~ffe. - Type 1 fimbriae were isolated from E. coli 
346 by mechanical agitation of the bacteria according to Eshdat et aL6 with four 
consecutive precipitations in O.lM magnesium chloride at 4”. The last precipitate 
was suspended in Srnh$ Tris - WC1 buffer (pH 8.0, containing 0.02% azide) and 
stored at 4” until used. 
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AS.W_V O~_WI.U ag~rqurrnn. - Aggregation of yeast cells (S. cerc~~kzr. <dJrn- 

mercial baker’s yeast, a product of Fleischmann) was monitored in a Payton ag- 

gregometer. as described by Ofek and Beacheyis. The yeast cells \vcre suspended 

in PBS (0.5 mg, dr) weightimL): for each assay. 0.5 mL of the su\;pension was 

u\ed. The bacteria were washed once in PBS hefore use. and diluted in PBS s;o 

that, upon addition of 10 PL of the bacterial suspension to the yeast cells. the 

steepest slope of the curve recorded by the aggregometer was 15-X units/min with 

E. cnli 33h or uith S. ~~~~/r~~z~ri~~z, 4-7 unitsimin with the isolated fimbriae. and ti- 

I6 unitsimin with h’. pmwtnmiw. The concentration of bxttzria was estimated tur- 

bidimetrically with a Klett coforimeter. filter No. 66; 5 x 10’ cclluk~~L, pvc a read- 

ing of 100 Klctt units. 
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The inhibitory sugars were routinely added in PBS (IO-50 ,uL) to the yeast- 

cell suspension, followed by addition of the bacteria or fimbriac in 10 /*L. The con- 

centration of the sugars was determined by the phenol-sulfuric acid method’” with 

D-mannose as standard. The percent Inhibition by the sugar was calculated as 100[ 1 

- (steepest slope with inhibitor)/( steepest slope without inhibitor)]. The percent 

inhibition for the various sugars was plotted as a logarithmic function of their con- 

centration. In all cases. a highly significant linear correlation was obtained (p < 

0.05). For each sugar. the concentration causing 50 r; inhibition was derived from 

its inhibition line. and the relative inhibitory activity in comparison to that of 5 was 

calculated. 

Agglutinutiorz of guinea pig erythrocytes. - Agglutination of guinea pig ery- 

throcytes (freshly drawn) was monitored in the aggrcgometrr as described above 

for yeast aggregation. The erythrocytes were suspended in PBS, and their concen- 

tration was adjusted to give a reading of 30% transmission in the aggregometer 

The bacteria were diluted in PRS’so that, in the absence of inhibitor. the steepest 

slope recorded by the aggregometer for hemagglutination by E. W/I 34h and by S. 

tvphirnuriurn was 6-C) and 3 unitsimin, respectively. The inhibitory sugars were 

added in IO-50 PL of PBS, and the percent inhibition was calculated as described 

earlier. 

RESULTS 

The rate of yeast aggregation by two bacterial strains. as monitored in the ag- 

gregometer in the absence and presence of inhibitory sugars. is shown tn Fig. I. As 

can be seen. addition of D-mannose derivatives caused a decrease In the aggrega- 

tion rate. It is also apparent that 6 is a much stronger inhibitor of the agglutination 

of yeast cells by E. coii than is 5. whereas both compounds are almost tqually in- 

hibitory with S. t_yphirnurizon. 

Reproduclhifity of t/It’ method. - Determinations of the concentration of 5 

needed to cause 50$;’ inhibition of yeast aggregation by E. cofi, in repetitive experi- 

ments employing the same bacterial culture. are highly reproducible (z!~lOc/; ). al- 

though this concentration differs from one culture to another. prohablk because of 

variations in the expression of the MS &tin on the bacterial-cell surface”. Thus. 

in three separate experiments with three different bacterial cultures ot E. lofi, the 

absolute concentration of § needed to cause 50? inhibition of yeast aggregation 

was 0. 15. 0. 17, and O.-IOmM, whereas the ratio between the inhibitory activities of 

6 and 5 remained in the same range, namely 30 . 25, and 30, respectively (average 

31 317.0). Excess of a noninhibitorv sugar (methyl cu-D-glucopyranoside. 9) in the 

reaction mixtures. or of bacteria of the same strain devoid of MS actl\ity. did not 

influence the 50% inhibition point of 5 (data not shown), thus excluding the possi- 

bility of nonspecific absorption ot sugars by the bacteria. The 4opr of the Inhibition 

curve, but not the 50%inhibltion point, decreased as the bactcrlal concentration 
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Fig. 1. Effect of methyl a-D-mannopyranoslde (5) and p-nitrophenyl a-o-mannopyranoside (6) on the 

aggregatron of D-mannan-containing yeast cells by E. colr 346 and S. ty~himurjum as measured in a 

Payton aggregometer. 

TABLE I 

EFFECT OF BACTERIAL C~NCENTRAT[ON ON THE INHIRITORY ACTIVITY BY METHYL ~.D-MANNOPYR~NOSIDE 

(5) OFYEASTAGGREGATION 

Racrerral concentration 
in the reaction mixture 
(cellsiml~) 

Slope of Cont. (mM) of 5 
inhibition ltne” causing5070 inhibulon 

E. colr346 

I 6 x 10’ 68 0.45 

6.3 x 10’ 52 0.45 

5.0 x 108 28 0 JO 

S. typhwnurium 
0.1 x lo8 

2.7 x 10R 

5.4 x 108 

56 0.12 

49 0 16 

35 0.17 

“A%lA log(conc, mh+> 



increased (?‘able I). No detectable differences were observed hctween the SW -in- 

hibition point obtained by preincubation of 5 with the bacteria and those obtained 

by adding the sugar to the yeast suspension lust hcfk! adding the hactcrra (data 

not shown). 

Inhzhitiort oj’ yeast u,~gregution hy ruriws mgurs, -- E 1 coli. The inhibitlon 

lines of various sugars for yeast agglutination by E. cofi are shown in Fig. 3. It 

should be noted that. although most of the sugars gave paraflel IineL of inh;b~ti~?n. 

with some the slope of the inhIbitIon lines were considerably different. The relative 

inhibitory activities of the various sugars are presented in ‘I’ahle II. The ‘I’ahk &,o 

contains data for sugars for whtch inhibition lines are not shalvrn (WC footnc>te to 

Table II). 

The xlrious sugars can be classified into three groups according to their rcln- 

tivc inhibitory activity. One group, comprised of compounds 1.8, l&-I& l&48,24, 

25. is appr~~~imately as inhibitory as 5. Another group includes ~~~nlp{~ui~~~~ 19 and 

20 that arc 3-5 times more inhibit~~ry than 5. A third group irtciudc~ :he m<lst po- 

tent inhibitors, 6, 15, 21-23, being up to 30 tlrnes more inhiOltc?r: t11~1n 5. 
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TABLE II 

RELATIVEINHIBITION BY D-MANNOSE DERIVATIVESOFY~ASTAGGLL~TINATI@N my E. cob 346. E. coli FIM- 
BRIAE, K. pneumoniae, AND S. typhimurium 

Compound Symbol E co11 346 

- 

1 
5” 
6 
8 

10 
llh 
12 
13 
14b 
15 
16 
17 
18’ 
19 
20 
21b 
22 
23 
24h 
25 

M 
n 

0 
v 
0 

A 
n 
sr 
ci 
0 

0 

0.8 
1.00 

30 
1.2 
1.3 
1.2 
0.5 
1.4 

<0.4 
21 

0.7 
0.7 
0.7 
3.5 
4.7 

10.5 
30 
30 
0.25 
06 

E. coli 
isolated 
fimbriae 

c 

1.00 
48 

1.8 

30 8 

5.5 2.6 

0.6 
1 .OO 

16 

0.5 
5.4 

1.6 

4.8 

18 
36 

S. typhlmurium 

1.4 
I .oo 
0.4 

<o l? 
0.8 

<0.2 
1.2 

0.1 
0.75 

co.12 
0.08 

4.0 
1.2 

c 

2.0 

-co.4 

“The inhibitory activities of the D-mannose derivatives arc compared relative to compound 5, which was 
arbitranly set to 1 .OO. Concentrations of 5 at which 50% inhibition is achieved are 0.012mM for E. coli 
346 isolated fimbriae. 7.7mM for R. pneumoniue. and 0 12mM for S. typhtmurium. In the case of E. coli 
346, two batches of bacteria were used; 1, 8, 13, 14, 16, 24, and 25 were tested with one batch which 
required 0.4smM of 5 for 50% mhibltlon. and the remalmng compounds were tested with the other 
batch which required 0.15m~ of 5. “Because of shortage of marcrlal or low solubility, only two mhibit- 
ory concentrations were tested, and no lines are given m Figs. 2 and 3 ‘Not tested. 

TABLE III 

MAXIMAL CONCENTRATIONS OF D-MANNOSE DERIVATIVES SHOWING WEAK OR NO INHIBITION OF YEAST 

AGGREGATIONBY E.coli 346 ANDBYS. typhimurium 

Compound MaxImal cont. tested 

(mMJ 
% Inhibition 

E. coli 346 S. typhimurium 

2 2.0 0 
3 5.0 11 
4 5.0 19 
7 2.0 0 

26 1.0 16 
27 1.6 0 
28 1.6 0 
29 1.6 0 

‘Not tested. 

5 
6 
8 

10 
21 
U 
0 

(I 
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TABLE IV 

L ._ _~ ____ _..____...l_. 
,0~2 5rlO’ ICY 

P..___ ---I .._._ i-_ .._.- tiLo-: 
‘?“lc-’ in X’ 

!NHIHlT@F? ADDED CmM) 

When the assays were carried out with the El. coli fimbriae. instead of the in- 

tact bacteria, essentially the same pattern of inhibitory activity of the sugars tested 

was observed (Fig. 3b). A n exception was 17 which was a moderate inhibitor of 

yeast agglutination by isolated fimbriae, but oniy weakI> inhibitor); for yeast 

agglutination by the intact bacteria. 
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INHIBITOR ADDED (mM) 

Fig. 4. Inhibition by o-mannose derivatives of aggregation of guinea pig erythrocytes by E. cob 346 (a) 
and S. typhimurium (b). Symbols as in Table II. 

L-Mannose (3)) 2-deoxy-D-ara&no-hexose (4), cY-D-mannopyranosyl phos- 

phate (7), and D-mannose 6-phosphate (2), were all noninhibitory in the range of 

sugar concentrations tested (Table III). Oligosaccharides in which the D-mannosyl 

residues are substituted by other sugars were either noninhibitory or poor in- 

hibitors. Thus, 24 and 25 were 4 and I .7 times, respectively, less effective than 5, 

26 was essentially inactive at I.OmM concentration, and 27-29 were noninhibitory 

at 1.6mM concentration (Table III). 

K. pneumoniae. Among the sugars tested, the most potent inhibitors of yeast 

agglutination by E. coli were also the best inhibitors of yeast agglutination by K. 
pneumoniae (Fig. 3a and Table II). However, disaccharide 10, a poor inhibitor of 

E. co/i, was a moderate inhibitor of K. pneumoniae, whereas 15 was not as strong 

an inhibitor of K. pneumoniae as of E. cob. 
S. typhimurium. Most of the sugars tested were either less or equally inhibit- 

ory for yeast agglutination by S. typhimurium as compared to 5. The branched 

oligosaccharides 20 and 23 were, however, more effective inhibitors than 5, (4 and 

2 times, respectively). Among the compounds that were noninhibitory for E. coli, 
all those tested with S. typhimurium were also noninhibitory (Table III). 



Influence of the type of turget cell on the relative inhibitor_v potem:\’ of \wriou.s 

sugars. - Compound 6 was the strongest inhibitor of erythrocyte aggregation by 

E. cofi (125 times more than 5). whereas the P-D anomer 8 was the weakest (Fig. 

4a and Table IV). The relative inhibitory potency of 6 is the same for rrythrocyte 

agglutination and yeast aggregation by SaLmonella, being 2.5 times Icss effective 

than 5 (Fig. 3b and Table IV). 

Measurements of the relative inhibitory activity of va11ou~ cart?oh)iiir:llc:\ 

have been used extensively to gain insight into the specificity and structure ot the 

combining sites of lectins”‘. In the present study, the sugar specificity of E. coli 3-R>, 
K. pneumoniue, and S. ryphimurium lectins was studied by inhibirion of yeast 

aggregation with various I)-mannuse derivatives. Earlier work has shown a very 

good correlation between yeast agglutination by bacteria and the ability of such 

bacteria to bind to epithelial cells’” or macrophages”. 

Several general points concerning the spcciticlty of the bactrrial lectins 

examined can be made: (a) The oligosaccharides in which the D-mannosyl residues 

are substituted by other sugars are either noninhibitory or poor inhibitors, contirm- 

ing the strict specificity of the MS bacterial leotins for D-mannosc. (h) The i--isomer 

of mannose is noninhibitory up to a concentration of 4mM. h’loditicatlon of OH-2 

and -6, as in 4 and 2, respectively, caused loss of the inhlhitory acti\it> (Table III). 

showing the importance of these groups for binding of the sugar h> the bactrnal 

lectins, as pointed out originally for E. coli and S. typhzmzuizcm b> Old”. (c) The 

relative inhibitory activities of 6 and 8. as well as of trisaccharidc 15. in reaction 

mixtures containing guinea pig erythrocytes were qualitatively similar tc! those oh- 

tained with the yeast cells (Table IV), suggesting that the type of target cell for 

monitoring the MS lectin does not influence the results. (d) Although some yuan- 

titative differences were noticeable, it appears that the specificity of the Isolated 

fimbriae is very similar to that of the intact bacteria. which agrees with other evi- 

dence’ that fimbriae mediate the MS adherence of the bacteria to cells. This also 

provides justification for the use of intact bacteria, rather than fimbriae. for studlcs 

on the specificity of the fimbrial &tins. In this sense. the bacteria can be consi- 

dered as immobilized lectins. (e) There are variation:, in the slopes of the inhibition 

lines for the various sugars tested (Figs. 2-3). which mav be accounted for by as- 

suming that the bacterial timbriae or their subunits exist as a family of &tins (or 

isolectins) with closely related specificities, as suggested by Kisailus and Kabat” 

for the Bandeiraea simplirz,folirr lectins. 

It should also be noted that the absolute concentration of 5 required for 50”; 

inhibition of yeast aggregation by the various organisms was not the same. Thus. 

whereas for S. typhimurizrrrz this concentration was close to that of E’, co/i, a con- 

centration higher by about one order of magnitude was reyulred with k’. 

pneunzoniue (Table II). This is probably due not only to differences in the affinities 
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of the lectins for 5, but also to their mode of presentation on the bacterial surface. 
Further analysis of the results revealed that there are two types of sugar 

specificity of the bacterial lectins, as judged from the pattern of the relative inhibit- 
ory activity of the various D-mannose derivatives. One pattern of inhibition was ob- 
served with E. coil and K. pneumoniue, and another with S. typhimurium. The 
difference is best illustrated by the observation that, whereas with the former lec- 
tins 6 and I5 are much better inhibitors than 5, with S. t~~~~~~r~~~ the inhibitory 
activity of the three compounds is nearly the same. With E. cali, severai of the 
branched oiigosaccha~des, as well as the aromatic glycoside 6, were excellent in- 
hibitors, being 30 times more effective than 5. Trisaccharide 15 was also a very 
good inhibitor, being 21 times more inhibitory than 5. However, a change in the 
position of the glycasidic bond between the two D-mannos~ units [resulting in the 
trisaccharide 161. or addition of one or two D-mannosyi residues to trisaccharide 15 
(resulting in the corresponding tetrasaccharide I7 and pentasaccharide 18, respec- 
tively), caused a decrease of 30-48 times in the inhibitory potency. Removal of a 
single D-mannosyl residue from trisaccharide 15 (resulting in disaccharide 14) 
caused a decrease of more than .50-fold in the inhibitory potency. Disaccharides lO- 
12. as well as trisaccharide 13, were also weak inhibitors, in the same range as 5. 

Our results indicate that the combining sites of the E. coli and K, 
~~~~~~~~~e tectins are probably in the form of an extended pocket on the surface 
of the &tin, corresponding to the size of a trisaccharide, It is possible that the 
strong inhibitor, trisaccharide 15, assumes in solution a preferred conformation 
cfose to that found for the same compound in the crystalline statez3. In this confor- 
mation, the R-mannopyranose and the ~~g~ucopyranose rings have the normal 4Ci 
(D) conformation, and an intramolecular bond 0-3”-H . . . O-5’ stabilizes the posi- 
tion of the terminal 2-acetamido-2-deoxy-D-glucopyranose residue in relation to 
the ~D-mannOpyranOSyl residue. If this is so, we may tentatively assume that the 
combining sites of the E. coli and K. ~~e~~o~jae Iectins fit best the surface of this 
trisaccharide, making close contacts with OH-Z, -3, -4, and -6 of the terminal, non- 
reducing ff-~-mannopyranosyl group, and additional contacts with the terminal, re- 
ducing Z-ac~tamido-2-deoxy-D-gIucosc residue, and perhaps also with the region of 
the hydrogen bond just mentioned above. Since the D-mannose disaccharides 
tested are not better inhibitors than 5, it is unfikely that the &tins interact strongty 
with the subtermina1 ~-~-mannopyranosyl residue of the trisaccharide. The tinding 
that 6 is a strong inhibitor for the E. coli and K. pneumoniae lectins suggests the 
presence of a hydrophobic region in the combining site or close to it. The 
occurrence of such regions in several plant lectins is well documented24. Interac- 
tions with the hydrophobic aglycons, however. are not sufficient by themselves for 
binding to these lectins, since 8 is only weakly inhibitory. 

The reasuns for the moderate or strong inhibitory activity of the branched 
otigosaccharides (19-23) is not clear, especially as they do not contain the P-D- 
Man~“(I~4)-~-~lcNAc residue. It may perhaps be due to a statistical (entropic) 
effect or to suitable positioning or clustering of several of the D-mannose residues. 
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The sugar specificity of S. typhimurium-surface lectin is markedly different 

from that of E. coli and K. pneumoniae lectins. In particular. the lectin of S. 

typhimzzrium appears to be devoid of an hydrophobic region of the type discussed 

earlier. Moreover, from the evidence obtained, it is impossible to say whether the 

sugar-binding site of S. typhimurium is large or small. 

It is apparent that the specificity of the bacterial lectins described in this study 

is quite different from that of concanavalin A, a well characterized lectin with 

closely related sugar-speciticity”. Firstly, whereas the latter is inhibited by both D- 

mannose and D-glucose. the bacterial lectins are not inhibited by D-gluco~e’~~. Sec- 

ondly. 10 is a considerably better inhibitor of concanavalin A than is 5. whereas 

there is little difference between the inhibitory activity ot these two sugars on yeast 

agglutination by E. coli. Also, concanavalin A binds well N-acrt~llactosanline-tvpe 

oligosaccharidesz5, which are poor inhibitors of the E. role Iectin. 

A more detailed description of the combining site of the FJ. c-d and K. 

pnezzmoniae lectins. on the one hand, and of the S. typhimztrium &tin on the 

other, must await the availability of additional data 011 the specificity of the lectins. 

and especially of thermodynamic data on their interaction with various sugars. 

Whatever the exact shapes of the combining site of the bacterial MS iectins are. it 

is clear that they bind very well to structures of the type found in oligomannoside 

units of glycoproteins, including those that are present on cell surfaces”‘, strongly 

suggesting that such structures serve as the receptors on eptthelial crlls for the 

adherence of MS bacteria. 

ACKNOWI.EDGMENTS 

The authors thank Drs. C. E. Ballou. J. Lonngren, A. Lundblad. J. Mon- 

treuil. T. Nakajima, T. Ogawa. H. Paulsen, G. Sptk. and CJ. Strecker for their 

generous gifts of the oligosaccharides used in this study. Thanks are also due to 

Mrs. Rinna Heiber for her expert technical assistance. 

REFERENCES 



CARBOHYDRATE SPECIFICITY OF SURFACE LECTINS 249 

13 D. C. OLD,J. Gen. Microbial., 71 (1972) 149-157. 
14 M. ARONSON, 0. MEDALIA. L. SCHORI. D. MIRELMAN. N. SHARON, AND I. OFEK, J. lfect. Dis., 139 

(1979) 329-332. 
15 N. FIRON,~. OFEIC. ANDN. SHARON, B&hem. Biophys. Res. Commun., 105 (1982) 1426-1432. 
16 N. SHARON, N. FIRON. AND I. OFEK, Abstr. Inc. Carbohydr. Symp., Xlth, (1982) Abstr. IV-17; Pure 

Appl. Chem., 55 (1983) 671-676. 
17 I. OFEK. J. GOLDHAR. Y. ESHDAT.ANDN. SHARON.~~~~~. J. Infect. Dis. Suppl., 33 (1982) 61-67. 
18 I. OFEK AND E. H. BEACHEY, infect. Zmmun., 22 (1978) 247-254. 
19 M. DUBOIS. K. A. GILLES, J. D. HAMILTON, P. A. REBERS, ANDF. SMITH, Anal. Chem., 28 (1956) 

20 E. A. KABAT,J. Supramol. Struct., 8 (1978) 79-88. 
21 Z. BAR-SHAVIT, R. GOLDMAN, I. OFEK. N. SHARON, AND D. MIRELMAN, Infect. Immun., 29 (1980) 

417-424. 
22 E. C. KISAILUS AND E. A. KABAT. Carbohydr. Res., 67 (1978) 243-255. 
23 V. WARIN. F. BAERT. R. FOURET. G. SRECKER, G. SPIK, B. FOURNET. AND J. MONTREUIL, Car- 

bohydr. Res., 76 (1979) 1 l-22. 
24 I. J. GOLDSTEIN ANDC. E. HAYEs.Adv. Carbohydr. Chem. Biochem., 35 (1978) 127-340. 
25 J. U. BAENZIGER AND D. FIETE,J. Biol. Chem., 254 (1979) 24W2407. 

26 E. Lr ANDS. KORNFELD.J. Biol. Chem., 254 (1979) 1600-1605. 


