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Activity of Reduced Oligosaccharides Isolated 
from Blood Group H, Leb and Le" Substances 
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A B S T R ~ C T :  The oligosaccharides isolated by alkaline boro- 
hydride degradation of an  Len-active (N-1) and a n  H, Leh- 
active (JS) glycoprotein have been tested as inhibitors of pre- 
cipitation in five different antibody- or lectin-blood group 
substance systems. The biological activities found agree with 
the structures deduced from data on  analytical composition, 
periodate oxidation, and methylation and permit a structuie 
to  be proposed for some oligosaccharides for which the 
chemical data did not allow a unique solution. All of the 
fucose-containing oligosaccharides isolated from the N-1 
glycoprotein are good inhibitors in the goat Lewis" system. 
The goat anti-Lewis" serum used has been shown to be 
specihc for the p(1+3) linkage joining the p ~ G a l (  1-3)- 
[QLFUC( I --+4)1P~GlcNAc sequence to  the next residue. None 
of the oligosaccharides isolated from the JS glycoprotein 

A lthough each has its own characteristic blood group 
specificity, human blood group A, B, H, Le", Leb, and pre- 
cursor I active materials cross-react to different extents with 
type XIV horse antipneumococcal serum (Kabat er ul., 1948; 
Kabat, 1956; Morgan, 1960) and may show more than a 
single glood group activity (Watkins, 1972). Thus A or B 
substances may show H and Leb activity (Watkins, 1958, 1959) 
and Le" substances may show blood group I activity (Feizi 
et ul., 1971). These multiple specificities appear to be a con- 
sequence of structural heterogeneity in the carbohydrate 
portion of these macromolecules and reflect both the existence 
of a population of presumably incomplete chains and the 
action of the products of the various blood group genes. The 
preceding paper (Rovis et nl., 1973b) reported the isolation 
and characterization of a number of individual undegraded 
reduced oligosaccharide chains from two immunochemically 
distinct glycoproteins, N-1 (Lewis" active) and JS (H and 
Leb active). The isolated oligosaccharides are shorter than 
the majority of the carbohydrate chains and originate from a 
heterogeneous population of chains directly attached t o  the 
polypeptide backbone. Many of them contain r-fucose and 
carry the specific determinants expected from the original 
activity of the glycoprotein from which they were derived. 
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showed Lewish activity. All but one of the mono- and difucosyl 
JS oligosaccharides tested had fucoses on  type 2 chains, as 
indicated by their reactivity with the purified lectin from 
Lotus tetrcigonolobus. This lectin is highly specific for type 2 
chains and has proven especially important in establishing 
some of the structures of the compounds obtained from JS. 
The oligosaccharides containing terminal unsubstituted DGal 
cross-reacted with type XIV horse antipneumococcal serum 
to different extents depending on the sequence of sugars, the 
linkage of the DGal residue to the DGIcNAc, and the sub- 
sequent linkage. An oligosaccharide isolated from N-1, Lewis 
R I A I ~  1.95, had two unsubstituted type 2 chains linked p(1-6) 
and was the best inhibitor of both the type XIV horse anti- 
pneumococcal and anti-I Ma systems. 

Quantitative assays of inhibition by haptens of precipita- 
tion of antibody by antigen are standard methods for elucidat- 
ing structures ofantigenic determinants (cf: Kabat, 1961, 1968). 
As applied to blood group glycoproteins they have yielded 
important structural information on the sequences of sugars 
involved in the various blood group specificities. Additional 
structural information has been gained by inhibition by 
various oligosaccharides of hemagglutination or of enzymic 
degradation of blood group substances (Watkins, 1972). In- 
hibition of precipitation or of hemagglutination has also been 
used with various lectins (Morgan and Watkins. 1953; Ham- 
marstrom and Kabat, 1969; Etzler and Kabat, 1970). 

In the present study the ability of the reduced oligosac- 
charides described in the preceding paper to  inhibit precipita- 
tion in five different blood group substance-antibody and 
blood group substance-lectin systems has been studied. These 
assays have made it possible to  identify structural relation- 
ships at the nonreducing ends of the various reduced oligo- 
saccharides and to  confirm the structures deduced from the 
chemical data or to choose between alternative s?ructures 
compatible with the chemical findings (Rovis et d., 1973b). 

Materials and Methods 

Inhibitors. The structures of the oligosaccharides isolated 
from N-1 and from JS are in the preceding paper (Rovis 
et a/.,  1973b); refer to  that paper for symbols used. Values 
obtained with the few oligosaccharides containing inert non- 
sugar material have been corrected to sugar weight. Lacto-N- 
fucopentaose 11, lacto-N-tetraose, lacto-N-neotetraose, lacto- 
difucotetraose, lacto-N-fucopentaose 11, and lacto-N-difuco- 
hexaose I were gifts of the late Professor R.  Kuhn (Figure 1). 
OG RL 0.44 and N-1 RL 0.71b are described in Vicari and 
Kabat (1970) and Lloyd et ul. (1968), respectively. @Gal- 
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(I----~)DGIcNAc a n d @ ~ G a l ( l - + 3 ) ~ G l c N A c ~  were a gift from 
Dr. F.  Zilliken. These are representative of the type 2 and type 
1 blood group chains, respectively (Painter et a/., 1963). 

Antisera. Type XIV horse antipneumococcal serum (H 
635, '39 bleeding) has been described (Kabat, 1962). Goat 

total volume 225 pl;  (e) a m - I  Ma seium, 15 pl. and OG 20% 
from IO%, 13.6pg. total volume 725 pl. 

Experimental Section and Results 
anti-LewisSs and anti-Lewisb sera (Marcus and Grollman, 1966) 
were provided by Dr. Marcus. Lotus retrugonolobus lectin 
w a s  prepared from seeds purchased from Thompson and 
Morgan Ltd.: England ; a highly purified protein preparation 
was used (Pereira and Kabat. 1973). Anti-I Ma serum has 
been previously described (Feizi et d., 1971). 

I ~ i i ~ i i i i n ~ c / i e ~ ~ ~ i c ~ i /  Metliods. Quantitative precipitin inhibi- 
tion assays were carried out on a microscale (Schiffman et al., 
1964). Tests for inhibition of I anti-I precipitation (Feizi 
cf d.. 1971; Feizi and Kabat, 1972) and of the cross-reaction 
of' blood group substance OG with type XIV antipneumo- 
coccal horse serum (Kabat, 1961) were performed at  0". The 
oligosaccharides and reduced oligosaccharides were assayed 
for their ability to inhibit the precipitation of about 3-6 p g  
of nitrogen in the  following systems: (a) type XIV anti- 
pneumococcal horse serum, 60 p1, and OG 20% from lo%, 
11.2 p g  (Vicari and Kabat, 1970), total volume 185 pl; (b) 
goat anti-Le" serum, 75 pl, and N-1 20% of second 10% 8.5 
pg (Rovis et ul., 1973a), total volume 175 pl; (c) goat anti- 
Le'' serum, 60 p1, and JS phenol insoluble, 4 pg (Schiffman 
c'f d., 1964), total volume 220 p l ;  (d) Lotus tefrugonolobus 
purified lectin. 6.1 pg of N, and JS phenol insoluble, 19.6 pg, 

Figure 2A illustrates the ability of the oligosaccharides to 
inhibit the cross-reaction between type XIV antipneumococcal 
horse serum and O G  substance. The importance of the three 
terminal nonreducing residues as a determinant in this crosh- 
reaction has been established, and lacto-N-neotetraosc was 
found to  be the best inhibitor of the system (Watkins and 
Morgan, 1959; Kabat, 1962). However, oligosaccharides con- 
taining the sequence pDGal( 1-4)fi~GlcNAc followed b y  a 
B(1-6) linkage were also good inhibitors and better on a 
molar basis than the disaccharide o ~ G a l (  1 -4 )~GlcNAc .  
This is shown by the activity as inhibitors of Lewis Rt, 0.31 
(Lloyd er a/., 1968). OG RL 0.44 (Vicari and Kabat, 1970), 
and Lewis RL 0.44 (Figure ZA), all of bhich have the 
same structure P D G ~ ~ ( ~ ~ ~ ) [ B D G ~ I ( ~ - . ~ ) , ~ D G ! C N A C (  1 -+6)]-N- 
acetyl-D-galactosaminitol and about the same activity. The 
same oligosaccharide has also been isolated in a small amount 
from JS glycoprotein (JS R I X ~  2.35b) but it contains some 
impurities (Rovis et ul., 1973b) and it is slightly less active 
than Lewis RL 0.44. Lewis R1>f8 1.95 is more than twice as 
active as Lewis RL 0.44 and is the best inhibitor among the 
structures studied. Its high activity is due mostly to  the pres- 
ence in this oligosaccharide of two type 2 chains linked d(1-6) 
to the next sugar. In addition it contains also one type I 
chain linked 13(1-3) to the branched Gal  which should also 
be slightly active as inferred from the inhibiting powc-r of irions used a r c :  Glc, glucose; Gal, galactose; Fuc,  fucose: 

G I c S ~ C ,  2-acctamido-2-dcox?--o-glucose; GalNAc, 2-acetamido-2- 
clcox)-u-y'ilactosc: ,~--acct~Igaiactosaminito1, 2-acetamido-2-deoxv-D- $DGal(l-+3)DClcNAc and lacto-N-tetraose (Figure ?A).  
g:ilLictitol, Lewis  RIA^^ 1.28 has the same structure as Lewis RIM.: 1.95. 

~~~~~~ ~~ ~~~ ~ ~ .~ 
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FIGURE 2:  Inhibition by oligosaccharides of precipitation of: (A) type XIV antipneumococcal horse serum and OG 20% from 10%; (B) goat 
anti-le" and N-1 20% of second 10%; ( C )  goat anti-Leb serum and JS phenol insoluble; (D) Lotus tetragot~olobus purified lectin and Js 
phenol insoluble; (E) anti-I Ma serum and OG 20% from 10%. 

the sole difference being a n  additional fucosyl residue on C-4 
of the GlcNAc of its type 1 chain. This, together with the 
presence of a contaminant (Rovis et ul., 1973b), may explain 
its slightly lower inhibiting power. Lewis RIIr8 3.5 has a mono- 
fucosyl type 1 and an  unsubstituted type 2 chain both linked 
to  a branched Gal ;  as expected it is about as active as Lewis 
RL 0.44. Lewis  RIB^^ 0.47 has intermediate activity as does 
Lewis R I ~ I B  0.78; however, the latter compound is contam- 
inated by Lewis RIlfa 1.28 and since only very small amounts 
were isolated, a complete inhibition curve could not be done. 
Lewis RL 1.361 RL 0.86, RiaIs 1.30, JS R I ~ ~  0.91,  RIM^ 1.90, 
RL 1.32, and R1va 1.80 are all poor inhibitors in this system, 
and theil poor and equivalent reactivity is probably due to the 
terminal DGal linkage to N-acetylgalactosaminitol. 

Compounds without a terminal DGal. such as JS R I L I ~  0.92, 
RIM; 1.84, RL 1.34, lactodifucotetraose, and 2'-fucosidolactose, 
showed no inhibiting power at  the concentrations studied. 
Moreover, Lewis RIar5 1.30, JS R I ~ I ~  0.91, R I I I ~  1.90, and RIart 
1.80 have a structure which would be expected to react well 
except for the fucosyl substitutions on  the DGal or DGIcNAc 
residues (Kabat, 1962). Figure 2B shows inhibition experiments 
in which various oligosaccharides are tested for their ability to 
inhibit the reaction between Lewis"substance (N-1 2 0 z  of sec- 
ond 10 z) and a goat anti-Lewis" antiserum. Lacto-N-fucopen- 
taose 11, the best low molecular inhibitor of this system thus far 
reported, has been used as a standard. Lewis RIars 0.78, RIhrR 

1.28, and R I ~ I ~  0.47 are about as active as the standard. This 
finding confirms the presence, in all, of an  LFUC linked to C-4 
of the GlcNAc of the type 1 chain. Lewis R I I I s  3.5 is slightly less 
active than the others, as expected, since it was known from 

the structural studies reported in the previous paper (Rovis 
et al., 1973b) to  contain about 2 0 z  of a contaminant lacking 
fucose. Lewis R I J I ~  1.30 has the sequence P~Gal(l-+3)- 
[~LFuc( I+~) ] /~DGIcNAc;  however it is significantly less 
active on a molar basis than the other N-1 oligosaccharides 
tested. This suggests that the specificity of the anti-Le" serum 
may also involve the linkage next to the DGIcNAc carrying 
the LFUC on C-4; in all the more active structures as well as 
in lacto-N-fucopentaose 11, this linkage is /3(1+3), while in 
Lewis R I ~ I ~  1.30 the GlcNAc is linked p(1-6) to the terminal 
N-acetylgalactosaminitol. The poorest inhibitor is JS  RIM^ 
1.80. This oligosaccharide was not distinguishable from Lzwis 
R11rj 1.30 by the structural studies, since the methylation 
analysis does not give information on  the nature of the sugars 
linked to both C-3 and C-4 of the DGIcNAc. However, its 
low inhibiting power relative to lacto-N-fucopentaose I1 and 
to Lewis RIjrj 1.30 indicates the presence of @Gal on C-4 
and of ~ L F U C  on C-3 of the DGIcNAc of a type 2 
chain. 

Figure 2C shows inhibition by various oligosaccharides of 
precipitation of JS phenol insoluble and goat anti-Lewisb 
serum. None of the oligosaccharides tested showed inhibition 
comparable to lacto-N-difucohexaose I, the milk oligosac- 
charide used as a standard (Marcus and Grollman, 19661, 
indicating that none contains R difucosyl type 1 determinant. 
JS R I ~ I ~  1.84 and JS RIarj  1.90 showed no inhibition at the 
concentrations tested. JS R1113 0.91 and JS R131j 0.92 inhibit 
the precipitation to the same extent and are equally active to 
structures containing a fucosyl type 2 determinant (Lundblad 
and Kabat, 1970). The best inhibitor among the compounds 
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tested is JS RIII: 1.04 which is also believed to contain a di- 
fiicosyl tqpe 2 determinant. Howevei. in JS RIII-)  1.03 the 
seqticncc u~Ftic(l-.2)~~Ga1(1-.3 or 3)[a~Fuc(l-3 or 3)]-  
d~KilcNAc is linked 3(1-3) to  Gal instead of $(1+6) to the 
terminal (V-acctylgalactosaminitol as in JS R I I ~ ; ,  0.91 and 
JS R I I ~  - 0.92. Thus its resemblance to lacto-N-difucohexaose 
1 could explain the greater cross-reactivity of this oligosac- 
charidc and suggests that it is the type 2 chain. 

Figure 7 D  illustrates the ability of N-1 and JS oligosac- 
charides to inhibit the precipitation of purified Loiirs rem- 
go~o/ohi/ . \  lectin (Pereira and Kabat,  1973) by human H and 
Le" active substance (JS phenol insoluble). Inhibition curves 
obtained with known haptens and milk oligosaccharides are 
also presented for comparison. JS RII: .t 0.92 and JS R I , ~ ;  0.91 
are the best inhibitors of the system. They 110th have a di- 
fticosyl typc 2 chain and show the htril.;ing specificity of the 
lectin for this determinant. The i u o  oligosaccharides are 
cq~ially actiw on a molar basis. indicating that the third 
fucose present on C-2 of the  gal linked to the terminal N- 
~rcctylgalactosaminitoi of JS /?Ili  0.92 probably does not 
contribute to the activity. This is confirmed hq the inability 
to inhibit shown by lacto-~~-ftrcopentaosc I and JS .RI. 1.34. 
The much greater inhibiting powei of the t u0  JS oligosac- 
charides if compaied with lactodifucotetraosc ma. be due 

nce of a nGlciC.Ac instead of ~ G l c  in their 
detcrininants, or could imply that the spccifici:q of the lectin 
in\ol\cs also the next linkage of the difucosql tqpr 2 chain. 
In the two Oligosaccharides this linkage i >  31-6) to the 
terminal h'acety!galactosaminito!. In  accord with this. JS 
R ~ I I . ,  1.03. a compound with a difucosql typc 3 determinant 
linked $11-3) to a oGal. is a m u c h  poorer inhibitor. Thc 
same implications regarding thc specificity of the lectin are 
\uggested by the behalior of JS R I J , ~ ~ ,  1.90 and 1 .SJ. which arc 
also good inhibitors. Both ha \e  a rnonofucos)l !qpc 2 chain. 
ant i  itre therefore less active than JS R I , ~ ,  0.91 and 0.97. 

r. they are almost as good as lactodifucotetraose and 
ahotit tuice as active as 2'-fticosidolacrose. The tv+o oligosac- 
charides differ from each other only by the presence in 
JSRiir.. 1.84, of a second L-fucose linked u(1-2) to the  gal 
attached to C-3 of the h'-acctylgalactosaminitol; since thcy 
arc equally actiLe. they confirm the failure of the lectin to 
react with the a~Fuc(1-2)3~Ga!(l-3) linkage and in general 
with type 1 chains su1istituted bq ~ F u c  on the DGal with or 
without a second LFUC on the uGlcNAc ( r l :  lacto-N-difuco- 
hewose I and lacto-N-fucopenloase I ) .  Lewis R I I I  0.47 and 
Lewis RrIi-, 1.30. both of Mhich have a Leuis" determinant. 
arc poor inhibitors and as acti \e as lacto-N-fucopentaose I1 
and lacto-N-fticoi7entaose 111 which contain a single fLicos:il 
residue linked only to  the DCJICNAC of the type 1 and type 
2 chains. 

Figure 2E shows inhibition a s w y s  Hith anti-I serum R4a and 
OG 7 0 %  from 10%. For reference. inhibition data previously 
ohtaincd with d~Gal(l-.4)11G!cNAc and with oligosac- 
charides containing 3oGa1(1-3),~oGIcNAc(l-.h) structures 

being the more active. Lewis R I ~ J ;  1.95 appears t o  be a rather 
better inhibitor than any of the oligosaccharides thus far 
tested; N-1 R L  0.44 is slightly less active than the previously 
isolated identical compound Lewis RI. 0.71 b and Lewis RL 0.41. 
However, t h e  number of tests is small and it i: uncertain 
\i hether these difl'erences are significant. Lewis R1>ii 0.47 has 
intermediate actility. Lewis R I ,  0.86 and JS R I L I ~  0.91, 0.92. 
1.W. a n d  1 ,SA, in which a free $oGal(l-l)~oGlcNAc(l-.6) 
group was lacking. had no inhibitory activity in the rangc 
tested. Other oligosaccharides isolated from JS and N-1 
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(1.. L ~ I Z I  ' ' c'f ((1.. 1971) are shown by dashed lines, the latter 

glycoproteins were not assayed us they here  a\ailable in \cry 
limited amotints 

Discussion 

The hapten inhibition technique using five tiifercnt anti- 
bodies or lectins as reagents has proven especially useful in 
confirming thc structures of many of the oligosaccharides 
uhich were isolated from blood group Le.' and H. Le'' s u b  
stances ( R o v k  c ~ t  oi.. 1973b) and in permitting a choice uhen 
altcrnatii e struc'tures were possible from thc analytical and 
chemical data.  

All the fucose-containing oligo\accharides isolated from 
N-1. although ditft.ren1 in location and number of residues. 
are Lewis' actikc iind the great majority of the JS oligostic- 
charicies h a i c  the H dctcrminarit. Lewis R I I J ~  0.78 and L w i s  
,%'IJ~~ 1.28 ha \c  the doGal( 1 -3 ) [cu~fuc~ l -3 ) ]~~GIcNAc  
sequence joined $( 1-3) to a branched  gal, Mhilc in Lewi, 
K I ~ I ~  0.37 thcl seine determinant is substituted on a ~ C i a l  i i i  

C-3. Thcse three oligosacchaiides are  all about a s  :icti\c L A  

lacto-.V-fLicoyenraose 11 suggebting that the branchcti i)C;al i \  
not involved in the sl:ecificitj of the goat antiseruni. a n d  rh:it 
the structurt'. apart froni t h e  , juGal(l-3)[cii~F~i~~I---~1)]- 
duGlcNAc(1-3). does not con?ribu!e significantlq to the 
determinant (Figure 2B). Moreover, they arc all hcttci- ii i-  

hibitors than Lewis R I I ~ ,  1.30 which has 21 monofucosyi t>iw 
1 chain linked 3(1--6) to the terminal j ~ ~ - a c e i q l g a l a c t o -  
aminitol. indicating that the $ ( 1 1 3 )  linkxge next  to thc dr- 
terminant makes the haptens more coniplementarq 10 t h i  
antibod) combining site. This contributes ;1.dciition;il im- 
portant e~idcnce t o  shon that the typc 1 chain is linkcti ,dr 1-3) 
and the type 2 chain 3( 1 - 4 )  to t h  branchcd iY.31. 

JS R I I I . ,  1.80is:i poorinhihi!or inthcLe~~is~ 'sqstem: ihactiv- 
ity iscomparable to that of  I_c\$is XI, 0.71a iso! 
tri. [ 1968). u hich aim has nn L i - 1 ~  linked to C-3 of a I G l c N A i  
in a type 2 chain. This conl i rm the great dilferencc in ac t iv '  
shoun by the t>pc I and t y p  Z dL.terminant\ in the Leu 
sqstem (Lloqcl ~i (ti.. 1968): in the, A-anti-A or B anti-B sys- 
tems the differences he:c\ecn typc 1 and !ypc 7 monofuco<q! 
chains are not \cry grcni (L!oq(! ci d,. 1S66). 7-he typc  2 dc- 
terminant with L F L K  on C -3 or the cGlcNAc is the product of 
a specific fucosyltransferase tlill'ercnt from the onc respon- 
sible for Le'' acti\'ity (Kobatn and Ginsburg, 1969). I t  is CY- 
pressed in Leu is R I J I -  0.78 and .is R I J I  1.80. but \ i c  ha\e  ;70 
u a y  of detecting it ininiunologica'!\. Yang and t-tahomori 
(1971) ohtaincd ;I specific antiseruni 1-> in!niuniring rabbit, 
\kith a gljcolipid isolatcd from atlenocarciiioiii~i~ 2nd con- 
taining a ci rhohydrate moiei) identical M ith lacto-h'-ftiLo- 
pentaose 111 (FIg~ire 1 ) .  
JS R I I I -  1.04. R I , ~ ,  (1.91. :md R I ~ , ~ :  0.92 h a ~ e  ti difucosql 

type 2 chain uhich results from the action of the !;ticos>l- 
transferase products of the  H zcne and the f~icos}Itransferas~ 
discussed alxn c (Lloqd a n d  Kahat. 196X; Kohat,  
burg. 1969). Accordingl) :hey do not show Leu 
comparable to that of lacto-N-difucohexaose I (Figure 2C).  
Experiments u i th  the goat anti-Le" serum confirmed the im- 
portance of the type 1 difucosyl determinant for high Lewis'" 
activity (Marcus and Gro!lman. 19663, and an oligosaccharide 
(JS R I ~ I ;  1.04) also shoued considerable Le" cross-reactivity 
leading to the conclusion that it contained a type 2 di- 
fucosyl detcrniinant linked d(1-3) to the next s~igar .  N o  
oligosaccharide containing a Lcwis" determinanr was isolated 
from JS. although the a igina!  glycoprotein has ver) s t rong  
Le" actibit:, (I2igtire X I ,  This suggests that ~ y p e  1 chains are 
mostly present in larger oligosaccharides ( A  fraction. Rovis  
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et ul., 1973a) and that the finding of large amounts of type 2 
determinants is due to  the presence of the structure PDGal- 
(1-+4)P~GlcNAc(  1+6)[P~Gal(1-+3)]- N - acetylgalactosamin- 
itol as  an  intermediate which is constantly present in 
blood group substances and is substituted by one or more LFUC 
residues in JS (Rovis et ul., 1973b). This structure (Lewis 
Rr, 0.441, together with all the compounds containing one or 
more unsubstituted type 2 chains (as in Lewis R I ~  1.95), 
seems to be responsible for most of the type XIV antipneu- 
mococcal cross-reactivity found in the original N-1 glyco- 
protein (Feizi et d.,  1971). The low cross-reactivity with type 
XIV antipneumococcal serum found in H substances and the 
increase following mild acid hydrolysis or enzymatic action 
are presumably dLie to the presence of the type 2 chain with 
LFUC residues, substituted as in JS Riara 1.80, 1.90, 0.91, 0.92, 
and 1.04, which are removed by acid or enzymatic action 
(Kabat et a/., 1948; Morgan, 1960; Howe and Kabat, 1953; 
Watkins, 1953, 1962; Watkins and Morgan, 1962). In general 
the different quantitative distribution of the LFUC substitu- 
tions is probably responsible for the different amounts of type 
XIV cross-reactivity found in all blood group substances. 
Only determinants with type 2 chain seem to be present in 
glycolipids isolated from human erythrocytes (Koscielak 
et id., 1972, 1973; Hakomori et d., 1972; Stellner et ul., 1973). 
However, the carbohydrates of the glycolipids show hetero- 
geneity in chain length comparable to  the oligosaccharides 
isolated from soluble blood group substances (Rovis et ul., 
1973b), suggesting a similar degree of complexity in the bio- 
synthetic pathway. 

Antisera specific for H and for the difucosyl type 2 deter- 
minant were not available. The striking specificity of the 
Lotus tetrcigonolohus lectin for type 2 chains linked p(1-6) and 
containing LFUC on the C-2 of the DGal, with or without a 
second LFUC on C-3 of the DGIcNAc, and its failure to react 
with type 1 chains substituted by LFUC on C-2 of the DGal 
(Figure 2D) make this lectin an  extremely valuable reagent 
for elucidating the structures of the oligosaccharides studied. 
The results confirmed the proposed structures and the bio- 
logical data obtained in the Lewis” and type XIV systems. 

The par-tial structure of the I determinant reacting with 
anti-I Ma serum was already established (Feizi et ul., 1971). 
The importance of the sequence f l~GaI ( i -4 )~GlcNAc  plus 
a p(1-6) linkage is again confirmed by the activity of Lewis 
RL 0.44. The higher inhibiting power of Lewis R11rX 1.95 
(Figure 2E) could be due either to the presence of two such 
sequences, or that one of the type 2 chains is joined p(1-+6) 
to the branched DGal. A compound in which the p(1-6) sub- 
stitutes an intact DGal has not been available, all active com- 
pounds studied (Feizi et ul., 1971) having a p(1-6) linkage to  
hexenetetrol(s), hexanepentol(s), galactitol, or N-acetyl- 
galactosaminitol resulting from the alkaline borohydride 
degradation (Lloyd et ul., 1966; Anderson et ai., 1972). 

The finding that H, Le” and Leb specificities are associated 
with the fucosyl substitutions on the p~Ga1(1--+3)[@~GaI(l-+ 
4)/3~GlcNAc(l-+6)]-N-acetylgalactosaminitol raises the ques- 
tion that perhaps in A and B substances m G a l N A c  and 
m G a 1  residues may be added to these chains. This would pro- 
vide an  additional kind of typc 2 chain which conceivably 
could be involved in A I  and A? specificity (Moreno et ul., 
1971; Schachter et NZ., 1973). 
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Lateral Diffusion, Protein Mobility, and Phase Transitions 
in Esch-ichza coli Membranes. A Spin Label Study+ 

Erich Sackmann,* Hermann T'rEiuble, Hans-Joachim Galla, and Peter Overath 

, \ w r K x T  : The coefficient of lateral ditytision in Escherirhici 
coli membranes is determined as D,llif = 3.25 X 10 cm2;sec 
at 30' using a spin label technique developed previously. 
This value compares well with the rate of lateral diffusion in 
dipalmitoyllecithin (DPL) membranes at 5 0 - .  The rate of 
rotational and translational diffusion of membrane proteins 
may bc estimated from the hopping frequency ( I '  = 10' Hr)  
of the lipid molecules. For a protein with it radius R = 25 A 
we obtain a rotational relaxation time f r  of about r,  = 75 
psec and a coetticient of lateral difi'usion Diij~i ' '  - 3 X 10 

. The electron spin resonance (csr) spectra of spin 
labels incorporated in DPL model membranes undergo char- 
acteristic changes in the temperature range of the lipid phase 
transition. The transition temperature. T,, determined from 
the changes in spectral intensity and the order parameter S 
depends on the distance between the paramagnetic center 
a n d  the membrane surface. I f  the NO group is deeply buried 
within the hydrocarbon phase the obtained values of T, agree 
ucll  with dilatometric and spectroscopic measurements (90 ' 
light scattering, 8-anilino-1 -naphthalenesLilfonati' (ANS) fluo- 
rescence). Lower values of T, are, howaer ,  observed if the 
NO group is near the semipolar region of the nierrihrane. 

I n recent years spin label probes have been used extensively 
to study the structure and dynamics of lipids in biological 
membranes (see reviews by Jobt o r  id., J971 and Mehlhorn 
and Keith. 1972). Several gro~ips have applied the spin label 
technique to the crystalline-liquid crystalline phase transition 
in dispersions of synthetic phospholipids (Barratt ci [ I / . ,  1969; 
Hubbell and !McConnell, 1971; Jost er d., 1971). Discon- 
tinuities in the temperature dependence of the rotational cor- 
relation time r (Barratt ci d,> 1969), the line width AH (Sack- 
niann and Triiuble, 1972). and the so-called order parameter 
S (Hubbell and McConnell, 1971) have been taken as evidence 
for the occurrence of phase transition milar discontinuities 
in the electron spin resonance (esr) ctra of spin labeled 
membranes of h f ~ ~ e o p k ~ ~ ~ m i  /cilid/ci)i.ii (Toiirtelotte ef u/ . ,  1970), 

lant and rat liver mitochondria (Raison e[ a/. ,  1971), and 
t cells (Eletr and Keith. 1972) suggest that similar phase 

transitions occur in biological membranes. This interprrxation 
is blipported by calorimetric studies (Steim ei d., 1969) show- 
ing peaks in the specific heat at  about the siiine temperatures. 

The same spectr-a1 changes have been observed in intact meni- 
branes of an E. coli fatty acid auxotroph (containing prc- 
dominantly rrcins-A"octadecenoic acid, cis-A'l-octadccenoic 
acid, and ircrr2.c-A"-hexadecenoic acid), indicating a lipid p h a ~  
transition in these membranes. The transition teinpcratiirl. 
TT obtained with stearic acid labels carrying the N 3  gi-oiil) 
near the methyl end of the chain agree well with the prc\.ioudy 
reported breaks in the temperature dependence of some trai l \ -  
port systems of the rcspecti\e E.  coli mutant ( I > .  Overath 01 

d .  N~iiiiw (London). Neii, Biol., 234, 264 (1971)). This >ho\+\ 
that these breaks are caused by phase transitions of the iiicni- 

brant. lipids. The occurrence of a lipid phase transition in E'. 
coli membranes and the approximate equality of the cocflicicni 
of lateral diti'usion in these membranes with the ~ a l u e  of' /I 
in DPL model membranes strongly support t h y  prexiice o f  
(continuous) lipid layers in the E. coli membraneh. "Polar" 
spin labels (Tempo. digitoxigenin) and stearic acid labels 
with the N O  groups near the carboxyl end indicate ;I "'pri9- 
transition" some 6 8"  below the main transition. This shous 
that the result of spin label studies with membranes niaj dc- 
pend critically 011 the position of the paramagnetic center 
within the membrane. 

Historically, calorimetry was the first method used to denion- 
strate lipid phase transitions in model memhranes (Chapman 
ci id., 1967) and biological memhranes (Steim ei d.. 1969). 

A large body of evidence is now available demonstrating 
that the crystalline~~liquid crystalline phase transition in\ol\  i-, 
a transition from an ordered to a fluid lipid structure. Thc 
importance of the membrane fluidity is now gaining full ICL'- 

ognition, for example, in the processes of menihrane asscnihly 
( c : f ' .  Rothfield and Romeo. 1971 ; Suniper and Trliiilile. 1973). 
membrane fusion ( F r y  and Edidin, 1970). rotational a n d  
translational motion of membrane components in imnitini: 
response (Taylor er u/. ,  1971), and sensor) transduction ( K a i s -  
sling and Priesncr, 1970; Adam and Delbriick, 196s; Brown. 
1972; Cone, 1972). 

For some purpsses it may suHice to characterize thc inem- 
brane fluidity by the macroscopic viscosity (17). A more direct 
approach to the problem of membrane fluidit) is the stLidy 
of the molecular motions within the lipid hydrocarhon chains 
and the translational motion of the lipid molecules. i2n a -  
tempi is niade in the present paper to correlate thc  t r a n k i -  
tional and rotational motion of  membrane m;icro1n01ectilt'~ 
with the mobility of the lipid molecules. 

meastireit recuntly by an analysis of the effect of spin labt.1 
The rate of lateral diffusion in lipid model membranes 


