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ABSTRACT 

The preparatron and use of partrcles of KZebszeZZa bactenophage No 11 are 
described A glycanase actrvrty assocrated wnh the vnuses catalyses the depoly- 
menzatron of (alkah-treated) KZebszeZZa serotype 11 capsular polysacchande, 
ultrmately to a mrxture of ohgosacchandes consrstmg of one or two repeating units 
Mainly glucosuhc bonds are hydrolysed The substrate specrfkrty of the viral enzyme 
has been characterrzed by usrng denvatrves of serotype-1 1 polysacchande, as well as 
81 heterologous, bacterial, capsular glycans It 1s concluded that the glycanase will 
(at least) also depolymenze all polysacchandes contammg the unsubstttuted cham- 
tnsacchande repeating-umt of its natural substrate 

INTRODUCTION 

As with many ammal vrruses, notably the Myxouzrzt.re.r’, enzymrc actrvrtres 
catalysmg a degradatron of host cell-surface constrtuents may also be associated 
wrth bactenophages Thus, most Vr phageszm4, and certam Escherzchia cob capsule 
bacteriophage partrcles5, catalyse the hydrolyses of 0- and N-ace@ groups sub- 
strtutmg the host envelope-polysacchandes, and several other (also marnly Enters- 
bacterzaceae) bactenophages carry glycanase actrvrtres that depolymerrze these 
acrdrc, capsular glycanss-‘o, or, m some cases’ ‘-14, the neutral glycans whtch are 
part of the cell-wall hpopolysaccharrdes of Gram-negatrve bactena The murolytrc 
enzymes, induced by many bactenal vu-uses1 ‘, were ongmally thought to occur 
also as part ofthe vinons’6v’7 La-er evidencel’, however, showed that, at Ieast m the 
T-even group of E cob phages (but probably not m all cases’g*20), the murolysms, 

*Some of the data were presented at the meehng of Deutsche Gesellschaft fur Btologtsche Chemre 
at Bochum, Germany, May 23rd, 1972 
fin partial fuhilment of the requirements for the degree of Dr rer nat at Fretburg Umvxstty 
t Tc whom mqutrtes should be addressed 
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although produced under the control of the viral genomes, are not mcorporated mto 
the particles 

Highly punfied bactenophage particles can be prepared m considerable 
amounts by usmg the simple techniques of preclpitatron with polyethylene glycol 

and ~sopycmc centnfugation 2 ’ This, together with the facts that phages can be 

Isolated for the malonty of bactenal orgamsms22 and that carbohydrates generally 

constitute a major part of bactenal surfaces, makes avarIable a wide array of pure 
agents of potential value m carbohydrate chemistry 

KZebsreZla bactenophage No 11 grows on KZebszeZZa 390 (03 Kl l), the serological 

test-&ram for the Klebszda type 11 capsular (K) antrgen23 The phage was rsolated24 

from sewage, and selected because of Its plaque morphology, which stowed6 that 

a host-capsule depolymerase actrvlty 1s associated with It As reported elsewhere6, 

the active center of this depolymerase IS located m the VINS spoke-structures (organ- 

elles having a molecular weight of 155,000 + 10,000, and consisting of one poly- 
peptxde cham of -62,500, and one of 94,000) and IS part of the 62,500 sub-umt2’ 

We now describe the depolymermation of KZebszeZZa serotype 11 capsular poly- 

sacchande23, as catalysed by phage-1 I particles, as well as some expenments on the 

substrate specific@ of the vrral enzyme 

MATERIAL AND METHODS 

Many of the materzals and methods used have been described or cited m the 

prececlmg paper23, mcludmg detarls of the phosphate-buffered, physiological saline 
(PBS) and most of the media, the isolation of Ezzterobacterzaceae capsular poly- 

saccharides by the phenol-water-cetyltnmethylammonmm bromide procedure, the 
analytical ultracentnfugafion, and the methods employed for constrtuent and methyla- 
tron analysis of obgosacchandes 

P medrum - Oialysable P-medmm was prepared as follows2D; solutrons of 
25 g of D-glucose (m 1000 ml of water), of 6 25 g of Casammo Acrds (Drfco B230), 

0 4 g of L-tryptophan, 0 3 g of L-cysteme, 2 5 g of KH,PO,, 15 6 g of Na2HP04- 

12H20, 1 3 g of NH,Cl, and 0 01 g of gelatm (m 1000 ml), of 5 0 g of MgS04 

7H20 and 0 01 g of FeSO, (m 100 ml), and, finally, of 0 5 g of CaCl, (m 10 ml) were 

stenhzed separately and stored at 4” Before use, they were mrxed m the volume 
proportions 20 80.10 1, and adjusted to pH 7 2 

Bacterial strams - Besrdes the host strain, KZebsreZZa 3902j, the followmg 

capsular (or mucord) strains were used for the substrate specrficlty experiments the 
other 71 serologrcal KZebs:eZZa K antigen test-strains as listed by NmmuchZ6, the 

test strams for the E colz K antigens Nos 26, 28, 29, 30, 31, 34, 38, and 4224, as 
weir as E colr F9095/4lM, which produces coIamc acrd2’ All strains were kmdly 

supphed by Drs I and F Orskov (WHO International Escherrcizra Center, Statens 

Serummstrtut, Copenhagen) 

Bacteriophage stram. - KZebsieZZa bactenophage No I 16, as propagated on 
KZebsreZia 390 m P medium, was used exclusively 
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Isolation and homogeneity of phage partrcles - For all phage work, the standard 
procedures gven by Adams’* were used Stock suspensions of phage 11 in broth 
were obtamed from D, 5 agar plates by the confluent lys~s method, and phage Utra- 
tlons were carned out by the agar overlayer technique 

Punfied phage pamcles were prepared as follows6 350- or IOOO-ml wash- 
bottles havmg large, smtered-glass gas Inlets, contammg stenhzed P-medmm, were 
placed m a water bath at 37” and strongly aerated with a water pump, the Inlets and 
outlets being stoppered urlth cotton wool_ The medmm was maculated wlti a fresh 
colony of KZebszeZZa 390 and incubated under continued aerauon until an extmctlon 
of 1 1 at 660 nm (l-cm cellj was reached The culture then contamed -9 x lo7 
colony-fonmng orgamsms per ml, and was mfected with -3 PFU (plaque-forming 
umts) of phage 11 per cell. After lqas, whxch occurred -20 to 30 mm later, the 
mcubatlon was continued for another 30 to 60 mm Foammg was prevented by 
reducclon of the aeration and addltlon of a little s&on antlfoam The lysates, wluch 
had a titer of 2xlO’O to 4x10 1 ’ PFU/ml, were centrifuged at 5000 g (20 mm), 
and 0 5M NaCl and 10% (w/v) of polyethylene glycol6000 (Fluka, No 8/‘260)*’ were 
added to the supematant After storage at 4” for 48 h, the phage particles were 
sedlmented at 20,000 g (30 mm) The pellets were taken up m as httle PBS as possible 
(to a titer of 5x 10” to 10 1 3 PFU/ml) Alternatively, the clarified lysates were con- 
centrated to the same phage-titer by negative-pressure dlalysls, and then centrifuged 
at 5000 g once more The concentrated virus-suspensions obtamed by either method 
(1 vol ) were placed on hnear density gradients (2 vol ) m Spmco swmgmg-bucket 
rotor tubes The gradlents were obtarned by dlssolvmg 49 g of CsCl m 48 7 ml 
@ = 163 g/ml), and 9 8 g of CsCl m 47 2 ml @ = 1 13 g/ml) of a 0 IM T~K+/HCI 
buffer (pH 7.5) contammg 0 5% of NaCl and 0 1% of NH,Cl, and murmg the two 
solutions with a hnear-gradlent rmxmg device After centrlfugatlon for 2 h at 50,000 g, 
the opalescent phage-band at 1 50 g/ml (lowest band, this was clearly vlslble If 
-3 x lo1 ’ PFU or more had been apphed to the gradlent) was withdrawn with a 
syrmge and dlalysed aganst PBS In this manner, -1013 to 2 5 x 1Ol3 PF’U of 
punfied virus particles (50 to 60% of those m the crude lysate) could be obtamed from 
1 htre of culture, thts was sufficient for the complete depolymenzatlon of - 1 g of 
KlebszeZZa type 11 capsular polysacchande If stored over chloroform at 4”, a phage 
suspension m PBS kept Its enzymlc activity for several months, although the plaque- 
formmg actlvlty decreased 

The eqmpment and the techmques used for the electron optical vlsuahzatlon, as 
well as for the lmmunoelectrophoresls of phage-11 particles (agamst a rabbit serum 
obtamed with crude, concentrated phage lysate) have been detailed prevlously6 24 

Condztzons of depoiymerzzatzon - Under “standard condltlons”, a muture of 
2 mg of polysacchande and -2 x lOlo PFU (plaque-formmg umts) of purtied phage 
particles per ml of PBS were Incubated at 37” (up to 24 h for a maxlmum of depoly- 
meruafion, see Results) 

The loss of viscosity dtlnng the course of depolymerlzatlon was followed by 
runmng the reaction m an Ostwald vlscoslmeter at 37” and measuring the efflux time 
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at intervals, and the increase m reducmg power by addmg potassium femcyamde 
reagent (0 5 g of K,ve(CN),] m 1 btre of 0 5~ Na2COs)2g to consecutrvely wrtb- 
drawn abquots of tire reactron mixture, ana readmg the extinctron at 420 rnn after 
20 mm at 100” (D-ghCOSe servmg as a standard)_ For the pH dependence of the depoly- 
merizatron reaction, standard condrtrons were employed, but usmg 0 2~ sodmm 
acetate (for pH 3 6-5 5) and ~/15 sodmm phosphate (for pH 5 4-8 0) btiers as 
reactron medra 

The pH and temperature stab&y of the phage enzyme were tested by stormg 
suspensrons at different pH values or temperatures, and estrmatmg the resrdual 
glycosrdase actrvrty by the methods described prevrously6 

Purzfcatzon of depolynterzzatzon prodzxts - Portions (150 mg) of Klebszella 
type 11 ohgosaccharrdes (obtained by phage degradation under standard condmons) 
m 1 ml of PBS were placed on a column (100 cm x 176 cm’) of Sephadex GlOO and 
eluted wth a volatile water-pyndme-glacial acetlc acid (1000 10 4) buffer @H 4 5) 
at 4 ml/h, locahzmg the fractrons contammg carbohydrates with phenol-sulfunc 
acrd3’ About 4% of the matenal (m terms of chromogen) appeared m the vord 
volume, the rest, elutmg between 135 and 165 mi, and showing partral separatron 
of sub-fractrons only, was combined and lyophrhzed Yield: above 90% (w/w of 
polysacchande before phage actron) 

For further separatron, 200-mg portrons of the pre-punfied ohgosacchandes 
m 5 ml of a 0 05~ Trrs/HCl buffer (pH 7 2) were adsorbed on a column (60 cm x 
1 76 cm2) of DEAE-Sephadex A25 and eluted (18 ml/h) with a linear NaCl grachent 
(from 0 1 to 0 4~) in the same buffer The carbohydrates were locahzed as above, 
and the fractrons belongmg to single peaks (cf Frg 2) were combmed, desalted by 
passcige over a column (150 cm x 2 55 cm2) of Sephadex GlO (elutron at 12 ml/h 
wrth the volatrle buffer mentroned above), and lyophrhzed Yreld above 90% (m 
terms of phenol-sulfunc acrd chromogen, as well as w/w of the pre-purrfied ohgo- 
saccharides) For the proportions of the smgle ohgosacchandes, see Frg 2 and 
Results 

Analyses of depolymerzzatzon products - Usmg the experimental detarls grven 
prevrously5, the reducing-end sugars m the ohgosacchandes obtamed by phage 
actron were xdentrfied by labellmg with NaBHJNaBT,, hydrolysis, and hrgh- 
voltage paper electrophoresrs m a 0 2~ arsemte buffer3’ of pH 9.6 Radroactrve 
hexrtols and gulomc acrd were used as standards, and undepolymerrzed Klebszeila 
serotype 11 polysacchande as a control The electropherogram stnps were analysed 
with a Packard radiogram scanner For rdentrficatron of the non-reducmg-end sugar, 
ohgosacchande PI was oxrdrzed with penodate, reduced wrth NaBH,, and hydrolysed, 
and the hydroiysate was subjected to paper electrophorests m pyndme-glacral acetrc 
acrd-water, using glucuromc and erythromc acrds as standards For further expen- 
mental detarls, see precedmg paper23 

Olrgosaccbandes PI and PZ were permetbylated, and the methylated aldrtol 
acetates analysed by g 1 c -m s , as cited and detarled prevrously23 The recluctron 
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of methylated PI was camed out as described by BJomdal and Lmdberg32, but 
usmg LlBD, mstead of L&H4 m tetrahydrofuran 

The sze of the phage degradation products was determmed as follows At 
4”, 50 ,!d of a 4% solution of NaBH, m 0 Olhr NaOH, and the same after decompon- 
tlon of the borohydmde wth &lute acetic acid (control), were added to ahquots of 

an aqueous solution of ohgosaccharlde contalmng 0 4 pmole each After 18 h at 
4“, the excess borohydrlde was decomposed also m the test sample, and the bone 
acid was removed from both by repeated evaporation with methanol After hydrolysis 
[O 5~ H,SO,, lOO”, 4 h, neutrahzatlon with dry Amberhte IR-410 (HCO;) resm], 
both samples were analysed for D-glucose with D-glucose ondase, and for D-glucltol 
with D-ghCltOl dehydrogenase from sheep liver (EC 1 1 1 14, Boehrmger, No 15316), 
using the test condltlons Gven by Bergmeyer et al 33 

Substrate speczficzty (and host range) of Klebslella phage 11 - Drops (50 ,ul) 
of a broth suspension of phage 11, contammg 5 x 10” PFU/ml, were placed on 
D1 5 agar plates freshly seeded with the strams llsted above After 18 h at 37”, the 
plates were Inspected for lyt~c actlons As a control, one drop of the same suspension 
was Incubated m the same manner on a lawn of KZebszeZZa 390 which had, however, 
already been grown for 18 h at 37” and then kllIed by heatmg to 60” for 90 mm In the 
case of E coolz B1161/42 (09 _K29(A) H-), the relative efficiency of platmg on host 
versus test stram was accurately tltrated28 

Chemically modified type-11 polymers (for preparation and anlyses, see 
precedmg paper23) as well as heterologous bactenal exo-polysacchandes (also ISO- 
lated by the phenol-water-cetyltr~methylammomum bromide procedure2j) were 
incubated with pure phage-I 1 paticles for 24 h under “standard condltlons”, and the 
crude mixtures of products and viruses were then analysed for reducmg power with 
the potassmm ferncyamde reagent2’ (see above), usmg the unreacted polymers as 
ccntrols The results were expressed m ,ug of reactlon products equivalent to 1 jig 
of glucose m reducing power 

RESULTS 

isoiatron and homogenezty of phage-ZI partrcles - As isolated by preclpltatlon 
with polyethylene glycol or negative-pressure dlalyas, and ~sopycmc centnfugatlon, 
the pamcles of Klebszella bacteriophage No 11 were homogeneous, as evldenc-d by 
lmmanoelectrophoresls against a rabbit serum obtamed with crude, concentrated 
lysate, by electron nucroscopy, and by analytical ultracentnfugatlon 

Condztzom of vzrus-catalysed depolymerzzatzon of Klebslella serotype I I capsular 

poiysaccharrde - Ongmally, the depolymenzatlons of type-11 polysacchande, as 
catalyzed by punfied particles of phage 11, were carried out m “P buffer”, I e , 
growth medmm wlthout glucose, ammo acids, and gelatin. The addition of NH,Cl, 
MgSO, , FeS04, and CaCI,, however, was then found to be unnecessary 

As shown m Fig 1, the vu-us enzyme (which proved to be stable between pH 6 
and 9, and up to at least 40”) showed a flat actlvlty-optimum between about pH 5 
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and 7, and a temperature optunum around 33-37”, its act1011 slowed down after 
2-3 h at pH 7 and 37”, d 2 x lOlo plaque-formmg umts and 2 mg of polysaccharxde 
per rnf were mcubated. All depolymerizafions were then performed usmg these 
concentrations, 37”, and PBS of pH 7 as a reamon medium (“standard condltlons”) 

Depolymermmon pro&m - By gel chromatography on Sephadex G100, 
the ohgosacchandes produced by prolonged (z e , 10 or 24 h) phage actxon on native 
or nuldlj alkali-treated Iremoval of O-acetyl substltuents and alteration of sedlmenta- 
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Fig 1 Condltlons of depolymenzatlon of KIebsuzlZa serotype 11 capsular polysacchande by catalysis 
of punlied phage-II partxles a, Loss of vIscoslty (-@-Qc@-) and Increase m reducmg power 
(-X--X--X-, glucose equivalents, /rrnole per ml) dunng mcubatlon at 37” m PBS 6, Temperature 
(m PLS), and c, pH (for buffers see Matenal and Methods) dependence of hberatlon of reducmg 
power In all cases, -2 X lOlo plaque-formmg uruts, and 2 mg of polysaccharlde per ml were 

Incubated (1 h at 37” for b and c) 

tton patternz3 (see D iscussion)] host capsular polysaccharide were separated from 
-4% of undepolymenzed material, as well as from the catalytic amounts of viruses 
The resultmg mrxtures of depolymerzatxon products showed the same constituent 
composition as the polymersz3 (e g , D-glucose D-galactose o-glucuromc acid 
pyruvate O-acetyl = 1 00 1 77 107 0 910 41 found m the products from native 
glycan), except that no mannose was detected 

The separation of the ohgosacchandes obtamed from mildly alkah-treated 
substrate was achteved by ion-exchange chromatography (Fig 2), or by paper electro- 
phoresis m pyndme-giacial acetic acid-water @H 5 3) (mobihhes PI, 0 78, P2,O 88, 
r=3, 0 94, relative to glucuromc acid) PI was also checked for purity by p c with 
I-butanol-glacial acettc acid-water (RGAL = 0 22) Contmued mcubation of ohgo- 
sacchartde P3 with virus paittcles caused a very slow sphttmg m PI and P2, whtIe 
isolated P2 was not further affected Fig 2 also shows the ion-exchange chromato- 
gram of the fragments produced from native type-l 1 polysacchande Further incuba- 
tion Id not cause any change m the elution pattern The virus-catalysed degradation 
of native host-capsular glycan thus ultimately yielded some larger ohgosacchandes 
not obtained from alkali-treated material The quantitative constituent analysis of 
PI’ and P2’ agam showed the same composition (notably also the same O-acetyl 
content) as the native polymer 

The reducmg-end sugars produced by phage-11 action were identified5 by 
labelhng of the crude mixtures of depolymerizatron products with NaBH,/NaBT,, 
hydrolyas, and ldentrficatlon of the radioactrve hexnols obtained by paper electro- 
phoresls m an arsemte buffer 3 ’ In this manner, glucose was found to be the dommant 
reducmg-end sugar, but small amounts of radioactive galactttol and mannitol were 
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Rg 2 Ion-exchange chromatography of Klebslelh type 11 ohgosacchandes obtamed by phage 
depolymenzation The matenal was adsorbed on a column of DEAE Sephadex A25 from a 0 05~ 
Tns/HCl buffer @H 7 2), and eluted with a lmear 0 1 to 0 4~ NaCl gradlent In the same buffer The 
fractions were analysed with phenol-sulfunc acIdso, readmg the extmctlon at 455 nm a, Afkall- 
treated type-l I poIysacchande a3er 10 (- - - -) and 24 ( ) h of phage acuon (standard 
condmons) b, Natrve type-11 polysacchande after 24 h of phage acnon In all cases, above 90% of 
the matenal apphed (m terms of chromogen) was recovered 

also detected By the same techmque, fraction PI, as punfied by ion-exchange chro- 
matography (Frg 2), was found to consist of a mixture of olrgosacchandes, endmg, 
mamLy, m reducmg glucose, and, to a much smaller extent, m galactose No ra&o- 
active manmtol was obtamed from PI Glucuromc aad (Much IS penodate-stable 
m the polymerz3) could be xdentied as the major non-reducmg-end sugar m fraction 
PI Thus, on oxidation of the matenal with perIodate, followed by reduction with 
NaBHe, hydrolysis, and paper electrophoresls m pyndme-glacial acetlc acid-water, 
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conslderable amounts of a compound havmg the same mob&y as erythromc aced 
were detected, no glucuromc acid was detected 

Olrgosacchande flactlon PI was also methylated, the methylated (and estenfied) 
methyl glycosldes obtamed were reduozd mth LIBD,, and this product was methylated 
agam The methylated glycosldes were hydrolysed, and the monomers analysed by 
g 1 c -m s as their aldltol acetates The results are Dven m Table I It can be seen that 
methylated PI yielded approximately equal amounts of 2,4,6-tn-U-methylglucose 
(2,4,6-Glc), 2,4,6-tn-U-methylgalactose (2,4,6Gal), and 2,3-dl-O-methylgalactose 

(2,3-Gal), as we11 as a mmute amount of 2,3,4,6-tetra-O-methylglucose (2,3,4,6-Glc), 
the peak ratlo of wkch was -0 05 (relative to 2,4,6-Glc = 1 00) Also about equimolar 
amounts of one ad&tional compound (2,3-GIc or 2,3,6-Glc, respectively) were 
obtained from PI whxh had been reduced after methylation, or methy!ated once 
agam after reduction Due to the deutermm label, both 2,3-Glc and 2,3,6-Glc could 
be ldenttied as denvatlves of the glucuromc acid residue by their mass spectra 
Methylatlon of P2 ylelded equal amounts of the same three O-acetyl-O-methyl- 
aldltols as PI, and a trace amount of 2,3,4,6-Glc 

TABLE I 

IDENTIFICATION AND RATIOS OF O-ACETYL-0-METHYLALDITOL~ OBTAINED mobs 
PEIWETHYLATED OLIGOSACCHARIDE FRACTION PI AND ITS DERIVATlVES= 

AIdttoI TC Prrmary fragments found (m/e) Id zz zzz 
derrvabveb 

L1t Found 45 I17 I61 205 233 261 Ratzo of peak mtegrak* 

2,3,4,6-GIc= 1 00 1 00’ -I- + + + l 405 yoo5 yoos 

2,4,6-Glc 195 195 -I- + f + 100’ 1OV 1OOf 
2,4,6-Gal 228 227 + + + + 086 099 097 
2,3,6-Glc 2 50 2 53 

(:7Y 
+ (+) 

(2&’ 

- - 104 

2,3-Glc= 539 539’ + -I- 
(363)g - 

099 - 

2,3-Gal 5 68 5 63 + + + 105 105 095 

“Reducmg PI (cf Fig 2~) was methyIated duectly 2,3,4,6-GIc = 1,&h-0-acetyl-2,3,4,6-tetra-O- 
methyl-D-gIucitoI, etc =Retentlon time, relative to that of 2,3,4,6-GIc and 2,3-GIc on an ECNSS-M 
column at 170’57 “I, Ohgosacchande fraction PI, methylated. II, ohgosaccharlde fraction PI, 
methylated, and then reduced with LIBD~. III, ohgosaccharrde fraction PI, methylated, reduced, 
and remethylated %andards JPeak ratlo relatwe to 2,4,6GIc #Doubly deuterated fragments 
found Instead of the correspondmg normal ones 

TABLE II 

SIZE OF OLIGOSACCHABIDFS OBTAINED BY PHAGE ACTION 

Ohgosacchande fracton~ 
Dpb 

PI P2 P3 2’6 PI’ Pi?’ 
104 2 09 3 17 5 76 105 191 

aSee Frg 2 bDegree of polymenzahon =&mole of glucose/mole of glucltoI)+ 1 
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The size of the Isolated ohgosacchande fractions Pn (from nuldly alkah-treated 
polysacchande) and Pn’ (from natwe polymer) was also estimated by reduction of 
each fragment wvlth,sodmm borohydnde, and enzymlc determmation of the resultmg 
glucose-glucltol ratio The results are shown m Table II 

Substrate speczjkzty (and host range) of Klebs~ella phage II - The relative 
efficiency of plating2’ (on KZebszeZZa 390 versus test stram) of phage 11 on the 71 

other encapsulated (or mucold) Klebszeila and 9 E colt strams hsted under Matenal 
and Methods was found to be above 10’ m almost all cases A few plaques (relative 
efEciency of plating = lo’-10’) produced on KZebszeZZa K2, 3X7, and K59 were 
probably due to contammafion, and were not further Investigated Smce, under the 
test con&Qons used, the amount of phages apphed (2 5 x lo9 PFU m 50 ~1) was 
amply sufEclent to cause a dlstmct decapsulatlon (largely mcreased transparen:y)6 
of a heat&lied lawn of KIebszeZZa 390, these results demonstrate a high degree of 
specificity both for the enzyrmc and the lytx activity of phage 11 One cross-reactlon 
(relative efficiency of plating = 20-23, however, was found-wth E colr B1161/42 
(09 D!?(A) H-) 

As hsted m Table III, some denvatives of KZebszeZZa type 11 capsular poly- 
sacchande (the preparatron and analyses of which are reported m the precedmg 
paperz3) as well as several heterologous bacterlal capsule or mucus polysaccharldes 
were also tested dxectly for depolymenzatlon by phage-1 1 pamcles (under “standard 
condlhons”, 24 h) It can be seen that of all the polymers thus investigated, only 
Smith-degraded type-1 1 glycan, and E colz selotype 29 capsular polysaccharlde 

TABLE III 

ACl7ON OF PHAGE-11 PARTICLES ON CHEhlICALLY hlODIRED KkbSldkl SEROTYPE 11, 

AND ON HETEROLOGOUS BACTERIAL JZXO-POLYSACCHARIDES 

Capszdar (or mucus> polysaccharrde Reduczng power= after mcubatzoti 
wxrh phage-ll part&es 

Klebszeila serotype 11 
native 
alkah-treated 
-, oxldlzed with penodate. reduced with NaBH.+, 
and subjected to “Smith hydrolysls”c 
-, dlmethyl estef 
-, -9 reduced with NaBH,= 

Klebslella serotype 7 

E colr serotype 26, 28, 30, 31, 34, 38, 42, or M (colamc acid) 
E COII serotype 29 

Pneumococcus serotype HP 

4P.!z 
4 

4 
>400 
>400 

>400 
>400 

6 

>400 

“Expressed m pg of depoIymer=ation products eqmvalent to 1 fig of glucose m reducmg power 
Before phage action, all polymers showed values above 400 pg bAli polysaccharxaes were Incubated 
for 24 h with phage-11 particles under “standard condmons ’ ‘For preparation, analyses, and 
structures, see precechng papeG and Table IV dG~ft from Dr M Heldelberger, New York Umverslty, 
CoUege of Medrcme 
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were also degraded by the mral enzyme-to reducm g fragments of roughly the same 
size as those obtamed from native and alkali-treated host matenal 

DISCUSSION 

The results presented m Fig 20, together with the findmg that fraction P3 can, 

albelt very slowly, be spht further to PI and P2, show that catalysis by pure, whole 
vlnons of KZebszeZla bacteriophage No 11 causes a quantltatlve depolymenzatlon 
of mildly alkah-treated KZebszeZZa serotype 11 capsular polysacchande, ultimately 
to a mature of fragments PI and P2 

Inspection of the structure of type-11 p~lysacchandez3 (see Table IV, the 
alkali-treated material, m contrast to the native product as isolated from the bacteria, 
does not carry one O-acetyl residue on every second repeating un& and It sediments 
umformly m the analytical ultracentnfuget3), together with the results of reducmg- 
and non-reducing-end sugar Identification m its spht products, of methylatlon 
analysis of PI (Table I) and P2, and, finally, of quantnatlve comparison of reducible 
and non-reducible glucose m PI and P2 (Table II), leads to the followmg further 

conclusions (I) PI and P2 mamly consist of a tetrasacchande (one repeatmg-urut), 

and an octasacchande, respectively, produced by cleavage of cham B-D-ghCOSyI- 

(1+3)-P-D-glucuromc acid linkages (2) The viral enzyme also catalyses the splitting 
of a few cham cc-D-galactosyl-(I +3)-P-o-glucose bonds Thus, PI and P2 each 

consists of murtures of ohgosacchandes-endmg in reducing glucose or galactose, 
respectively-, the molsr ratlo of which IS estimated to be -20 1 from the results of 
methylatlon of PI (peak ratio of 2,3,4,6-Glc to dldeuterated 2,3-Glc, or 2,3,QGlc, 
respectively), and from the ratxo ol” rachoactzve gllclcltol and galactltol obtained after 
reduction with NaBHJNaBT, Since a separation and ldentlficatlon of the mmor 
products was not carned out, the results do not allow an estimate of the dlstnbution 
of tn-, tetra-, and penta-, and of hepta-, octa-, and nona-saccharides, respectively, 
amongst them (block versus random cleavage of galactosyl relative to glucosyl 
bonds) That the multlpliclty of products results from a Iack of speclficlty of the viral 
enzyme, rather than from a micro-heterogeneity of the substrate (e g , occasional 
repIacement of a glucose by another cham galactose residue), follows from the detec- 
tion not only of reducing galactose, but also of non-reducmg-end glucose m the 
minor products (3) The phage enzyme catalyses a hydrolysis and not a j?-ehmmatlon 
as do several lyases active on other acidic polysacchandes, e g , on hyaluromc acld34, 
pectic acid3 5, and VI polysacchande 36 Tlus follows conclusively from the detectmn 
of the (drdeuterated) fragments having m/e 263 and 235 m the mass spectra of 2,3- 
Glc and 2,3,6-Glc, respectwely, from methylated-reduced, and methylated-reduced- 
remethylated PI (Table I) (4) The results presented m Fig 2a and Table II show 
that fragments of four and five repeating-umts do not occur dunng phage degrada- 
tron of alkali-treated type-l 1 polysacchande, and that PI and P2 are formed m about 
eqmmolar amounts Together with the rapld loss of vIscoslty, and comparatively 
slow development of reducing power seen m Fig la, thaw mdxates that the vxrus 
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enzyme acts by an endo-mechanam, rapidly cleaving the polymer mto fragments of 
3n repeatmg umts, and that P3 thus finally formed, IS then much more slowly spht 
Into PI and PZ Without knowledge about the coaformation of the substrate also, 
an explanation for these observations cannot be grven However, model bulldmg of 
type-11 polysacchande did not exclude a hehcal conformation wrth a dodecasac- 
chande repeatmg-uxut 

As seen m Fig 2b, phage degradation of native type-l 1 glycan yields considerable 
amounts of fragments larger than PI and PZ, and these fragments are not degraded 
further by prolonged enzyme action Thrs phenomenon cannot be due to a protectron 
against enzymic hydrolysis by O-acetyl groups, since the same amount of acetyl as 
m the polymer was also found m PI’ and P2’. A possible explanation is offered by 
the hypothesis (see Ref 23) that, m native Enterobacterraceae capsular polysacchandes, 
the smgle glycan strands are cross-linked by alkali-lablie (possrbiy uromc acid ester) 
bonds If this were true, the larger fragments obtained from native type-11 poly- 
sacchande might compnse these bonds 

For an evaluation of the substrate-specticity expenments (see Table III and 
Results), the structures of those polymers that were depolymerized by phage-11 
action, as well as some of those -,,hrch were not, are compiled m Table IV The follow- 
rng conclusions can be drawn (I) The phage enzyme acts on larger ohgo- and poly- 
saccharides only (P3 is spht further, P2 not) (2) The viral glycanase generally IS 
highly specific (of 81 heterologous bacteria1 exo-polysacchandes, only one-E colr 
type 29-was found to cross-react) It is even more specific than the population of 
Kll antrbodres produced by rabbits upon mlecuon23 of Klebszella 340 (3,‘ Phage-11 
depolymerase does not hydrolyse all polysacchandes contammg the p-D-Gkp- 
(l-+3)-P-o-GlcUAp-disaccharide (no depolymenzation of Pneunzococcrrs type III 
polymer), but it can be expected to act upon all glycans contauung the unsubstituted 
KlebszeZZa type 11 chain trisacchande-repeating-unit (as m Smith-degraded material) 
In this speclficny for the chain rather than the branch constrtuents, the enzyme 
dflers stnkmgly from Kl 1 anubodies23 (4) The phage enzyme tolerates some sub- 
strtutton on C-4 of the glucuromc acids (as m KZebszeZZa type 11, and E colr type 29 
capsular polysacchandes), but it does not tolerate reductron of the carboxyl groups 
of these residues (5) The glycanase will not depolymenze polysacchandes contzumng 
chain tnsacchandes which dtier from those m Smith-degraded type-l 1 polymer by 
(several) minor alterations only-such as single changes of anomenc coul?guratlon, 
substrtution of one hexose for another, or alteration of one substltutronal positton 
(no actton on KZebszeZZa type 24, 54, and 56, nor on E COZI type 30, or Pneumococcus 

type III capsular polysaccharide) A further specification of tms statement obviously 
must await the structural analyses of additional capsular polysacchandes 

Fmally, the results presented confirm some of the conclusrons reached 111 the 
prece&ng paper23 on the structure of KZebszeZZa type 11 polysaccharide (I) The 
capsular glycan does not contam mannose (after phage degradation, tlus sugar IS 
separated off with the small amount of undepolymenzed matenal) (2) The chain 
glucose is lmked to positron 3 (and thus the branch galactose to positron 4) of the 
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glucuromc acrd, and the pyruvate exclusrvely to positrons 4 and 6 of the branch 
galactose [see methyration analysrs of PI (Table I) and P2] (3) Free ohgosacchandes 

can be duectly methylated upon (short) treatment wrth the Hakomon reagent (peak 

ratro of I&4,6-GIc to the other alltols m Table I) 
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