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SUMMARY 

The metabolism of galactose was studied in two galactose-non-fermenting mutants 
which were is~lated from Escherichia coli strain Kr2 and classified genetically as 
Group E by Drs. J. ANi~ E. M. LF.ImRnERG. One of them, W4597, was found to have 
a single defect in UDPG pyrophosphorylase (UTP: aq)-glucose-I-phosphate uridylyl- 
transferase, E(" 2.7.7.9) and to be normal in galactokinase (ATP: o-gaiactose 
I-phosphotransferase, EC 2.7.I.6), Gal-I-P uridyl transferase (UDP glucose: a-D- 
galactose-I-phosphate uridylyl transferase, EC 2.7.7.I2), UDP galactose 4-epimerase 
(UDP glucose 4-epimerase, EC 5.I.3.2), phosphoglucomutase (o-glucose-I,6-diphos- 
phate: r~-glucose-x-phosphate phosphotransferase, EC 2.7.5.~), and also in galactose 
permease. Non-fermentation of galactose in this strain was, therefore, ascribed to 
the defect of UDPG l)yix)lflao.~phorylase. The other strain, W3142, was shown to have 
a secondary defect in galactokinase in addition to a defect in UDPG pyrophospho- 
rylase. When grown in the presence of galactose, W4597 accumulated intracellularly 
a large amount of GaI-I-P. 

The intracellu!ar levels of UI)PG and uridine diphosphate galactose were shown 
to l)e much h)wer in b()th of these strains than in wild-type strains, irrespective of 
the presence or absence of galactose in the growth media. The sugars of their cell 
walls were composed only of an aldoheptose, hexosamines; and a smaller amount 
of glucose; any traces of galactose, which is present in wild type cell walls, were not 
detected in their cell walls. 

INTROI)UCTION 

The metabolism of galactose in man and microorganisms ilas been shown by LELOIR, 
KALCRAR, and their associates to proceed through the following pathwayL~: 

(;,flaEtokinase (kinase) : GalaEtoso + A'rI'---* GaI-I-P + ADP (i) 

( ;al- t-P uridyl transferase (transferase): Gal- t -P 4- UDPG ~ UI)PGal + Glc-x-P (2) 

! 1DPGal-,I-epimerase (epimerase) : U I)PGal ~- U DPG (3) 
in sum: Galactose-k ATP -+ GIc-l-P { ADP 

Abbreviations: UI)PGal. uridine diphosl~hate galactose: DAP.a,e-diaminopimelic acid; 
.Gal +, galaotosc fe.rmenting: Gal-. galactosc non-fermenting: Me +, methionine independent; 
Me-. methionine requiring. 

" Present address: Department of Biology, Massachu,~etts Insti tute of Technology, Cam- 
bridge 39. Mass. {U.S.A.). 
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As shown in these equations, it is necessary for the three enzymes in Steps I, e, 
and 3 to operate in order to convert free galactose to a glycolytic intermediate. The 
catalytic amount of UDPG needed for this conwrsion can be supplied by another 
enzyme, UDPG pyrophosphorylase (EC 2.7.7.9), a~ followsa: 

UTP + Glc-I-P ~ UDPG + PPt (4) 

As reported in a previous paper ~, we found that two mutants of the galactose- 
non-fermenting strains of E. coli KI2 isolated by LEDERBERG and his associates have 
diminished activity of UDPG pyrophosphorylase. It  was also reported that  these 
two mutants had no detectable amounts of hexoses in their cell walls, possibly 
because of their inability of synthesizing a normal level of UDPG (see ref. 4). 

This report deals with the quantitative analysis of the cell wall and the impli- 
cations of these findings from the genetic point of view. Some experimental conditions 
in the preceding paper will be described in detail. 

MATERIALS AND METHODS 
Bacterial strains 

Bacterial strains used were derivatives of E. coli strain KI2, originated from 
Dr. J. LEDERBERG'S laboratory at Stanford University. Table 1 summarizes the rel- 
evant properties of these strains. For preparation of UDPGal, a UDPGal-4-epimer- 
ase-less strain of E. coli, called C7M (ref. 5), was used. This was the kind gift of 
Dr. I. FUKUTOME of Showa Medical College. 

TABLE I 

P R O P E R T I E S  O F  B A C T E R I A L  S T R A I N S  

The designations axe according to E. M. LEDERBERG. All strains except W452o are F-, lambda 
sensitive, and prototroph. W45~o is F'-Gal +, lysogenic for lambda, and methionin~ requiring. 

Strain Mutational site Group 

W3I 1o Gal + Wild type 
W3to2 G~l-2 A 
W4242 Gal-I5 B 
W378o Gal-3 C 
WMo9 Gal-9 C 
W38c5 Gal-ez D 
W335o Ga!-1,2 A, B 
W4507 Gal-23 E 
W3t42 Gal-I9 E 
W452o Gal + 

Culture media 

Nutrient broth (Kyokuto meat extract, xo g; Daigo polypeptone, xo g; NaCI, 2 g; 
water to IOOO ml: pH 7) was used routinely. For the determination of intracellular 
levels of UDPG, UDPGal, and GaI-x-P, tryptone broth (Bacto tr3vtone, xo g; 
NaC1, 5 g; water to IOOO ml) was used. BTB-galactose medium (nutrient agar con- 
taining bromthymol blue and 2 % D-galactose (Difco)) containing Iooo ~tg/ml strepto- 
mycine and EMS*-galactose agar Q were used for detecting F-ductants. 

* Eosine methyleneblue synthetic. 
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Chemicals 

D-Galactose (Difco) was recrystallized twice from 70 % ethanol for bicchemical 
experiments. Gal-I-P (barium salt), ATP (sodium salt), DPN, TPN, and UDPG 
(sodium salt) were purchased from Sigma Chemical Co. UDPGal was isolated from 
C7M cells grown in tryptone broth containing o.2 % galactose according to a modified 
procedure of WIESMEYER AND JORDAN v. Glc-I,6-P9 (barium salt) was the kind gift 
of Dr. L. F. LELOIR. All the solutions were neutralized before use, and when they 
were barium salts, barium was removed as BaSO 4. DAP, glucosamine-HC1, trypsin, 
(EC 3.4.4.4), and RNAase (EC 2.7.7.16) were purchased from Mann Research Labora- 
tories, Ishizu Seiyaku Co., Sigma Chemical Co., and Worthington Chemical Co., 
respectively. 

i ;:4icator enzymes 

Indicator enzymes, Ga!-!-P uridyl transferase (EC 2.7.7.12), UDPG dehydro- 
genase (EC I.x.I.22), phosphoglucomutase (EC 2.7.5.1 ), and Glc-6-P dehydrogenase 
(EC LI.I.49) are the same preparations as described by KALCKAR et alP. Galaeto- 
kinase (EC 2.7.x.6) and UDPGal-4-epirnerase (EC 5.I.3.2) are partially purified from 
W3o94 (ref. 5) and W335o cells, respectively (unpublished methods by K. KURAHASm 
and K. JOKURA). Hexokinase (EC 2.7.I.I) (Type III) was purchased from Sigma 
Chemical Co. 

Preparation of extracts for the assay of enzymes 

Cells grown overnight in 5o ml nutrient brotb were diluted xo-fold with fresh 
broth and were agitated on a rotary shaker at 37 °. The growth was followed by ab- 
sorbancy readings at 66o mt~, and during the exponential phase of growth, D-galactose 
(final concentration o.1%) was added in order to prepare the induced cells. After 
2 h, the bacterial culture was rapidly chilled in ice water, and the cei's were resus- 
pended in Io-15 ml of o.o5 M potassium phosphate buffer (pH 7.4). The suspension 
was treated with a sonicator (Kubota Co., Ltd.) at xo kcycles for 5-to min in the 
cold. The dear supernatant, obtained bv eentrifugation at 15ooo × g for I5 rain in 
the cold, was used for the assay. Extracts from non-induced cells were prepared in 
the same way, but without addition of galactose. Protein was determined according 
to the method of LOWRY et al. s. 

F-duction experiment 

Transfer of the autonomously replicating F-factor carrying host chromosomal 
fragments is referred to as F-ductiongo An F-factor carrying galactose genes (F'-Gal) 
was transferred from F'-Gal + strains to F-  strains by incubating together at 37 ° 
for I h without shaking equal amounts of exponentially growing broth cultures of 
both strains. The mixed culture was plated on proper selective media which can 
differentiate donor and recipient cells. 

Assay of the enzymes in LELOIR'S pathway 

This was carried out according to the specific enzymic method described by 
KAt.CKaR a al. 5. 

Btochim. Biophys..4cta, 74 (1963) 608--620 
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Assay of UDPG pyrophosphorylase 
This was performed essentially according to the procedure of MUNCrI-PE- 

TERSEN gt al. 3. 
The reaction mixture for the assay consisted of cysteine. HCI solution (33 mg/ml, 

pH 7-5), 3o pl; MgC12 (i M), 5 pl; Tris buffer (o.5 M, pH 7.5L 60 pl; UDPG (IO pmoles 
per ml), 25 pl; pyrophosphate (o.I M, pH 7.5), IO pl; Glc-I,6-P2 (o.15 pmole/ml), 
IO pl; TPN (3o pmoles/ml), IO pl; phosphoglucomutase (7 units/ml), IO pl; Glc-6-P 
dehydrogenase (7 units/ml), IO pl; crude extract to be detemfined or its appropriate 
dilution with water solution of bovine albumin (2o rag/rid), io pl; water, 44o pl. 
The tot~al volume was 620 pl. The reaction was started by the addition of pyrophos- 
phate. Controls having either UDPG or pyrophosphate omitted from the incubation 
were always used. Reoxidation rate of TPNH in the extracts was much slower than 
the rate of TPN reduction, so that the initial rate of formation of TPNH could be 
used as a direct measure for UDPG pyrophosphorylase activity of the disrupted 
bacterial cell. 

A ssay of phosphoglucomutase 
The reaction mixture for assay contained: cysteine.HC1 solution (33 mg/ml, 

pH 7.5), IOO pl; MgCla (I M), IO pl; Tris buffer (o.5 M, pH 7-5), 1oo #1; Glc-x,6-P2 
(o.I5 pmole/ml), IO pl; GIc-I-P (o.i M), 3o pl; TPN (3o/~moles/ml), io pl; Glc-6-P 
dehydrogenase (7 um'ts/ml), 1o IA; crude extract to be determined or its appropriate 
dilution with water solution of bovine albumin (2o mg/ml), to td; water te LAng 
the total volume to i.o ml. The initial rate of formation of TPNH was used as a 
direct measure for phosphoglucomutase activity. 

Enzymic determination of UDPG, UDPGal, and G~!-r-P 

Cells were grown in tryptone broth. Exponentially growing cells, in absence, 
or presence of v-galactose for 2 h, were harvested and extracted with 7 ° % ethanol 
(approx. zo ml/Ioo mg dry wt. cells) at 7 °0 for 5 min. After removal of ethanol by 
addition of ethyl ether, samples were lyophilized and dissolved in a small volume of 
water. 

UDPG was determined by the method of KALCKAR et a/. 1°. UDPGal was de- 
termined by the method of MAXWELL n, utilizing UDPGal-4-epimerase partially puri- 
fied from W335o. Determination of Gal-I-P was carried out according to the procedure 
of KURAHASti! AND ANDERSON 12. 

Isolation of cell walls 

This was accomplished essentially according to the procedure as described by 
SALTON AND HORNE TM. The harvested and washed cells in post-exponential phase of 
growth were suspended in distilled water and were treated with a sonicator at  
zo kcyc!es for 3 min. Then, undisrupted cells were separated by centrifugation at 
35o0 × g for xo min, resuspended in distilled water, and again sonicated under the 
same conditions as above. The suvpensions of disrupted cells were collected and 
centrifuged at 2oooo × g for 2o rain. The pellet was suspended in o.05 M phosphate 
buffer (pH 7.7) and treated with crystallized trypsin (r mg/ml) at 37* for several hours. 
Then the digestion was continued overnight ~,fter the addition of a few drops of 
chloroform. The disrupted cells were harvested, washed with water and then treated 
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""- - --~ ~,x phosphate  buffer (pH 7.5) at 37 ° for 5 h. After  ~u~ RNAase (o.1 m s / , ,  ) in 0.05 ~" 
centrifugation, the pellet was resuspended in water and centrifuged again for IO min 
at  3500 × g. The pellet, composed of undisrupted cells was discarded. The supernatant  
was again centrifuged at 2oooo × g for 2o rain. The pellet was freed from remaining 
intact  cells by repeating three times the cycles of high- and low-speed centrifugation 
as described above. The cell walls thus obtained were suspended in water wi th  a few 
drops of chloroform and were stored in a refrigerator. They  were examined under  the 
electron microscope* witla chrome shadowing. With the strains used, the yields of 
the cell walls were 2-  4 % of the dry  weight of cells. 

Quantitative determination of amino sugars 

Cell walls were hydrolyzed with I N HC1 at lO5 ° for 18 h in a sealed tube. 
Quanti tat ive determinat ion was performed as described by BOAS 14 with glucos- 
amine.  HC1 as standard.  

Quantitative determination of DA P 

Washed cell walls (lO-15 rag) were hydrolyzed in a sealed tube with 6 N HCI 
at lO5 ° for 15 h. The amount  of DAP in hydrolyzates was determined according to the 
method devised by  NIKAIDO xS. 

Analysis of neutral sugars 

The cell wall (5-1o mg dry wt. cell wall in total volume of 2 ml) was hydrolyzed 
by  2 N Ho.SO, in a sealed tube at lO5 ° for IO h. The hydrolyzate  was neutralized with 
Ba(OH) 2, filtered and washed with distilled water. Combined filtrate and washings 
were passed through columns of Dowex-5o (H + form, 20o-4oo mesh, IO m m  dia. 
and 3o nlm length) aud then Dowex-I (HCO3- form, 200-400 mesh in the same size 
as above). The deionized sample was concentrated ~o a small volume by blowing air, 
and was then subjected to the following analysis: 

(I) Paper chromatography. This was carried out with the following solventsle: 
(I) phenol - water  (80: zo, v/v) ; (2) n-butanol - ethanol - water  (5: 1:4, v/v) ; (3) 
e thyl  acetate - acetic acid - water (14.: 3 : 3, v/v) ; (4) ethyl  acetate - pyridine - water  
(12:5:4,  v/v) ; (5) lower layer of benzyl alcohol - acetic acid - water (3: 1:3, v/v). 
With  Solvents I, 2, and 5, ascending chromatography was carried out for 18-2o h 
at  room temperature,  while with Solvents 3 and 4, descending chromatography 
was usually used. With  Solvent 4, in addition, multiple ascending chromatography,  
i.e., usually three times of developments, was carried out to obtain the best separation 
of the sugars. The sugars were located with AgNOs or p-anisidine. HC1. Throughout  
the experiments, papers No. 5B of Toyoroshi (a product  of Toyo Roshi Co., Ltd.) 
and Wha tman  No. I were used. 

(2) Reducing sugar. This was determined by NELSON'S method, using glucose 
as standardXL 

(3) DISCHE'S cysteine-H2SO 4 reaction is. This was carried out according to DIscHE. 
x ml of hydrolyzate containing about IOO #g reducing sugar (determined by tile 
me thod  of NELSON as glucose) was used for this reaction. Absorption spectra from 

* Electron microscopy was carried out by Dr. T. TERADA of this institute to whom our thanks 
are due.  

Biochim. Biophys. Acta, 74 (t963) 6o8-62o 
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350 my  to 650 mr* were followed by a spectrophotometer with automatic recorder 
(Shimazu Co., Ltd.). 

(4) Enzymic determination of glucose and galactose. Glucose was measured as the 
absolute amount of TPNH formed in the following reaction mixture: the deionized 
hydrolyzate, 2o-Ioo td; glycylglycine buffer (o.5 M, pH 7.4), 6o t,1; ~JlgCl~ (I M), 
5 /d ;  ,~TP (o.I M) 20/zl; TPN (3o/~moles/ml), IO t~l; water to bring the total volume 
to 6oo/~l, and finally 20 t~l of the enzyme mixture of hexokinase (EC 2.7.1.1) (o.o 4 
Kunitz McDonald unit) and Glc-6-P dehydrogenase (o.o7 unit). In a preliminary 
experiment, addition of o.I/~mole galactose to o.I ttmole glucose did not affect the 
result obtained with o.I/~mole glucose under the conditions described above. 

Galactose was determined in the hydrolyzates from which glucose had been 
removed by treatment with hexokinase, followed by passage through Dowex-5o 
(H + form) and then Dowex-I (HCO3- form). The deionized samples thus obtained 
were subjected to the enzymic determination of galactose in the following reaction 
mixture: sample, lOO-45o #1; phosphate buffer (0.5 M, pH 7.4), 6o tzl; MgC12 (o.I M), 
io #1; ATP (o.x M), xo/~1; TPN (30 t~moles/ml), xo t~l; UDPG (IO/tmoles/ml), IO tzl; 
Glc-x,6-P~ (6.z.io -~ M), xo tA; cysteine.HCl solution (33 mg/ml, pH 7.5), IO tL1; 
Glc-6-P dehydrogenase (0.07 unit), phosphoglucomutase (0.07 unit), GaI-I-P uridyl 
transferase (o.x unit) from W3o92, ga!actokinase (o.i unit) from W3o94 and water 
to bring the total volume to 620 td. Through the coupled reactions of galactokinase, 
GaI-I-P uridyl transferase, phosphoglucomutase and GIc-6-P dehydrogenase, galac- 
tose was measured as the absolute amount of TPNH formed in the above reaction 
mixture. 

RESULTS 

F-duction experiment 
Most of the galactose-non-fermenting mutants isolated by LEDERBERG and his 

associates have been classified into five categories A, B, C, D, and E by means of 
transductional analysis with the use of the temperate phage lambda TM. Practically 
all the mutants of Groups A-D can be transformed to galactose fermenters by trans- 
ducing lambda particles. On the contrary, the last Group E contains mutants which 
are susceptible to lambda but are not transduced to produce galactose fermenters. 
W~ confirmed that both strains of W3142 and W4597 of Group E were not trans- 
formed to galactose fermenters by lambda lyzates from wild-type strains, which is 
in agreement with the results of I.EDERBEItG. We have also studied the F-duction 
of Gal-genesS, x9 by transferring F'-Gal* carried by W45zo (Me-) to F-(Me+)-Gal - 
strains and by selection on EMS--galactose plates. If W3IO2, W4249., W3Io9, and 
W38o5 (Groups A, B, C, and D, respectively) were used as recipients, F-duetants 
were detected as Me+Gal + colonies with frequencies of Io-5o % per introduced donor 
cell. If, however, W4597 was used as recipient, Gal + colonies** were found much less 
frequently than in the above mentioned cases (at most IO -a per introduced donor 
cell). The following evidences indicate that  this i= not due to the failure in the intro- 
duction of F'-Gal into the recipient. (1) Among the Me+-reeipient cells, F+ colonies 
(detected by their sensitivity to phage f2 (ref. 2o) were found with frequency of 

* This  type  of F'-Gal,  designated F8, contains  no other  known chromosomal  markers  than  
galaetose (pexsonal communicat ion of Dr. Y. HIRorA of Osaka Universi tvL 

t i t  T . . . . ~ t  
hose galactose-posttxve progemes have been demonstra ted  to  originate from chromosomal 

recombinat ion and not  from F-duction. 
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approx. 30 % per introduced donor cell. (2) Furthermore, by mixing the cultures of 
these F+-Gal - strains with that  of W335o Sm r, many Gal+Sm r F-ductants were 
obtained at the frequency usually observed in F-duction; this demonstrates that  the 
original F+-Gal - cells were actually carrying intact F'-Gal. 

The above findings suggest that  there exist some other loci of galactose fermen- 
tation which cannot be incorporated in a single episome, either lambda or F-factor. 
Recent studies have established Groups A, B, and D to correspond to kinase, trans- 
ferase, and epimerase, respectivelytg, 21. It  is expected, thus, that Group-E mutants 
may be defective in some other enzyme of galactose metabolism than the above three 
enzymes. 

Activities of enzymes required for ga!actose fermen!ation 

Table II summarizes the activities of five enzymes, kinase, transferase, epimerase, 
pyrophosphorylase, and mutase. As reported previously 4, both strains of W3142 
and W4597 were shown to have diminished activities of pyrophosphorylase. Since 
W4597 had practically normal activities of kinase, transferase, epimerase, mutase 
(Table II), and also galactose permease i, it was concluded that non-fermentation of 
galactose in this strain is due to a defect in pyrophosphorylase. 

W3142 had been reported to be a kinase-less mutant 2z. In the preceding report, 
it was further found that  this strain also had a defect in pyrophosphorylase. The 
defect of kinase in W3142, as will be discussed later, may be due to a secondary mu- 
tation occurred in an original strain which would have been singly defective in pyro- 
phosphorylase. Recently, SUNDARARAJAN et el. 23 reported that  the level of UDPG 
pyrophosphorylase was greatly diminished in the strains of Group E. 

As is seen in this table, WDIo 9 (Gal-9) and W378o (Gal-3) were found to be 
defective in all three enzymes of the LELOIR pathway, which is in agreement with 
the results of KALCKAR et el. 5 on the strains W3o99 (Gel-9) and W3264 (Gal-3) which 
have the same genetic defects. Pyrophosphorylase and mutase activities were found 
here to be normal. 

W3Io2, W4242, and W38o5 were representatives of Groups A, B, and D and had 
defects in kinase, transferase, and epimerase, respectively in agreement with the 
results of KALCKAR a el. 5 and JORDAN et el. 21. In the present result, they were further 
found to have normal activities of pyrophosphorylase and also of mutase. 

On the basis of these findings, it may be suggested that  Group-E mutants are 
characterized as UDPG pyrophosphorylase-less. 

,4 ccumulation of Gal-z-P 

It  has already been reported 4 that  the cells of strain W4597, singl'/defective in 
pyrophosphorylase, accumulated significant amounts of GaI-I-P intracelliularly during 
their growth in the presence of galactose, while the cells of WDIIO, wild-type strain, 
and W3142, kinase-less and pyrophosphorylase-less strain did not (Table III). This 
accumulation of GaI-I-P in the cells of W4597 may be the reflection of the very 
low level of UDPG which is required for the efficient conversion o! GaI-I-P to 
UDPGal. It  has been demonstrated tha~ accumulation of Gal-I-P is re~,~ponsible for 
growth inhibition of galactose in transferase-less mutants of K~2 (ref. 2¢). KALCKAR 
a a/. 5 have described the isolation of a mutant, which has a defect in kinase, from a 
transferase-less strain grown on galactose medium. These two findings indicate that 

. ,  
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T A B L E  I I I  

I N T R A C E L L U L A R  LEV1gL O F  U D P G ,  U D P G a l  A N D  G a l - I - P  I N  K I 2  S T R A I N S  

Values  are expressed as m p m o l e s / i o o  m g  d r y  wt .  cells. Methods  of d e t e r m i n a t i o n  are  descr ibed 
in the  METHOD sect ion  of the  t e x t .  

Strai~; 

W 3 r z o  W3142 W4597 
Galactose in  
growth medium - -  + - -  -4- - -  + 

U D P G  32 I 1.4 1.2 1.4 1.9 1.6 

U D P G a l  5-2 17-4 < o .  I < o .  I <70. l <~o. I 

G a l - I - P  1.3 [.5 o.7 x.6 1. 4 i82 

T A B L E  IV 

COMPOSITION OF CELL ~VALLS OF K~2 STRAINS 

Values are expressed as rrlg]loo mg dry  wt .  cell  walls. Methods  of d e t e r m i n a t i o n  are descr ibed in 
the  METHOD sect ion  of t he  t e x t .  

Strain 

W31Io  Br3142 ~1"4597 

Exp t .  1 11 I I I  I 11 

Hexosamines  
(as glucosamine) 5.6 3. i 3.9 3.2 3.9 3. I 

D A P  1 . 3  - -  t .  3 ~ 1 . 2  - -  

Reduc ing  sugars 
(as glucose) 4-° 3.2 I. 2 I. 7 1.2 I. 2 

in a population of cells (pyrophosphorylase-less or transferase-less), accumulating 
Gal-I-P under the presence of galactose, there may be a strong selective pressure for 
secondary mutants with a defect in kinase. From these considerations, we suggest 
that  W3x42 may be derived from ~uch a secondary mutation, after which selection 
occurred during culture on galactose medium. In fact, galactose has a strong in- 
hibitory effect on the growth of W4597, while growth of W3r42 was much less affected 
by the addition of this sugar. Most recently, SUNDARARAJAN et al. ~3 have isolated a 
galactose-resistant strain from W4597, which was found to have diminished activity 
of kinase, supporting the above argumentation. 

Intracdlular l~vd of UDPG and UDPGal 

We have reported previously that  the level of UDPG in the cells of W4597 and 
W3r42 was significantly lower than in W3no,  reflecting the activity of pyrophos- 
phorylase in these strains. In the present study, the amount of UDPG and UDPGal 
was determined on an alcohol extract from cells of each strain grown with or without 
galactose (Table III). In agreement with the previous result, the intracellular level of 
UDPG iv, W4597 and W314z was much lower than that  in.W3IIO. Furthermore, 
UDPGal was non-detectable in both mutant strains irrespective of presence or ab- 

sence of galactose. 

Biochim. Biophys. Acta, 74 (r963) 6o8-620 
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Quantitative analysis of cell walls 
I t  has been well established that  bacterial polysaccharide is located in the lipo- 

polysaccharide layer as integral part of the ceU-wall structure. UDPG has been dem- 
onstrated =5 to be an important glucosyl donor in the biosynthesis of polysaccharides. 
Since there were mutants defective in the synthesis of UDPG, it was considered to 
be of importance to study the chemical properties of the cell walls isolated from the 
mutant  cells. 

As is seen in Table IV, the cell walls isolated from W4597 and W3r42 contained 
nearly the same amount of DAP and hexosamines as did the cell walls of W3zzo. 
Morphologically, no differences were observed under the electron microscope between 
the cell walls of wild-type and of mutant cells. 

However, as shown in this table, both mutant  strains contained significantly 
smaller amounts of neutral sugars in their cell walls than did the wild-type strain. 
The compositioa in the neutral sugars, therefore, was analyzed on the hydrolyzates 
as described in the following section. 

Compositions in neutral sugars 

It  was found through paper chromatography and the cysteine-H~SO 4 reaction 
of DlSCHE (Fig. z) that the cell walls of W3z42 and W4597 contained no detectable 
amount of hexoses, while the cell walls of W3zro contained glucose and galactose 
as hexose constituents. Heptose was found as a common component both in wild-type 

1.0 

E 
u 

~" O5 

350 400 4,50 500 550 600 
mp 

1.C 

£ 

B 

0.5 ~ ~Z 

35( 400 450 500 550 600 650 
rn~u 

Fig. I ,  Absorption spectra of cell-wall hydrolyzates  of E. cell Kxz strains. A, p r imary  cysteine 
reaction; B. secondary cysteine reaction. In  each case, Curve I represents absorpt ion spectrum of 
xoo/jg of glucose; Curves I I ,  I l l ,  and IV represent absorpt ion spectra for W3r [o ,  W4597 , and 

W3z4z, respectively. 

T A B L E  V 

DETERblINAT[ON OF HEXOSES IN (2ELI, WALLS OF E. coli Kx2 STRAINS 

Values are expressed as rag/ leo  mg dry wt. cell walls. Total  reducing sugar  was determined ac- 
cording to  NEI,sot~. Glucose and galactose were determined by  specific enzymic methods described 

in the METHOD section of the text .  

Strain Total reducing 
s,~gar as glucose Glucos~ Galactose 

W4597 1.2 o . I9  <~ o.o1 
W3142 x.7 o.I5 ,< o.oz 
W ] i l O  3. 2 i . i  o.18 
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and in mutant strains. On paper chromatogram stained with p-anisidine. HCI, the 
heptose was detected as a characteristic brown-colored spot, indicating the heptose 
to be an aldoheptose. By the use of the solvent systems described in the METHOD 
section, the heptose was shown to behave like D-glycero-L-manno heptose ~8. 

By the specific enzymic method mentioned earlier, glucose and galactose were 
determined on hydrolyzates of cell walls in these strains. As shown in Table V, the 
cell walls of the mutant  strains contained only traces of galactose and lO-2O % of 
the amount of glucose present in the cell walls of wild type. 

DISCUSSION 

As was described in the result section, the collaborative studies of J. AND E. M. LEDER- 
BERG and of KALCKAR have elucidated the simple correspondence between genetic 
alterations as grouped in cistrons and enzymic defects so far a s Group A-D are con- 
cerned. The members of the last Group E, however, had not yet been well-charac- 
terized* biochemically before the present study. That two mutants of Group E are 
shown conclusively to be defective in UDPG pyrophosphorylase may support again 
such a simple correspondence between a genetic alteration and an enzymic defect 
in this group as was found in Group A-D. On the basis of our present results, it might 
be concluded that Group-E mutants represent the results of alterations in the struc- 
tural gene for UDPG pyrophosphorylase, and that this gene does not belong to the 
gal-operon ~, even though this enzyme participates in galactose fermentation. 

It was found that the intracellular level of UDPG in these mutants was 10-20 % 
of that in the wild-type cells. The level of UDPGal was found to be undetectable even 
in the cells grown in the presence of galactose, where a large accumulation of Gal-I-P 
took place. This can be taken as an evidence that UDPGal pyrophosphorylase which 
catalyzes the reaction, UTP + Gal-I-P ~ UDPGal -+- PPt, was not present in these 
strains of E. coli. The presence of such an enzyme has recently been reported for a 
mammalian system ~s. An experiment carried out in our laboratory with the epimerase- 
less strains (M mutants 3~) of E. coli and Salmonella also ruled out** the presence of 
UDPGal pyrophosphorylase in these microorganisms. Thus, together with the fact 
that M mutants of Salmonella do not contain any trace of galactose in their cell 
walls, the above findings exclude the possibility that UDPGal can be formed from 
UTP and Gai-I-P in these organisms. Therefore, the absence of UDPGal in the cells 
of the present mutants (even in the presence of gaiactose in the growth medium) can 
be attributed to the low level of UDPG in these mutant cells. 

It was shown that cell walls from Group-E mutants contained only traces of 
galactose and 10-20 % the amount of glucose present in the cell walls from wild type. 
The correlations of the amount of glucose and galactose found in the mutant and 
wild-type cell walls are favorably compared with the correlations of the amount 
of UDPG and UDPGal found in the respective cells. These are in agreement with the 
concept that UDPG and UDPGal are usual or normal glucosyl and galactosyl donors 
in the biosynthesis of polysaccharides, so far as cell-wall lipopolysaccharides of E. coli 

are concerned (cf. refs. 31, 34). 

* SOFFER reported W4.597 to  be transferase-less z°, which turned out  to be pyrophosphorylase- 
less by the present study. 

** During the incubation of UDPGal and pyrophosphate with crude extract of M mutant cells 
adapted to  galactose, consumption of UDPGal was not observed. 
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With regard to the biological aspect of those chemical alterations in the structur, 
of cell-wall polysaccharides, it seems noteworthy that  these mutants cannot adsorl 
phage PI*. This probably indicates that  the part of the polysaccharide involvinl 
glucose and/or galactose is active as the receptor site for PL 

Recently, the chemical structure of bacterial lipopolysaccharide has been studiec 
extensively in Salmonella 8z. In the course of these studies, particular types of mutant~ 
with modified lipopolysaccharides, such as rough mutants 8~- or M mutants3S, 3' 
(UDPGal-4-epimerase-less mutants) have furnished experimental evidence supportin~ 
the existence of a "central core" as a common substructure of the lipopolysaccharide., 
of Salmonella. At present, the polysaccharide produced by M mutant  has been inter. 
preted ~ as representing a common "core" consisting of polyghcose-heptose. In the 
present study, the cell walls of the UDPG pyrophosphorylase-less mutants were 
shown to contain virtually only hexosamines and heptose as monosaccharide units. 
Also it seems worthwhile to ro.ention here that  the heptose content of the cell-wall 
polysaccharides seemed not to be affected by the presence or absence of UDPG pyro- 
phosphorylase. From these considerations, we may suggest the possible presence of a 
"polyheptose core" as a common substructure in cell walls of E. coli and Salmonella 
and that this might form a smaller, inner "core" inside the polyglucose-heptose core 
of M mutants. In this sense, it would be rewarding to study more intensively the 
chemical properties of the lipopolysaccharides of the mutant cells. Recently, SUN- 
DA~RAJAN et al. ~3 carried out qualitative analysis on lipopolysaccharides extracted 
from W4597 by the warm phenol-water procedure of WESTPHAL. They confirmed 
our previous finding of the lack of "detectable" glucose and galactose, and further 
reported the absence of detectable amount of 6-deoxyhexose (rhamnose or 6-deoxs,- 
glucose) from these mutant cells. This might indicate that  just as in case of M mutants, 
rhamnose is usually linked to galactose or glucose, and cannot be attached directly 
to the heptose-core. 

ACKNOWLEDGEMENTS 

The authors wish to thank Drs. E. M. AND J .  LEDERBERG of the School of Medicine 
of Stanford University for their generous supply of valuable strains. Thanks are also 
due to Dr. H. NIKAIDO of this institute for his instructive discussions during the 
course of the present work and for purifying some of the indicator enzymes in our 
experiments, and to Dr. N. ZINDER of Rockefeller Institute for his generous supply 
of f2 phage. We also wish to thank Dr. H. M. KAT CKAR of Harvard Medical School 
and Massachusetts General Hospital for his helpful criticism of the manuscript. 

This work was supported by a grant (o46oo) from the National Institutes of 
Health, Bethesda, Md. (U.S.A.). 

R E F E R E N C E S  

1 L. F. LELOm, Proc. 3Yd Intern. Congr. Biochem., Brussels, r955, Academic Press, New York, 
1956, p. 154. 

t H. M. KaLCKAa, Advan. Enzymol., 2o (i958) Ixx. 
a A. MUHCH-PSTsnS~N, H. M. KALCKAR AND E. E. IS. SMITH, Kgl. Dansfie Videnskab. Selskab Biol. 

Shrifter, 2z (x955) 3. 
4 T. FUKaSAWA, K. JOKURA AHD K. KURAHASm. Biocbem. Biophys. Res. Commun., 7 U962) i z I .  
6 H. M. KarcKaR, K. KUI~,HASH! AHD E. JORD&N, Proc. Natl. tlcad. Sci. U.S., 45 (I959) I776- 

* Unpublished observation of Dr. J. ADLER of Wisconsin University. 

Oiochim. Biophys. Acta, 74 (1963) 608-62o 



620 T. FUKASAWA, K. JOKURA, K. KURAHASHI 

e j .  LEDERBERG, Methods Med. Res., 3 (195 o) 5. 
7 H. "~VIESblEYER AND E. JORDAN, Anal. Biochem., 2 (1961) 281. 
s O. H. LOWRY, J. ROSEBROUGH, A. L. FARR AND R. J. RANDALL, J. Biol. Chem., I93 (195 0 265. 

F. JacoB, P. SCHAXFFER AND E. L. WOLLMAN, Syrup. Soc. Gen. Mzcrobiol., IO (I96o, ~ 67. 
10 H. M. KALCKAR, E. P. ANDERSON AND K. J. ISSELBACKER, Biochim. Biophys. Acta, 2o (1956) 25z. 
lx E. S. MAXWELL, J. Biol. C.~em., 229 (I957) 139. 
13 K. KURAHASHI AND E. P. ANDERSON, Biochim. Biophys. ,4cta, 29 (1958) 498. 
is M. R. J. SALTON AND R. W. HORNE, Biochim. Biophys. Acta, 7 (1951) 177. 
14 F. Boas, J. Biol. Chem., 204 (1953) 533- 
15 H. N'~KAIDO, The Analyst, 88 (1961) 673. 
is R. J. BLOCK, I6. L. DURRUM AND G. ZWEI~, A Manual of Paper Chromatography and Paper 

Elcctrophovesis, Academic Press, New York, 1958, p. 17 o. 
x~ N. NELSON, J. Biol. Chem., I53 (I944) 375. 
is Z. DISCHE, J. Biol. Chem., 204 (1953) 983. 
19 E. M. LEDERB~-~G, Syrup. Soc. Gen. Microbiol., ,o {I96O) 115. 
z0 T. LOEB AND N. D. ZINDER, Proc. Natl. Acad. Sci. U.S., 47 (1961) 282. 
~1 E. JORDAN, M. B. YAR.~IOLINSKV AND H. M. KALCKAR, Proc. Natl. Acad. Sci. U.S., 48 (1962) 32. 
2~, K. KURAHASHI, Science, 125 (1957) 114. 
23 T. A. SUNDARARAJAN, A. RAPIN AND S.  M. KALCKAR, Proc. Natl. ,4cad. Sci. U.S., 48 (1962) 2187. 
24 K. KURAHASHI AND A. J. WAHBA, Biochim. Biophys. Acta, 3 ° (1958) 298. 
is L. F. LELOIR AND C. E. CARDIN1, jr. Am. Chem. Soc., 79 (I957) 634o. 
~s D. A. L. DAVIES, Biochem. J., 67 (1957) 253. 
~ F. JAcoB AND J. MONOD, J. Mol. Biol., 3 (1961) 318. 
IB j .  KLEXHt AND P. MANDEL, Biochim. Biophys. Acta, 57 (I962) 379. 
z9 R. L. SOVFER, J. Bacteriol., 84 {I961) 47I. 
z0 H. NIKAIDO, Biochim. Biophys. Acta, 38 (I96I) 460. 
at E. RECONDO ANO L. F. L~-LOm, Biochem. Biophys. Res. Commun., 6 (1961) 85. 
as F. KAUFFMANN, O. LODERITZ, H. STIERLIN AND O. WESTPHAL, Zentr. Bahteviol. Parasitenh. 

Abt. I, Orig., I78 (196o) 442. 
8:1 T. FUKASAWA AND H. NIKAIDO, Biochim. Biophys. Acta, 48 (1961) 47o. 
3~ H. NIKAIDO, Proa. Natl. Acad. Sci. U.S., 48 (1962) 1337; 1542. 

Biochim. Biophys. Acta, 74 (I963) 608-620 


