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SU MMARY 

Tosyi galactosides, previously shown to be potent reversible dead-end mhibi- 
tors of the membrane-bound Enzyme II "c of the lactose phosphotransferase system of 
Staphylococcus aureus, were used for an investigation of the kinetic mechanism of the 
sugar phosphorylation/transport reaction catalyzed by this enzyme: 

phospho-Factor IllhC~-sug~ " entre, .'~' Factor lilt'C-l-sugar phosphate. 

Inhibition of Enzyme II "c was studied in three different systems. Washed membranes, 
and washed membranes in the presence of 0.1% Triton X-100 were used for phospho- 
rylation experiments, and whole cells were used for transport studies. When washed 
membranes were used to supply Enzyme lI i'~, inhibition of phosphorylation by tosyl 
galactoside was linear non-competitive against both the sugar and phospilo-Factor 
III s'c substrates, with an apparent Ks of about 0.5 raM. This Ks decreased with in- 
creasing Factor IIP'* concentration. In the presence of0.1% Triton X-100, the phos- 
phorylation rea~ion was stimulated; under these conditions the inhibition became 
strictly competitive against sugar, and completely uncompetitive against phospho- 
Factor HI s'~. Apparently washed membranes can catalyze phosphorylation both ~,ia a 
reaction sequence in which sugar binds first and via one in which phospho-Factor 
IIl sac binds first, but in the pre~;ence of 0.1% Triton the reacticn does not occur by the 
former sequence. The inability of bound phospho-Factor III "c to hinder the binding 
of tosyl galactosides suggests that the initial binding sites of the two substrates of 
Enzyme II t'c are separated by at least the d i ~  ~ce of the tosyi moiety. Radioactive 
methyl 6-O-(p-toluenesulfonyi) p-galactoside ~-ls not converted into a phosphorylated 
product in the reaction mixtures, i.e. it is a tr~: d~ead-end inhibitor. Inhibition of p- 
galactoside transport into whole cells by tosyl ;,alaJ~osides was competitive, with an 
apparent Ki of 5-10 mM, an or,~r of m~.gnitt o." higher than the Ki for inhibition of 
phosphorylation by me:abrane preparations. ~Ihis resuh suggests that a significan~ 

* To whom correspondence shou;d be e, ddrcss~. 
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level of unphosphorylated phospho-Factor l ip  ac is present inside the cells, or that 
cellular levels of this compound are considerably lower than those used for in vitro 
sugar phosphorylation assays. Radioactive tosyl galactoside inhibitor was not trans- 
ported into whol~ cells. 

INTRODUCTION 

Most sugars are accumulated by cells ofthe gram-positive bacterium Staphylo- 
coccus aureus as the respective phosphate esters [1 ]. In particular, lactose, methylthio 
p-D-galactoside and other /1-D-gal~ctopyranosides* (and galactose itself) are phos- 
phorylatec~ at 6-OH of the gaiactose moiety [2]. The phosphoryiation is mediated by a 
phosphoenolpyruvate-dependent phosphotransferase system, similar in many respects 
to the syst.~ms characterized in the gram-negative organism Escherichia coli [3 -5] and 
other bacterial genera [6]. The lactose phosphotransferase system in S. aureus 
mediates a sequence of phosphoryl transfer according to the scheme below**, detailed 
biochemical evidence for which, obtained from in vitro studies, was presented pre- 
viously [7-9]***. 

P-enoipyruvate+histidine protein E,zy~u i P-histidine protein+pyruvate ( i )  
M | 2 ÷  

P-histidine protein+ ~ Factor I l l  n'c ~ • ~ [Ps-Factor Illn'~]+histidine protein (2) 

• • • l s c  • E n z y m e  l i l a c  [P3-Factor , n  ]+sugar , sugar-6-P+~ [Factor i l I  n'~] (3) 

Reaction 1 probably proceeds via a phospho-Enzyme I intermediate, although the 
precise number of phosphoryi groups in the intermediate is uncertain [10]. Mutant 
cells lacking phosphotransferase proteins demonstrated corresponding deficiencies in 
sugar transport, strongly supporting the hypothesis that sugar phosphorylation and 
transport are concomitantly mediated by this system [11 ]. Since Reaction 3 involves 
the final phosphoryl transfer in the sequence, and is mediated by the membrane-bound 
component of the system, it seems likely that this step is tightly coupled to the mem- 
brane transport process. The substrates for this reaction are sugar (/~-galactosides) 
and phospho-Factor I i l  t'~, i~l which the phosphoryl groups are attached to histidine 
residues of Factor Il l  °"c at N-3. Since the standard free energy of hydrolysis of these 
phospho-histidines is only about 1.5 kcal per tool less negative than of phosphoenol- 
pyruvate itself [9], the equilibrium constant for Reaction 3 must be about l0 s. Thus it 
is possible that some of the free energy change for this reaction is coupled to the 
actual membrane transiocation process. Information about the order of substrate 
binding in Reaction 3 and the spatial arrangement of the two substrate sites would 
therefiJre provide insight into the nature of the transport process, during which 
Enzyme 11 n'c must interact both with the outside medium (in order to bind sugar) and 

* All sugars are of the o-contfiguration and glycosides are py:anosides unless otherwise specified. 
** Factor Ill n'~ and Enzyme IP "c are lactose-specific phosphocarrier protein ~+ad membrane 

prolein, resl~ctively, of the S. aureus lactose pho~nhotransferas.* system 
*** The nomenclature ,or components of the phosphotran:ferase system has been described 

previously [3, 7l. 
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with the cell cytoplasm (where :actor IIP'L histidine protein and Enzyrr~e I are 
presumably located) The system is depicted schematically in Fig. i. 

Many of the approaches ord.;narily employed in a complete kinetic analysis are 
unavailable for this reaction. The tightly m:mbrane-bound Enzyme IP "c cannot be 
p~lrified unless it is first "solubiliz~d' b.~l treat~tent with detergents [12, 9], a procedure 
which of necessity removes it fron~ its "native" environment. Thus studies of mem- 
brane-bound Enzyme IP 'c are restricted to particulate suspensions fairly low in 
Enzyme II .so active sites (less tha,a 0.5 pM). "l hese preparations are not suitable for 
conventional binding experiment~, although an ultracentrifuge assay is possible for 
substrates with very high affinity (KD less than 1-5 pM) [9]. Produc" inhibition 
studies are not feasible since one product, sugar phosphate, does not detectably 
inhibit the reaction [13] and the other, Factor IiP "~ (a trimeric protein with a molecu- 
lar weight of 36 000 [8 ] ), is cont inm:lly reconverted to phospho-Factor l I I ,,c under t he 
assay conditions. The feasible kinetic experiments are thus those in which effects of 
changing substrate and dead-end inhibitor concentrations are studied. The  usual 
substrate-rate experiments, reporte¢ ~. previously [7, 9] and repeated during the studies 
described herein, demonstrat.- that the mechanism is sequemiai rather than ping-pon~/, 
i.e. no stable phospho-Enzyme IP "~ intermediate is formed. Inhibitor studies we1 e 
made possible by the synth~:sis of 60-(p-toluenesulfonyl) galactose and methyl 6-0- 
(p-toluenesulfo~yl) p-galactoside it. this ~a~oratory [14]. These compounds, who~e 
apparent afllnities for the enzyme were greater than that of galactose itself, are t[:e 
only dead-end inhibitors reported for phcsphoenolpyruvate-dependent phospho- 
transferase systems; othcx C-6-substituted galactose derivatives (including meth':,i 
6-O-(p-toluenesulfonyl) r~-galactoside), did not inhibit Enzyme II I'~ [14]. 

We have studied the inhibition of the i~ vitro phosphorylation reaction using 
"washed membranes" p :epared from ruptured :ells without cLemica~ treatments, both 
in aqueous reaction mixtures and in the pre~ ~ce of the non-ionic detergent Trito,* 
X-100. The striking differences between the al':~arent reaction meclmnisms observe~l 
suggest that the Enzyrae II ''~ conformation is ~lgnificantly altered in the presence of 
detergent. The kinetic pattern ot i,hibition ,,! sugar uptake by whole cells differ; 
further fi'om the in vitro results. 

MATERTALS AND METHODS 

Materials and analytical procedures are d~.scribed in a previous communication 
f141. 
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Preparation of lactose phosphotra~ferase system component.¢. The preparation 
of purified fractions of Enzyme II I'c, Enzyme I, histidine protein, and Factor III I'c has 
been described in detail [14] and thus is only summarized here. Washed membranes, 
containing Enzyme II I'c free from adsorbed soluble components, were prepared from 
mechanically disrupted cells of S. aureus lac~osc-constituitive strain C22 [11 ] by 
alternate cycles of ultrasonic irradiation, aria low-speed and high-speed contrifuga- 
tion. The three soluble components, Enzyme I, histidine protein, and Factor III ~c, 
were separated completely from one another by gel filtration on Sephadex G-100, and 
subjected to one or more additional purification and concentration steps. The Factor 
I111"c was purified sufficiently to permit an estimate of its purity (about 70 ~o), and 
thus a determination of the appr¢ .imate Factor III ~'c concentration in the prepara- 
tion. 

Syntheses of inhibitors. The syntheses of unlabeled 6-O-(p-toluenesuifonyl) 
galactose and methyl 6-O-(p-toluenesulfonyl) p-galactoside have been described [14]. 
Radioactive [~H]methyl 6-O-(p-toluenesulfonyi)/~-galactoside was prepared as fol- 
lows: A reaction mixture containing 20 mmol of 2,3,4,6-tetra-O-acetyl :{-D-galac1.o- 
pyranosyi bromide (Sigma Chemical Co.), lOmmol of [3H]methanol (specific 
activity, 2.5 Ci/mol) and 10 mmol of Hg(CN)2 in 50 ml of dry nitromethane/benzene 
(I : I, v/v), was stirred overnight at room temperature [15]. The solid remaining after 
evaporation of the solvent under reduced pressure was extracted with dry chloroform, 
and the extracts washed with NaCI solution, and then several times with water. For 
deacetylation, the syrup resulting from evaporation of the chloroform was dissolved 
in dry methanol and the apparent pH adjusted to 10-11 (pH paper) using a 0.34 M 
solution of sodium methoxide in methanol. After several hours at room temperature. 
the mixture was treated with a 2-fold excess of Dowex 50 (H+-form) to remove Na , 
and filtered. The syrupy produc~, remaining after evaporation of the methanol was 
dissolved in water and applied to a Dowex I-X2 (OH--form) column. Elution of the 
column with water yielded a single large peak of coincident radioactivity and carbo- 
hydrate. Evavoration of the pooled peak fractiors yielded I g of crystalline [3H ]methyl 
/~-galactoside. This material was subjected to limited tosylation as previously de~ribed 
[14], yielding about 0.5 g [3H]methyl 6-O-(p-toluenesulfonyl)/~-~aiactoside. 

As.~ay of phosphorylation of [l 4C]methyithi o ~-galactosi~le. The assay procedure 
has been described in detail [14]. Briefly, ice-cold reaction mixtt:res were prepared by 
mixing stock solutions so that the final volumes (usually about 300/A) contained the 
following components: phosphoenolpyruvate (3 raM); potassium phosphate buffer 
(pH 7.5, !0 raM), KF (3 mM)~ dithiothreitol (2 mM): MsCI:; (4 raM); and appro- 
priate concentrations of [~4C]methylthio /~-gaiactoside {New England Nuclear), 
inhibitors, and Enzyme 11 ~'~, Enzyme 1, histidine protei,~ and Factor I11 ~'c. For 
inhibition experiments, all of the components (except [~4C]sugar and the four protein 
solu',ions) were first mixed at room tempe 'ature with 15 j,I of a dimethyl sulfoxide 
solution of the inhibitor (or 15/d of pure a~methyl sulfoxide, in control assays). These 
mixtures were then chilled and the remai~ing componen~.s added. Unless otherwise 
indicated, all incubatio~ls were for 30 rain at 37 ~C. After'  hr reactioe was stopped by 
chilling the mixture on ice, the solution was assayed i'or [z,4C]sugar phcsphate by ion- 
exchange chromatography as previously ,~escribed. When [3~-l]methyl 6-O-(p-toluene- 
sulfonyl) p-galactosi~le was use¢', instead {~t [~'C]sugar, the ion-exchange chromato- 
graphy was modified ~s follows It was gle~essary to first elute each column with five 
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aliquots (8 mi) of 50 % methanol (v/v) in orcher t,~ remove the unreacted tosyl galacto- 
side;J, which are sparingly soluble in water and adhere tightly to the column. The 
columns were then washed with 1 M LiC! as described previously to elute sugar phos- 
pirate (if any) directly into scintillation vials. In -~ll of the Enzyme II t'c kinetic studies, 
known amounts ~,f Factor IIP "~ and excess Enzyme I and histidine protein were used. 
Under these con¢'titms the rate of [~4C]suga~ p~tosphorylation was proportional to 
the: amount of Enzyme III'© used, and constant for at least 60 min. In these assay 
mixtures E~zyme II t'c was present in catalytic amounts (about 20-100 pmol of it 4C] 
l~,~ose-binoing activity), whereas Factor I l l  t~ was present in substrate amounts 
(2-50nn~ol). Since Factor I l l  ~'c was usually present at much less than saturating 
levels, yet further increases in histidine prote~n or Enzyme I concentration (or both) 
did not increase the reaction rate, we concluc~e that almost all of the Factor lIP '~ 
remained phosphor~,lated during the reaction, i.e. the steady-state level of unphos- 
phorylated Factor IIP"© was negligible. This condition does not necessarily imply that 
all of the phosphorylated protein is in fact P3-Factor III"g; the substrate in these 
reactions is therefore given the (less specific) designation phospho-Factor III ''~. 

Cell transport experiments. Initial rates of Ul:,take of sugars by whole c~l!s were 
measured as described previously [14] by quickly filtering and washing aliquots of a 
mixture of radioactive sugar and cells (previously resuspended in 100 mM potassium 
buffer, pH 7.2, containing 0.4 % (w/v) sodium succinate) at 10-s intervals during the 
first 1-2 rain after mixing. This technique could not be used to test for tl~e uptake of 
[3H]methyl 6-O-(p-toluenesulfonyl) p-galactoside, since this compound binds 
strongly to the Millipore filters; we used instead a modification of the centrifugation 
assay described by Simoni and Roseman [1 ! ]. The cells, in potassium phosphate/ 
succinate buffer, were incubated at 25 °C with radioactive substrate, then centr;~'uged 
at 20 000 xO for 5 rain at 4 °C. After the supernata~at was carefully removed with a 
small pipet, the pellet was resuspended in 1 ml watt.r, mixed with scintillation fluid 
and the amount of radioactive sugar in the cell pell~-.t determined. The observed 
amounts were corrected for blank values (usually about 30 % of observed values), 
determined from the results of identical experiments in the presence of saturating 
amounts (100 n~M) of unlabeled lactose. Although this procedure is not appropriate 
for the determination of true initial transport rate% the corrected values for the 
uptake of [t4C]methylthio/~-galactoside in the first minute at~er mixing were pro- 
portional to the sugar concentration (at sub-saturating levels). For uptake experi- 
ments with [3H]methyl 6-O-(p-toluenesulfonyl) ~-gala~-toside, samples were with- 
drawn and assayed at various times up to 30 rain after mixing. 

P,ESULTS 

Previous kinetic studies [~, 6] suggeste(L :hat the Enzyme I11"c reaction did not 
proceed via a phospho-Enzyme IP "c inte~'me(!i.~t¢, since plots of (initial velocity)- 
versus (variable substrate)- t at fixed levers of ether substrates were intersecting, not 
parallel. The observed binding of lactost, t~, ~, tshed membranes, in the absence of 
added Factor II1 '°c and other phosphotral~'.-r~.~,e system components [3], was 
consistent with an ordered mechanism in which ~,~gar is l~he first substrate to bind. We 
have confirmed these results with our enzyme p eparation, and obtained comparable 
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Fig. 2. Effect o f  inhibitor and s u p r  +,)ncemraliop.s on SUlptr phosphorylalion. Pho+phoryhttion 
inhibition experiments were performed under the standard assay conditions, as dcscfihed under 
Materials and Methods. with 241,1 o f  Enzyme I! ''~, O.13pM Factor lIP'% cxoss E ~  ! mid 
histidine protein, and [l+C]methylthio ~.plactoside (TMG) (speci,~¢ acbvity, 1.2 • IO s cpmJpmol) 
and the inhibitor methyl 6.O.(p-toluemmulfonyl) ~-L~placloside at the indicated ct,ncmttrations; 
final volume was .t00 pl. The symbol r corresponds to the rate o f  phosphoryllbon o f  ["<:]methylth/o 
/~+galactoside in units o f  nmol/min per total reaction tmxtwr¢. The points correspond to the averUe o f  
duplicate determinations, and the lines rept~'sent the best linear least-squares fit. {::), no inhibitor; 
~,  ! ,5-~ mM inhibitor; [], 5 mM inhibitor. MTs~3, methyl 6.0-(ptoluenesulfonyl),8-o-plactoside. 
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Fig. 3. Replots o f  slopes a~d intercept~ ~rom phosp torylalion inhibit;on expe~ iment. The slopes and 
ordinate intercepts from th, recipyocal plot in Fi l l  2 are replotted ag~nst inhibitor concentration. 
MTsA~r(3, methyl 6-O-(p.toluenesulfon)i) #-o-plattos;cle. 
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values for the kinet~ parameters. However, as the :'nhib~tion experime,tts below 
indicate, the kinetic pattern is more complex than that expected for the simple 
ordered mechanism with sul~u" binding first and may to some extent depend on the 
nature ofthe membrane preparation containing the Enzyme I I ' .  In a previous report, 
we showed the tol)  ~ gai~eMdes were not hydro~zed (to substrtte molecules) during 
the phmhcfylation ,aMbition experimonts [14]. As part of  the studies reported here 
we I,trther determined that they were not ph~phorylated T~y Enzyme II"0. When 
[3H~ncthyi 6-O.(p4ohtenesulfonyl) ~-galnctoside, synthesized as described under 
Ma~rials and Methods (and mmlatrable to the unlabeled oompound in its ability to 
inhibit [ t~]methyl th io  tg-galaotoe~le phosphowlation] ,~as t t ~ l  as a substrate in the 
phospho~lation reaction, a very low amount of phospho-[-~H]sugar was detected. 
This a n ~ u n t  could he accounted for by the low level (about 3 ,%) of [3H]methyi ~- 
galactoside impurity in the tosyi galactoside preparation. Thus the tosyi falactosides 
appear to be true dead-end inhibitors. 

Sl~a~es on inhibition of pl~phorylation by membranes 
Although the anomeric specificity exhibited by the dead-end inhibitor methyl 

~-O-(p-toluenesulfonyl) ~-~galactoside suggest~ that it acts as a substrate analog, 
double rec/procal plots of the data from pho~phorylation experiments yield lines 
which intersect to the left of the ordinate, suggesting that some inhibition persists .~t 

L l l l | 

* /0 

0 I I I I I 
$ 10 

[UT,~] ,~ 

Fill. 4, Effect of inhibitor ¢o~t ra t ion  on rate o f s u ~ .  ~ )sphorylation. Phospho~jlation inhibition 
experiments wr.re pt't'form~ as described tinder Materih~$ and Methods with 48t~| of Et~yn~ !I t*¢, 
0.13.vM of Factor Ill t'*, 2.8 mM [t'Clmethylthio ~-pk.~toside (TMG) (specific activity/.87 • l0 s 
cpm//anol), and mothyi-6-O-(p-tob,,.,~ _ulfonyl) ~-iptla.l<sido (MTs~G) at the c~ncentrations in- 
dicated; final volume was 300,ul. The symbol v is define4 ~t the legend for Fig. 2. 
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saturating substrate concentrat ions.  A typical plot  dispalyin 8 this non-competi t ive* 
inhibitios, pat tern is shown in Fig. 2. The slopes and  ordinate  intercepts f rom this 
fisure are repiot ted against inhibi tor  concentra t ion in Fig. 3. Both slopes and  inter-  
cepts  obta ined f rom these and  similar exper iments  appear  t o  be l inear funetiotm o f  
inhibitor concentrat ion,  The linear nature  o f  the  inhibi t ion is conf i rmed by F'~. 4, 
which displays the results o f  an  experiment  in which  the  methyl  6-O-(p, tohtene-  
sulfonyl) p-galactoside concentra t ion was varied over  a 25-fold range at  a fixed sugar 
substrate  level. Al though  the  pat tern  can thus be classified as  linear non-compet i t ive  
[7], two apparent  inhibition cons tants  are required to  ao :oon t  for  the  data.  In 
general, an intercept effect is obtaiL .d i f  binding by  a dead-end  inhibi tor  and  the 

TABLE 1 

KINETIC PARAMETERS FOR INHIBITION OF SUGAR PHOSPI[ORYLATION BY TOSYL 
GALACTOSIDES WITH SUGAR AS VARIABLE SUBSTRATE 

Phosphorylation experiments were performed as (kscrihed in the leg~ds of Fills. 2 and 6, in the 
presence of the constant Factor l ip "¢ cor~mtt ions indicated, varyinll coacentrafions of [t4C]- 
methylthio ~llalactosidts (0.2-8,3 raM) and chanlling fixed lev~h (0.5-5 raM) of the inhibitors, 
either 6-O.(-.toluenesulfonyl)plactose, or methyl 6-O-(p,toloenzsul fonyl ) ~.D-phtctosidie. The slopes 
and intercepts from double reciprocal plots (see Flip. 2 a~d 6) w~re replOgted against inhibitor 
concentrations (see Fill. 3). The apparent inhibition constants were determined from the replots by 
assuming that both slopes and intercepts were proportlona| to (I +l/£t). The apparent Michaelis 
constants for [ ' 'q~ ]methylthio ~-llalactnsides in the al:~-nce of inhibitor (at the indicated Factor IlltK 
concentrw.ions~ w~re also determined. The variation is indicated for experiments where duplicate 
determim~tions were performed. 

lnhibito ' Concentration of Apparent Michaelis A p ~ t  Kt 
Factor l iP" constant for 
(pM) [ t~]methyl th i  O Intercepts Slopes 

~-plactosMes (taM) (taM) 
(mM) 

6-O-(p-Toluenesulfonyl) 
ga!actos¢ 0.07 0.17 8.2 1.33 

~O- ,~p-Toluenesul ~'on yl ) 
8~,lactose 0.20 0.13 ~0.03 6.4= 1.4 0.46~0.10 

¢~.O -(p-Toluene~ ulfonyl ) 
£alactosc 0,67 0.16 4.3 0.50 

M(:thyl 
3-O-(p-toluenesulfonyl ) 0.10 0.22 :~: 0,03 14:..7 0.80:~0.04 
~-D-galacloside 

l~Lethyl 
6-O-(p.toluenesulfonyl) 0, L~ 0A8 I I 0 
~-D-galactoside 

'~[ethyl 
6-O-(P-toluenesulfonyl) 0.2 ~. 0. I 7 :: 0.03 ** 0.22:~0.04 
~-r,-galactoside* 

* Phosphorylation assayed in presence of 0. 1% Triton ,'C-100 at 25 C (see Fig. 6 ~. 
** Ordinate intercepts were the sang (within t,~perimenUJ error) at aP inhibitor c~mcentration~ 

as in the absence of inhibito-. 

We use the definitions of Cleland !18] for nm,-comp,:titivc (slope :rod intercept effects) and 
uncotaPetitive (intercept effects only) inhibition. 



275 

' ' ' ' ' ' 

6 / 

. / 

I I I I I , I , J 
0 i0  ~0 

FiB 5. Effectofinhibitor and Factor llll'~concentrationson sugar phosphorylatioa. Phosphorylation 
inhibition experiments were performed under the stand~-xd assay conditions, ~ described under 
Materials and Methods, "Hth 12/~g of Enzyme IP "¢, 8.3 --M [t*Clmethylthio #-gal~ctoside Ci'MG) 
!2.4. l0 s cpm//imol) and Factor III ~'¢ and the inhibito~ 6-O-(p-toluenesulfonyl) galactose (TsG) 
at the indicated concentrations; final volume was 300/d. The symbol v is defined in the legend of 
Fig. 2. Th~ points correspond to the average of duplicate (¢terminations, and the lines ~ ..~resent the 
best linear least-squares fit. 0 ,  no inhibitor, O, 0.5 mM inhibitor; A, 2.0 rnM inhibitor; ,-I, 5 mM 
inhibitor, 

variable substrate are not mutually exclusive events [16]. Such a result is surprising in 
this case, since the inhibitory tosyl sugars are analogs of  the variable substrate. The 
non-competitive pattern thus suggests that there is a secondary binding of an inhibitor 
molecule to the enzyme at some point in the reaction sequence after the primary 
binding to Lhe sugar substrate site. The apparent Kl (slopes) would b:  expected to b~ a 
function of  the atfinity of  the inhibitor t¢-r the sugar substrate site, and under certain 
circumstances would be a direct measure of  the thermodynamic dissociation constant 
for the primary inhibitor-enzyme complex :16]. The Ki (intercepts) would presumably 
reflect some secondary Iow-afflnity interacti¢,n (see Discussion). The observation that 
Kt (slopes) is an order of  magnitude smaller than Ki (intercepts) is consistent with this 
notion. The apparent inhibition constants obtained in a series of  similar experiments 
are summarized in Table I. The values of  Kt (slopes) determined for 6-O-(p-toluene- 
sulfonyl) galactose and for methyl 6-O-(ptoluenesulfonyi) ~-galactos~de vary with 
Factor l i p  c. Such an effect on the binding o f t h e ,  ~bstrate analogs by prior binding of  
phuspho-Factor I!1 t'c is inconsistent with a sitr~le ordered reaction mechanism in 
which sugar hinds first. 

Two kinds of  Obosphorylation inhibition e ~ ~eriments were performed in whic'a 
fixed amounts o f  sugar, an excess of  Enzyme i md histidine protein and varying 
concentratkms of  Factor I l l  a¢ were used. The coa~ntrat ions of  sugar substrate used 
were either high enoa~L to saturate the enzyme ~:. ,  raM) (Experiment 1) or so high as 
to exclude inhibitor from any site for which inh; ~ o r  and sugar compete, as well as 
saturating the enzyme (160 raM) (Experiment 2). [rt Experiment 1, the patten', of  the 
double reciprocal plot, shown in Fig. 5, is non-co:apetitive. The apparent ivhibltion 
constants from slope and intercept replots, given in Table II, are both in the order of  
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TABLE It  

KINETIC PAI~J.METERS FOR INHIBITION OF SUGA~ PHOSPHORYLATION BY TOSYL 
GALACI'OSTDES WITH FACTOR II1 ~ AS VARJABLE :SUBSTRATE 

Phosphorylation experiments were performed as described i r  the leilends of  Fills. 5 and 7, using the 
constant ,- q~]methylthio ~-galactmide cono'.ntrations indic~ted, ehanlling fixed levels (0.5-10 raM) 
of  methyl 6.O-(p.toluem~sulfonyi) ~-z~.~lactoslde, and va~in l l  Factor 111 TM concentrations (0.04- 
4.5pM). The apparent inhibition constants were determiaed from replou of  the ordinate intercepts 
and slopes against inhibitor concantration as described in the legend for Table I. The apparent 
Michaelis constants for phospho-Factor l i P ' :  in the nhsem:e of inhibitor a t  the indicated concantra. 
tions are also Iliven. The variation is indicated for the experiment in 0.1 ~ Triton X-100, in which 
duplicate determinations were performed. 

Experiment Concentration of  Apparen*. Michaelis Apparent K~ 
[t4C]methylthio constant for phospho- 
~-galactoside Fact,~ ~ 1111*c Intercepts Slopes 
(raM) (pM) (raM) (raM) 

I 8.3 0.8 5 4 
.~ 160 0.8 15 * 
+** 8.3 0.29+:0+02 2 .2!0 .2  * 

* The slopes of  the double reciprocal plots were the same (within experimental error) at all 
Factor 1II j'c concentrations as in the absence of  inhibitor. 

** Experiments in 0.1 ~ Triton X-100 at 25 °C (see Fig. 7). 
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Fig. 6. Effect of inhibitor and sugar concentrations on sugar phosphorylation in the presence of 
Triton X-100. Pbosphorylation experiments were performed in the presence of 0 .1% Triton X-100 
at 25 °C, as described under Materials and Methods with 48 pg of Enzyme II ~'c, 0.8.uM Factor 111 t'~, 
excess Enzyme i and histiaine protein, the indicated concentrations of  methyl 6-O-(p-toluenesulfonyl) 
~-galactoside (MTs~G) and ['4¢..]n,ethylth~o ~-f~actosJde (TMG) (specific activity, 2.27 - l0  s cpm/ 
pmol), and the standard assay components; final volume was 300pl. The symbol v is deleted in the 
legend for Fig. 2. The points cr.rraspond to the average of  duplicate determinations, and the bnes 
represent the best linear least-sq.mres fit. O,  r o inhibitor; C), 0.5 mM inhibitor; A, 1.7 mM inhibitor: 
F-I, 5 mM inhibitor. 
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5 mM, in contrast to t i e  experiments ,vhere su~g.~ substrate was varied (Table I). In 
Experiment 2, where inhibitor is presumably excluded from the sug~d" site, the desree 
of inhibition varied with inhibitor concentration but was the same at a~! Factor III ''© 
concentrations (16 ~ inhibition for methyl 6-O-(p-toluenesulfonyl) p-g~dactoside at a 
concentration of 2.4 raM). Thus some of  the inhibitory effect of  the toss4 galactosides 
on washed membrat~.-s was not susceptible to competition by sugar substrate (con- 
firmii~ g the result of extrapolating the lines in Fig. 2), or by pbospho-Fat~or l i p  c. 

E~'eet of Triton X. 100 on inhibition of phosphorylmJon by washed membrones 
In agreement with previous reports, we found that low levels of Triton X-100 

stimulated the ~-galactoside phosphorylation activity of washed membrane prepara- 
tions. The maximal enhancement (about 2-fold) o~'.curredat a concentration of 0.1 
Triton (v/v), when incubations were performed i t  25 °C. (At higher te~vtperatures 
(30-3 ~ °C) some irreversible inactivation occugs as well.) Its sedimentation char- 
acter~stics suggest that Enzyme II t~ remains particulate at 25 °C in 0.1 ~o Triton. gn 
detergent-free buffer, aline, st all of the Enzyme I1 ~'~ activity was absent from the super- 
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Fig. 7. Effcct of inhibitor and phospho-Factor  iJl ''~ con ", nhation on ~uilar phosphorylation in the 
presence of Triton X-I(IO. Phoephoryhition inhibition exre: iments were p~--formed in the presence of 
O. I ~o Triton X- ! 00 at 25 °C, its described under Ma~eria ~ md Methods, with 40 #i s of Enzyme llS*g 
excess Enzyme I and liistidine protein, Factor ili tN Itn~, ..~-~ hy! 6.O.(p.toluenesulfonyl) jSl.plictolide 
(MTsi~l~) it  coiicentrltions imtlclited, 8raM [t~Jnith$,~l~io B-iilactoside (TMG) (specific lictivity, 
1.37 • IO s cpm/lamol), end the standard Isiliy compononlt; final volume was 300 #d. The symbol v is 
defined in the lellend for Fi8. 2. The lines represent the t ~ ;  linear least-squalls fit. O, no inhibitor; 
O, !.7 mid inhibitor; ~,  5 mM inhibitor; I-I, 10 mM itl~ ~tor. 
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natant aftei the prelxation was centrifuged at 25 °C for 90 rain at 164 000 × ft. Of this 
• 'sedimentable - activity, 55 ~ remained in the s ~ t  after centr/fngat/on in the 
presence of 0.5 % Triton, but only l0 ~ after centrifuption in the wesence of 0. I 0/~ 
Triton. The e ~ t  o f ~  !i ~ activity in O. I ~ Triton could be the result of 
higher afRnity for either or both substrltet, i l z ~ m N d  ~ efBciency, exposure of 
enzyme molecules l~evionsly : u b l e  to substmte, u l temf iou o f  the re tc t ion 
mechanism, or  some combinat ion o f  these factors. The results o f  p h m p h o ~ t t t i o n  
inhib i t ion in Tr i ton experiments w i th  methyl  6-O-(p4uluonesal fonyl)  ~-salactmide as 
the inhibi tor ,  at a constant Factor I i 1 ' -  coucentrafiem wi th  su l~r  as the var iable 
substrate, are shown in Fig. 6. In contr." to the results with washed membranes (Fig. 
I), the inhibition pattern is almost completely competitive, The kinetic l~Wm~,ters 
given in Table I. The Kt (slopes) indicates that birding of  the inhibitor is slightly 
tighter in O. ! ~ Triton than in detergent-frec Imlfer. 

When phospho-Factor !!! ~ was the variable substrale at constant methyhbio 
/~-galactoside concentration (8.3 mM), phosphorylation inhibition experiments in 
,.! ~ Triton resulted in the uncompetiti~e pattern seen in Fig. 7. The absence of any 
~ect  of inhibitor on the slopes is in marked contrast to the results using wa.¢hed mem- 
branes (Fig. 5). The Michaelis c:mstar~t for phospho-Factor Ill t'~ is lower in the 
presence of Triton (See Table II). 
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Fig. 8. Effect of inhibitor concentration .rod sugar concentration on supr transporl, Transport 
experiments were performed as described tnder M a ' ~ h  and Methods, at the i~t~cated o'a~.eatr~ 
tions of [z4C]methylthio/~-placto~de fTMG) (s4~ecz.9c activity, ~6-  ~0 s q~'x/tmol) ttP~l of ~-O- 
(p-toiaenasulfonyl) plactose (Ts',:i). The s';mbol • ~ Oa~'~ to th~ iai l i l l  rl1~ of  | ' *C Jmtqhylthio 
~-sahtctoside uptake, in units ot/JmoUmin p~ It of ~dls, ~ ry weilht, Tim ~ c o ~  to t ~  best 
linear least.squar~ fit. O, no ir,~tibitor; :~, 1,3mM ~Nibitor; ~ ,  6raM inMbitor; ~ ,  16raM 
inhibitor. 
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Fill. 9. Replots of slopes from transport inhibition experiments, The slopes of the double reciprocal 
plots of the data froqt the experiment shown in Fig. 6 and five $~milar experiments are rcplotted agairL~t 
inhibitor con~tration, The lines represent the best linear kast-squares lit. O, (experiment of Fig. 8 l. 
~, inhibition U t s  with 6-O-(p.toluenesulfonyl) plactose; O, i ,  A, ex4periments with methyl 
6-O-(p-toluenesuifonyi) ~&D-lalactoside. 

l~ibition of  transport in whole celts 
As Fig. $ indicates, 6-O-(p-toluenesulfonyl) ga|actose is a competitive inhibitor 

of the uptake of methylthio ~Salactoside by whole cells. These results are confirmed 
by the reffots of aplmrent dopes and intercepts from five such experiments. In no case 
could a s.~tematic dependence of ordinate inter~'ept~ on inhibitor concentration be 
demonstrated, whereas the dopes (Fig. 9) exhibit x dependence on ~nhibitor concen- 
tration which is linear within experimental error. The apparent gl (slopes) is 5-10 
raM, an order of  magmtude higher than that determined from the in vitro phosphory- 
lation experiments. The inhibitors are apparently not transported i,lto the cells. When 
uptake experiments were performed using the centrtfugation technique (see Materials 
and Methods) with [~H]methyl 6-O-(p-toluenesu~nyl) ~-galactoside as substrate, 
the radioactivity associated with the t~ql pelle~ did tot differ significantly from blank 
values, for aliquots drawn from the cell-sngar ~r ~ure over a period of 30 min. 
However, in similar ex4periments with [t*C]methylt ~ o//-galactoside m substrate, th'~ 
uptake level was at least three times the blaak ~'ah~: within it minute at~er the initial 
mixing. 

DL$CUSSION 

An analysis of this heterogeneous multi-eng,~ e system using the formalism of 
simple steady-state enzymes kinetics cannot of com~- be entirely rigorous, and the 
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absolute ~alues of the kinetic parameters may depend to some extent on undefined 
interactions among the components of the system. However, the data meet the 
minimum ~quirements of reproducibility and linear dependence of phosphorylation 
rate on En':yme IP "c concentration, and the qualitative features of the inhibition 
experiments provide important clues to the mechanism of the phosphorylat/on reac- 
tion and thus (indirectly) to the nature of the transport process. The principal observa- 
tions are: evidence for alternate orders of substrate binding; the persistence of inhibi- 
tion by the substrate analogs of phosphorylation catalyzed by washed membranes 
when both substrates are saturating; the marked difference in the apparent reaction 
mechanism in the presence ofdetergent; the difference between the apparent Ki values 
for inhibition of phosphorylation and of transport. There are certain ambiguities 
inherent in the experimental system. These include the apparent heterogeneity of the 
membrane preparations, uncertainty as to the relative concentrations of P-Factor 
111 "~, P2-Factor !II '°~, and P3-Factor IIi ~', and the reactivities of these phosphory- 
lated species. Our results, therefore, do not permit us to uniquely determine reaction 
mechanism(s), but rather to rule out some broad classes of hypotheses. For this latter 
purpose it is sufficient to rest~rict the discussion to the simplest possible reaction 
sequences. 

If the Enzyme ll jac reaction proceeds by a sequential mechanism, as initial 
,~ iocity studies suggest [7, 9], then the s~mplest reaction pathways will be those given 
below (using the notation of Cleland) and the corresponding kinetic equations will b~ 
those given by Cleland for ordered bi-bi reactions [! 7]. (The order of product release 
is actually immaterial here). 

S Pill  i l l  SP 

I 1 1 T 
E E. S (E. S . PIII-E • SP" Ill) E.  I!1 

Pill S SP 

SequenceB ~ 1 ! 

E 

!!! 

T 
E E- PIll (E. S,  PIII-E. SP. Iil) E.  111 E 

We can use the rules formulated by Cleland [16] for inhibitor effects to rule out 
hypothetical reaction sequences. The usual double reciprocal plots of data from 
experiments performed using cL:fferent fixed levels of inhibitor will display intercept 
effects if an infinite conc:ntration of the variable substrate cannot prevent the com- 
bination of inhibitor with enzyme. There will be a slope effect in these plots if and only 
if the dead-end inhibitor (a sugar analog, in these experiments) binds after the variable 
substrate in the reaction sequence. The phosphorylation inhibition data of Figs. 2 and 
6 where sugar is the variable substrate, thus indicate that the substrate analogs (tosyl 
sugars) bind to the enzyme before sugar (to E in Sequence A or to E •Pl l l  in Sequence 

* Definitions of the symbols used: E is Enzytnc I11'~; S, Pill, 111, and SP are reactant sugar, 
phospho-Factor lip "c, Factor IIP'c, and sugar phosp|,~te, respectively. 
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B). Y!" Sequence A is the exclusive reaction path~a¥~ the Ki determined from slope 
repiots is the true thermodynamic dissociation constant; if Sequence B is significant, 
the apparent Kt (slopes) depends on the Pill  concentration as well. The data of Table 
I thus suggest that the phosphorylation cannot ooct,r entirely via Sequence A. Cort- 
versely, the slope effects observed in the absence of Triton when phospho-Factor III ~'¢ 
is the variable substrate (Fig. 5) indicate that under these conditions at least some 
inhibitor binds before r hospho-Factor III t'~, i.e. the phosphorylation does not occur 
entirely via Sequence [ .  This latter result is consistent with previous reports the.t 
lactc~e l~]nds tightly to washed membranes, even in the abscnce of other phosphc,- 
transfer~se comptments [9]. 

la contrast to the data for washed membrartes, the phosphorylation experi- 
ments in the presence of 0.1 ~ Triton X-100 suggest that very little of the reaction 
occurs via Sequence A under these conditions, since there is no slope effect whea 
phospho-Factor Ill t'¢ is the variable substrate (Fig. 7), and all o ~ the inhibitor must 
therefore bind after phospho-Factor l ip "c. 

A vossible expla~mtion for the apFarent change in reaction sequence in the 
presence of Triton X-100 is a change in the accessil~lity of Enzyme II t'c to phospho- 
Factor 11I t°¢. It seems probable that in the membranes of whole cells Enzyme IP °~ is 
oriented with its sugar site accessible to the outside medium, and its phospho-Factcr 
I!I t'~ site accessible to the cell cytoplasm. A similar orientation seems likely in at lea.~;t 
some of the washed membranes (prepared by scaic irradiation of mechanically 
disrupted cells without treatment to remove cell wall material), bu~: other orienta~ior~s 
are ~dso possible. Some of the Enzyme IP "~ in these preparations might ~hus be 
inaccessible to Factor IIi ~¢ added to the in vitro reaction mixture. The reaction could 
proceed via a sugar-first mechanism such as Sequence A for "sugar-side out" 
membranes and via a phospho-Factor lilt'C-first mechanism such as Sequence B for 
"phosphoprotein-side out" membranes. In the presence of 0. I ~ Triton, accessibility 
to phospho-Factor !!1 t'¢ is evidently enhanced, since very little reaction occurs wia 
Sequence A. There appears to be, no simple way to determine the "natural" sequence 
in vivo. 

It is clear from both Figs. 5 and 7 that saturation with phospho-Factor ill  ~'~ 
does not prevent inhibitor binding, it thus seems that although the phosphohistidin,~ 
residue of phospho-Factor llI lac must, in order to consL, mat¢ the phosphoryl transfer, 
closely approach C-6 of the bound sugar at some time during the phospho~lation/ 
transport reaction, the initial binding of these inhibitory substrate aaalogs is at a site 
so far removed from the phospho-Factor Ill ~c site that the bulky tosyl group at C-6 is 
not significantly hindered by the bound phosphoprotein. Such a separation of binding 
sites, consistent with the idea that Enzyme II ''c must have a sugar site exposed to the 
outside medium and a phospho-Factor III ~c site exposed to the cell cytoplasm, 
implies that a conformation change is required to b~.a~g the bound substrates together 
for phosphoryi transfer. Such a movement could se~ ee to translocat¢ the sugar across 
the membrane. 

In Fig. 2 inhibitor concentration is seen to atkct both the slopes and intercepts 
of the double reciprocal plot. The inhibitor must ~I erefore bind not only to E and 
E. PIll in washed membranes, but also to some ether enzyme form (with Iowe~" 
affinity). The data can be used to eliminate some c ~" s enzyme forms in Sequence X or 
B as targets of the low-affinity binding. The low-sf~nity binding is not to enzyme 
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forms which also bind the inhibit~r at the sugar site (E or E" Plll), since the inhibition 
is linear (Fig. 4); if an inhibitor, ~, can bind to a given enzyme form at two sites, then 
the rate equation will contain terms in I s [18]. The persistence of the inhibition when 
both sugar arA phospho-Factor III ~'c are saturating (Table II, Experiment 2) indicates 
that low-affini;.y binding cannot be to the form E- S. The foregoing implies that the 
low-affinity binding is to the tern,-try complex (E.  S .  !ii), or to E .  SP or E .  I!I. The 
experimental data do not permit us to distinguish b:tween these possibilities. There is 
no obvious explanation for the disappearance of the low-affinity inhibition in Triton. 
The absence of any Iow-alhity inhibition of transport by whole cells can he explained 
more readily. The inhibitor, on the outside ofthe cell, will be unable to bind to enzyme 
forms such as [E. S .  PlII-E. SP" !!i]  or E .  i l l  which most probably exist at the 
inner surface of the membrane. 

The change in apparent Ks (slopes) for tosyl galactosides, from about 0.5 mM 
for inhibition of in vitro phosphorylation "3 5-10 mM for inhibition of transport, 
parallels similar changes in the Michaelis constants for methylthio ~-galactoside and 
other substrates previously reported [13]. These changes may to some extent reflect 
differences in the conformation of Enzyme II ~¢ in membrane preparations and in 
whole cells, but kinetic explanations are possible as well. The apparent Ks (slopes) is a 
t r ,e  dissociation constant independent o~ other parameters in these experiments only 
if t~,e following criteria are satisfied: ( i )  there is no unphosphorylated Factor I i l  "¢ 
p~ ~ nt; (2) the reaction proceeds exclusively by Sequence A, or, if it proceeds via 
$ 4~,:nce B, then phospho-Factor II! u~ is at completely saturating concentrations. If 
t~ese requirements are not met, the apparent Ks (slopes) will be higher than the 
thermodynamic Ks, due to extra terms in the slope portions of the kinetic equations. 
Thus the higher Ks (slopes) for inhibition of transport could reflect the presence of 
intracellular unphosphorylated Factor llV "c or of an intracellular level of phospho- 
Factor I!I ~,c significantly lower (relative to its Michaelis constant) than that in the 
usual in vitro phosphorylation mixtures, or both. The notion that the intraceilular 
supply of phospho-Factor 111 ~c is partially limiting in transport experiments is 
corroborated by the (unpublished) observation iq this laboratory that low galactose 
concentrations actually stimulate methylthio ~-galactoside transport, although 
galactose inhibits the phosphory!ation of this compound in vitro. Presumably the 
increased intracellular level of phosphoenoiFyruvate formed by 8alactose metabolism 
drives the phosphorylation of mo,'e Factor i l l  s ' .  

Dead-end inhibitors are p~rticularly useful probes of reaction mechanism in 
complex enzyme systems such as the lactose phosphotransferase system, since true 
inhibition constants are in certain cases actual thermodynamic parameters, whereas 
Michaelis constants are always complicated functions of the various rate constants 
and reactant concentrations. Furthermore, the presence or absence of slope effects 
can be unambiguously interpreted in terms of reaction order, in the experiments 
described here, the apparent mechanism of sugar phosphorylation catalyzed by mem- 
brane prepvxations was strikingl: altered by the presence of the non-ionic detergent 
Triton X-100 at a low concentration (0. I ~0). Further differences bet'.veen the inhibi- 
tion of membrane-cat~tyzed phosphorylation and sugax uptake by whole cells were 
observed, it would be useful to find dead-end inhibitors of this system other than the 
arylsulfonyl compound, and u.ce them to verify the generality of the effects obser~ l .  
The dependence of the apparent niechanism on ~'he nature of the membrane prer3ra- 
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t ion  sugBests tha t  fu ture  mechanis t ic  s tudies  shoul{: employ  m e m b r a n e s  prepared  unde r  
wel~-defined c~)nditions, a n d  thorough ly  chara~'te a~ed with respect  to the  or ienta t ion  
o f  ~esicular s t ruc tures .  

ACKNOWLEDGEMENTS 

We are  grateful  to Professor  W.  W. Cleland,  D e p a r t m e n t  o f  Biochemistry,  
Univers i ty  o f  Wiscol~sin, who  made  helpful  sugges t ions  conce rn ing  the  kinetic 
analyses ,  a n d  to Profe,. ~or Y. C. Lee a n d  Mr.  T h o r a ~  Glass ,  D e p a r t m e n t  o f  Biology, 
The  Jo[~ ns H o p k i n s  Univers i ty ,  w h o  prov ided  the  [3 l-! ]methyl  6-O-(p- to luenesul fonyl )  
~-galac~oside. Th i s  work  was  suppo r t ed  by G r a m  G M  20211 f rom the  Nat iona l  
lns t i tu  e o f  Genera l  Medical  Science, Na t iona l  Ins t i tu tes  o f  Heal th .  

REFERENCFS 

I Egan, J. B. and Morse, ~ .  L. (1965) Biochim. Biophy~.. &eta 109, 172-183 
2 HangstenberB, W., E|a~, J. B. and Morse, M. 1.. (19671Proc. Natl. Acad. Sci. U.S. 5d, 274-279 
3 Kunt;.g, W. and R.oseman, S. (1971) J. Biol. Chem. 246. 1393-1406 
4 Kur~fil;, W. and Roseman, S. (1971) J. Biol. Chem. 244;. 1407-1418 
5 Ar~terr, on, B., Weipl,  N., Kundil;, W. and Roseman, S. (1971) J. Biol. Chef1. 246, 7023-7033 
6 R~Jmano, A. H., Eberhard, S. J., Dinlgle, S. L. and McDowell, I r. D. (1970) J. Bacteriol. 104, 

7 Nakazawa, T., Simoni, R. D., Hays, J. B. and Rose.nan, S. (1971) Biochim. Biophys. Res. 
Commun. 42, 836-843 

8 HAYS, J. B.. Simoni, R. D. and Roseman, S. (~973) J. ~ol .  Chem. 248, 941-956 
9 Simoni. •. D., ~ays, J. B., Nakazawa, T. and Roseman, S. (1973) J. Biol. Chem. 248, 957-965 

10 Stein, R., Sch~ker ,  O., Lauppe, H. F. and Henilstanhers, W. (1974) FEBS Lett. 42, 98-~00 
il  Simoni, R. D. and Roseman, S. (1973) J. Biol. Chem. 248, 966-976 
12 Korte, F. and Hangstenher|, W. (1971) Ear. J. Biochem. 23, 295-302 
13 Simoni, It,. D., Nltkazawa, T., Hays, J. B. and ]~osemaa, S. (1973) J. E~.)l. Chem. 248, 932-940 
14 Hays, J. B., Sussman, M. L. and Glass, T. W. (1975) $. Biol. Chem. 250, 8834-8839 
15 Flowe,'s, H. M. (1972) Methods in Carbohydrate Chemistry, O*, tlistler, R. W. and IkMil!er, J. N., 

eds.), Vol VI, p. 477, Academic Press, New York 
16 Cleland, W. W. (1963) Biochim. Biophys. Acta 67, 188-196 
17 Ckland, W. W. (1963) Biochim. Biophys. Ac TM 67, 104-137 
18 Ckland, W. W. (1963) Biochim. Biophys. Acta 67, 173-187 


