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SUMMARY 

Urease (EC 3.5.1.5) in buffered sulphite solutions sedimented as a single boundary 
in the ultracentrifuge. An analysis of the boundary shape showed that the material 
was essentially homogeneous in terms of a sedimentation coefficient distribution, 
indicating that,  in the environmental  conditions reported, sulphite effectively revers,+d 
the polymerisation observed earlier, but did not affect the structural integrity of 
the monomer. In contrast, marked heterogeneity was apparent on subjecting certain 
samples to electrophorcsis: the data strongly suggested that the unsymmetrical  
scission of S-S bonds by sulphite introduced-SSOs- groups onto the monomer. 
Moreover, a cyclic mechanism was indicated, involving oxygen as an essential 
constituent,  whereby urease in the presence of sulphite may be converted to an electro- 
phoretically homogeneous modified form with a high mobility. Additional sedimen- 
tation-velocity experiments confirmed the function of dissoh'ed oxygen in this 
respect, and in the formation of polymers in sulphite-froe solutions. 

INTRODUCTION 

In an earlier paper t, it was shown that  urease (EC 3.5.1.5) tends to aggregate in 
solution forming a series of well-defined polymers; bv the action of sulphite, all 
polymeric components are converted to a form possessing the same sedimentation 
coefficient as the monomer, and the enzymic activity is simultaneously increased. 
These findings indicated that  polymerisation occurs by the formation of intermole- 
cular disulphide (S-S) bonds, the reaction with sulphite being due to the scission 
of these bonds. I t  was inferred that the polymers are much less active enzymically, 
whereas the sulphite-modified monomer is highly active. 

Since many kinetic studies have been performed 2-4 on urease in the presence 
of sulphite and othor S-nucleophilic bases, the characterisation of the sulphite-modified 
enzyme is important and further studies of the system have therefore been made. 
This paper deals with three questions raised in the earlier work. (a) Since sulphite 
breaks all intermolecular S-S bonds, some action on intramolecular S - S  bonds might 
be anticipated, leading to partial cleavage or disruption of the monomer. Although 
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only one component could be found in the ultracentrifuge at pH 7-7.5, this is not 
a sensitive test, and accordingly the sedimentation coefficient distribution has been 
measured at pH 7.1. (b) Because the S-S bond is broken to yield one -SSO3H and 
one -SH group n,6, the monomer produced by sulphite action should be heterogeneous; 
electrophoresis experiments have been made to verify this p~'ediction and to indicate 
the extent of modification. (c) Intermolecular S-S bonds could arise either b~ atmos- 
pheric oxidation of -SH groups or by mercaptan-disulphide interchange 7. In order 
to decide between these alternatives, the effect of dissolved oxygen has been studied 
under a variety of conditions. 

EXPERIMENTAL 
Materials 

EnLvme preparations: Urease Sample 6 described previously I and two new 
preparations (Samples 8 and 9), made by a similar procedure, were used in this work. 
The new samples (from a different batch of jack-bean meal) were found to contain 
protein impurities of low electrophoretic mobility; these impurities were removed 
quantitatively by preparative electrophoresis. Ultracentrifugal analysis before and 
after this step showed that  the impurities were responsible for the slowly-sedimenting 
species ( ~ 4 S) previously observed in several preparations of urease. Cysteine hydro- 
chloride was omitted from all stages of preparation of Sample 9, which was stored 
in solution at 2-4 ° in the absence of any protecting agent. The precautions previously 
taken to avoid meta l - ion  contamination were followed. 

The variability of specific activity found ~ among different preparations prohibits 
tile use of activity measurements alone to determine concentrations; accordingly 
all samples were analysed in the ultracentrifuge to identify the species present and 
to estimate the relative proportions. As before, total protein concentrations were 
determined in separate refractometfic experiments. 

Buffers: Analytical grade materials were used; details of composition and pH 
are given in the text. In one experiment, an o--,,gen-free environment was required. 
In tiffs case, purified nitrogen was passed through the boiling buffer solution, which 
was subsequently cooled in a dry box under nitrogen. Dialysis, with several changes 
of buffer, was carried out in the dry box, and the ultracentrifuge cell was filled with 
the enzyme solution in the same environment. 

Solutions were generally dialysed in the cold for 7 days before examination in 
the ultracentrifuge or by electrophoresis, no special precautions being taken to elimi- 
nate oxygen. 

Methods 

Electrophoresis and sedimentation: Previous practices 1 were followed. The method 
of BALDWlX s was used in the determination of the sedimentation-coefficient distri- 
bution: in this method, one obtains an apparent (differential) distribution function, 
g* (~) for the range of s encountered (c[. ief. 9, P. 764 et seq.). The quan tky  ~ is a 
reduced coordinate having the same dimensions as the sedimentation coefficient, s, 
and is defined by the equation 

= [In (r/ro)Jl~o2t 

where r is the radial distance to the point in question, r e the value of r at the meniscus, 
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the angular velocity and t the time. The apparent  distr ibution function (for the 
same value of r) is given by  

g* (s) = ,.'zZ r3(OndOr)/ro2n~ o 

where n,, is the difference in refractive index of solution and solvent, and n, ° i~ the 
init ial  wdue of n¢ before sedimentat ion commences. In  this way, curves of g* (~) 
against  ~ were determined for various t imes during the sedimentation experiments.  
The apparent  distr ibution g* (~) reduces to the true distr ibution g (s) when anomalies 
due to diffusion, and to concentration-dependence of s, are eliminated. Several pro- 
cedures are available, none of which is free from disadvantages.  For the case of urease, 
it was found tha t  the curves of g*(~) against (~) were nearly symmetrical ,  and the 
range o f ,  decreased progressively with t ime;  the la t ter  characterist ic indicates that  
diffusion is a major  factor in the boundary  spreading. Accordingly the extrapolat ion 
method of BALDWI.X m was adopted.  The quan t i ty  (~- ~)2 was determined at values 
()f the rat io g* (*)/g*(*)max equal to 0.2, 0. 4, 0.6, and 0.8 for both sides of the peak. 
The parameter  ~, the weighted mean of the distr ibution of ~8 was calculated in each 
case from the dis tr ibut ion curve; values thus obtained were vir tual ly  identical with 
those found from the maximum of the gradient  curve or from the square root of 
the second moment  n. Three experiments at  different initial protein conce , t ra t ions  
were t rea ted  in this way, four exposures in each experiment being analysed. 

RESULTS 

Sedimenta t ion  

Sedimentat ion velocity e.xperiments on sulphi te- treated urease were carried out 
at  pH 7.1. In phosphate  buffer (pH 7.1) the earlier investigatio~n had shown the pres- 
ence of a I9-S component alone: the ionic s t rength used in this work was 0.27, 
for direct  comparison with the work of SUMNER, GRALEN AND ERIKSSON-QuENSEL 12. 
This observation was confirmed in the present study.  In some experiments at pH 7.1 
at lower ionic strengths,  small proport ions (reaching 5 % in some cases) of a I2-S 
component  have been observed. Conditions under  which this component increases 
in proport ion have been studied, and will be the  subject  of another communication ; 
in the present paper  we shall be concerned only with conditions under which the 
I2-S component is not a complicating factor. The pat terns  obtained were subjected 
to detai led analysis,  with the purpose of detect ing the  presence of components dif- 
ferent from the I9-S, but  not resolved as separate  peaks. 

The apparent  distr ibutions of sedimentat ion coefficient were calculated, and used 
to obtain values of (~- -3)  as a function of t ime (t); then graphs of (~--~)2 were 
plot ted against  e-Vo2t/t where oJ is the angular  velocity. Both leading and trai l ing 
sides of the peak were analysed, but  corresponding values of ( , - -~ )2  were vir tual ly  
identical.  Fig. I a  shows the graph for the  most concentrated solution invest igated;  
the other solutions gave analogous results. Fig. I b  shows the curves for a par t icular  
value of g*(~)/g* (~)max at  different concentrations. The extrapolat ions to infinite 
t ime (zero value of the abscissa) are indicated b y  the dashed lines; since the experi- 
mental  points do not lie on s t ra ight  lines, the  extrapolat ions are to this extent  un- 
certain, but  there can be no doubt  tha t  all values of ( ~ -  g) are close to zero a t  
infinite timc. The behaviour closely re~emhle.~ tha t  of hog thyroglobulin m. The urease 
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used in these experinaents (Sample 6) had shown approx. 3 ° % of polymers prior to 
treatment with qulphite. Thus sulphite.modified urease does not exhibit any measur- 
able heterogeneity at pH 7.1 and 1----- 0.27 in terms of sedimentation coefficient. 
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Fig. I, Time dependence of the  apparen t  sed imenta t ion  coefficient d is t r ibut ion for sulphi tc- t rea ted 
urease. (a) Exper imen t  a t  a concentra t ion of o. 4 %:  curves  refer to g * ( s ) l g * ( Q m o x  values of 0.2 
( < - - : " ) ,  0,4 ( O - - O ) ,  0.6 ( O - - O )  and  0.8 ( E ] - - ~ ) ,  on the  t rai l ing side of the  boundary .  {b) 
Exper iment  a t  a concentrat ion of: 0 . 4% (O- - -Q) ,  0 .2% ( O - - O )  and  o .1% ( × - - × ) ;  g*(s)/ 

g*(~)max = 0.6 in each case. 

E l e c t r o p h o r e s i s  

E x p e r i m e n t s  w e r e  c a r r i e d  o u t  o n  u r e a ~ e  a t  p i t  7.5,  b o t h  w i t h  a n d  w i t h o u t  

~ u l p h i t e ,  a t  i o n i c  s t r e n g t h s  o f  o . I o  a n d  0 .05.  T h e  m o b i l i t i e s  a n d  a p p a r e n t  p r o p o r -  

t i o n s  o f  t h e  v a r i o u s  c o m p o n e n t s  f o u n d  a r e  s h o w n  in  T a b l e  I ,  w h i c h  a l so  r e c o r d s  

t h e  u l t r a c e n t r i f u g a l  a n a l y s e s .  T y p i c a l  e l e c t r o p h o r e t i c  p a t t e r n s  a r e  s h o w n  in  F ig .  2, 

A t  1 = o . i o ,  t h e  m o b i l i t y  r e c o r d e d  for  t h e  u n t r e a t e d  s a m p l e  ( E x p t .  I)  a g r e e s  c l o s e l y  

w i t h  t h e  e a r l i e r  v a l u e  f o u n d  for  t h i s  p H i .  I n  t h e  p r e s e n c e  o f  s u l p h i t e  ( E x p t .  2) t h e  

o r i g i n a l  s i n g l e  c o m p o n e n t  a l m o s t  c o m p l e t e l y  d i s a p p e a r s  a n d  t w o  n e w  c o m p o n e n t s  

a r e  f o u n d ;  t h e s e  a r e  a p p r e c i a b l y  f a s t e r ,  b u t  a r e  n o t  c o m p l e t e l y  r e s o l v e d  f r o m  n n e  

a n o t h e r ,  n o r  f r o m  t h e  s m a l l  a m o u n t  o f  t h e  c o m p o n e n t  p o s s e s s i n g  a p p r o x i r ,  a t e  b 

t h e  m o b i l i t y  o f  t h e  u n t r e a t e d  m a t e r i a l .  

T A B L E  I 

EFFECT OF SULPHITE ON THE ELECTROPHORETIC PROPERTIES OF UREASE AT pH 7.5 

The mobil i ty  values, referring to 1% and electrophoretic (EP) propor t ions  were obtained from 
tneasuretnents  on descending boundar ies  and  apply  to the  componen t s  labelled in Fig. 2; t he  
ul t racentr i fugal  (UC) classification follows t ha t  of Table II  07 CREETH AND NICHOL 1. Verona l -  
chloride buffer was used th roughout .  Exp t .  2a was made  on the  solution recovered from Expt .  2 

after  periodic oxygena t ion  over 14 days.  

Expt. Sample Sulphite I 
No. No. cotw2nlration (M) 

Mobilities (cmtlsec V x io ~) Proportions (%)  EP UC 

z 2 3 z 2 3 z9S 28S 36~ .~ 

l 9 

" 9 
3 8 
4 8 
2a 9 

0.0 O. Io --(J.8 - -  - -  I00 U 

0.03 o . lo  --7.1 --9.3 --9.8 20 5.5 
o.o 0.05 --8.3 --- - -  xoo o 
O.Ol 3 0.05 --8. 4 -~).8 - -  25 75 
0.03 o . lo  --7.I  - -  --9.8 2o o 

o 47 27 26 
25 100 o O 

o 82 13 5 
o ioo 0 o 

80 I00 0 0 
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At  I = 0.0 5 (Expts.  3 and 4), similar behaviour  was observed,  wi th  two minor  
differences. First ly,  the untre~,ted sample gave a peak  which showed appreciable  
he te rogene i ty  (Fig. 2c); thi~ contrasts  wi th  the  single syrmnetr ical  peak found at 
I ---- o . Io  (Fig. 2a). This  is expected  because of the  high polymer  conten t  and  the fa,-t 
tha t  e lect rophoret ic  resolution is increased at  lower ionic s t rengt t?  t,~'. I t  was shown 
previous ly  tha t  observable  , lect lophcwetic  he te rogene i ty  would not be expected  at 
I = o.Io.  The  weight -average  ~aobilitv at I -~ o.o 5 agrees within  3 % of tha t  expected  
f rom the mobi l i ty  at I = o.Io,  af ter  applying the  correctio~a described by  Am~A.xI:,o?:, 
MOVER ,~Yt) Goixlx ";. In the presence of sulphite  at I =; 0.o5 (Fig. 2d), only two rec- 
ognisable components  were found, ~,f which the  faster  was a new species. Again,  

(d) 
I 2 

(e) . . . _ . _ ~  
] 3 

Fig. 2. Electrophoretic patterns for urease under the conditions described in "Fable [ : the patterns 
at l =-: o.l were obtained 4 rj 11 at '-5 V/cm, those at I = 0.0 5 after 2- 3 h at 5 V/crn; patterns 

(a) through (e) correspond to Expts. I, 2, 3, 4 and 2a of Table I, respectively. 

the  resolut ion f rom the  slower componen t  was incomplete .  The  mobi l i ty  of the  new 
component ,  a f ter  correct ion to 1 = o.Io,  becomes - -8 .3"  lO -5 cm2/sec V. This  differs 
apprec iab ly  f rom the  values  found for any  componen t  at  1 = o.Io,  so the new species 
cannot  be identif ied wi th  any  produced at  the  higher  ionic s t rength .  

The  mobi l i ty  values,  and par t i cu la r ly  the  e lec t rophoret ic  propor t ions  shown in 
Table  I are subject  to unaw) idab ly  large errors (due to the  low urease concent ra t ions  
employed) ,  and  are therefore  only  approx imate .  Nevertheless ,  t hey  are sufficient 
to  show tha t  the faster  e lec t rophore t ic  species cannot  be produced solely f rom the  
polymer ised  f ract ion of the  or iginal  urease:  in Ex-pt. 3, for example,  the  u l t racen-  
t r i fugal  analysis  showed tha t  only  20°0 of the  enzyme  was present  in polymer ic  form, 
whereas  the  e lec t rophore t ic  analysis  of Exp t .  4 ind ica ted  tha t  about  th ree-quar te r s  
of the  su lphi te - t rea ted  mate r ia l  had  a h igher  mob i l i t y  than  the  original.  The  results  
at  h igher  ionic s t reng th  are s imilar  in this respect ,  and  i t  must  therefore  be inferred 
tha t  par t  of the  m o n o m e r  can be conver t ed  in to  the  faster  e lec t rophore t ic  species. 
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T h e  effect o f  oxyge,',, on  urease  so lu t ions  

The apparent conversion of urease monomer to the more mobile form by sulphite, 
and the phenomenon of polymer formation in sulphite-free solutions, may both be 
interpreted (see below) in terms of the direct reaction of -SH groups with dissolved 
ox-3"gen. The effect of oxygen on the following systems was therefore investigated: 
(a) native urease, free of protecting agent (b) sulphite-modified enzyme after removal 
of sulphite (c) sulphite-modified enzyme in the continued presence of sulphite. The 
ultracentrifuge results obtained in this part of the investigation are shown in Table II. 

The first two experiments in Table II  refer to native urease solutions, and show 
that an appreciable proportion of monomer is converted to polymers by 24-h contact 
with oxTgen; the experiment was prolonged over a further three days, but  it was 
then found that  all components specified had precipitated, and the solution was not 
enzynfically active. 

TABLE lI 
E F F E C T  OF O X Y G E N  ON U R E A S E  S O L U T I O N S  AT pH 7.5 A N D  I = o .  IO 

Expts. t and 2 refer to separate portions of cysteine-free urease solution (Sample No. 9) while 
Expts. 4 and 5 were performed on portions of the solution obtained in Expt. 3- 

"UItracentrifugal proportions (%) 
Expt. Treatment No. 19S 28S 36; S 

i None 47 "7 26 
z Saturated with oxygen, stood 24 h 37 "7 36 
3 Na2S() z (o.o 3 M) stood 7 days lOO o o 
4 Na~SO a removed by dialysis against 

oxygen-saturated buffer over 3 days 85 i 2 3 
5 Na.,SO 3 removed by dialysis against 

oxygen-free buffer over 3 days ioo o o 

The remaining results in Table II  refer to sulphite-treated materials. They show 
that, after the removal of sulphite, dimers and trimers of urease may  be formed 
extensively from the modified monomer when oxygen is present;  no polyrnerisation 
,,:curs, however, when oxygen is excluded. 

The effect of o~,,'gen in the presence of sulphite was determined by eleetrophoretic 
measurements in addition to ultracentrifugal analysis. A typical result is recorded in 
Table I (Expt. 2a). As expected, polymerisation does not occur, but the component 
of intermediate electrophoretic mobility observed before oxygenation is no longer 
present;  instead, at least 8o % of the protein moves as a sharp symmetrical peak 
with a mobility corresponding to the fastest component previously observed (Fig. 2e). 
I t  is therefore concluded that  oxygen, in the presence of sulphite, converts most of 
the urease to a fairly homogeneous modified form with a high mobility. 

DISCUSSION 

In the calc,aJ:mons of the sedimentation-coefficient distributions, the extrapolation 
procedure to infinite time eiiminates the effect of diffusional spreading, but  makes 
no explicit allowance for concentration-dependence effects. This is a recognised dis- 
advantage of the method, but  is not a serious limitation on the result, provided that  
the experiment is conducted at a concentration where s is within Io % of s ° (see 
ref. I0). Tiffs condition was fulfilled even for the most concentrated solution used; 
the more dilute solutions showed no trends indicative of greater heterogeneity. The 
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results therefore show that  vir tdal lv  all intermolecular S-S bonds are broken a t  
pH 7.1 and I -~ 0.27, while s t ructural ly  significant S-S bonds are unaffected (com- 
pare CECIL AND WAKE17). 

The minor electrophoretic heterogeneity found in polymer-containing urease 
solutions at h)w ionic s trength (Fig. 2c) may  be ascribed to the differences in frictional 
coefficient between the polymers, the charge of the monomer being largely conserved 
in the polymerisation process. In contrast  with this situation, the more marked 
heterogeneity of sulphi te- treated urease (free of polymers) can only be ascribed to 
differences in charge between molecules whose friction-1 coeffi,-ients are vir tual ly  
identical.  This behaviour may  be interpreted,  and correlated with tile ultracentrifugal 
results, on the basis of the mechanism proposed by  BAILEY AND COLE TM for the reaction 
of protein S-S bonds with sutphite in the presence of an oxidizing agent. In the pre:~ent 
context ,  the relevant reactions are: 

RSSR -" SO.~ 2- k, . RS- 4- RSSO~- (t) 
' ' ~ k - I  

RS--- + H" ~ RSH (2) 

2RSH p ~() --- RSSR + }I.z() (3) 

Thus a pa thway  is provided for the conversion of nat ive monomer to the modified 
form RSSO3-; the possibil i ty of sulphite action on a structu,  ally unimportant  S-S 
bond in the  monomer cannot,  however, be excluded. 

In  the presence of sulphite, and when oxygen is not specifically excluded, the 
presence of a var ie ty  of monomeric species would be ant icipated,  depending on the 
number of S-S bonds involved in dimerisation, the direction of the unsymmetrical  
scission an'2 the extent  of Reaction 3- This agrees with the observed electrophoretic 
behaviour  (Expts.  2 and 4 in "Fable I) the new components of b.igher mobil i ty  than 
the original being identified with monomeric urease in which -SSO~-- groups have been 
par t ia l ly  subst i tu ted for the - S H  originally present;  at pH 7-5, the former group 
is ionized but  the la t ter  is not 19. Wi th  excess oxygen, Reaction 3 becomes important ,  
and  a greater  degree of conversion to the fully-sulphited form (of highest mobility) 
would be expected.  This is realised in practice (Expt.  2a in Table I). The complete 
conversion of RSH to RSSOs- would not be ant ic ipated on a more detailed model, 
since the  introduct ion of -SSO 3- groups in the neighbourhood of a susceptible - S H  
group must lessen the probabi l i ty  of dimerisation. 

The role of oxygen as an essential consti tuent of the polymerisation process, 
suggested by the electrophoretic results, is confirmed by  the ultracentrifugal analyses 
of preparat ions  from which the sulphite was removed (Table II). This is substantial  
evidence in favour of the direct oxidation mechanism rather  than tha t  involving 
mercaptan-disulphide  interchange. The relative s tabi l i ty  of urease solutions reported 
previously is explained by  the presence of the protect ing agent cysteine. 

The observation tha t  sulphi te- treated urease gives a single peak in the ultra-  
centrifuge is not  itself sufficient to show tha t  Reaction I goes far to the right, since 
a monomer-dimer system in rapid  equilibrium gives a single peak also '2°,21. Hov:ever, 
the sedimentation-coefficient distr ibution of sulphite-treated urease is centered about 
the I9-S component alone, and  the sedimentat ion coefficient-concentrat ion curve 
has a negative s lope"  these findings indicate tha t  rapid equilibrium does not  occur. 
The observation tha t  the electrophoretic boundaries do not resolve completely is there- 
fore a t t r ibu ted  to the presence of a range of fi*Jlnponelit5 ra ther  than to eq,2i!ibrium 
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The most  probable  in te rp re ta t ion  of the  resul ts  is t h a t  the  equi l ib r ium posi t ion 
for Reac t ion  I,  unde r  the  condi t ions  of p H  and  sulphi te  concen t ra t ion  used, lies far 
to the  r ight ,  and tha t  the  ve loc i ty  cons tan t  k_~ is ra ther  smal l ;  the  l a t t e r  would  he 
expected  from the  large nega t ive  e n t r o p y  of ac t iva t ion .  Reac t ion  3 will  be slow for 
a s imilar  reason;  it  mus t  be no ted  tha t  this  react ion takes  precedence  over  the  oxi- 
da t ion  of sulphi te  to sulphate .  

The  e lec t rophore t ic  mob i l i t y  va lues  found for the  var ious  componen t s  allow 
a rough calcula t ion of the  n u m b e r  of - S S O  3- groups which h a v e  been subs t i tu ted  
for - S H  in the  react ion wi th  sulphite.  The  l imi ta t ions  on the  accuracy  of th is  t y p e  
of calcula t ion have  been discussed previouslyL2~-, bu t  the  urease  ~ystem is one where  
ma jo r  errors are no t  an ' . icipated.  Us ing  the  same molecular  pa rame te r s  as before l, 
one ob ta ins  - -47  for the  charge  of the  na t ive  urease m o n o m e r  at p H  7.5. The  faster  
species (Components  2 and 3 in Table  I and  Fig. 2) give the  values  - - 6 2  and - - 6 5  
respect ively.  These va lues  are all  increased by  about  .-o o/,,o if a smal l  degree of molecular  
a s y m m e t r y  is a ssumed;  the  differences are accord ing ly  largely  i n d e p e n d e n t  of the  
model  used. These  figures imp ly  tha t  about  20 - S H  groups on the  m o n o m e r  m a y  
be conver t ed  to - S S O 3 -  by  w a y  of p re l imina ry  S -S  bond  format ion .  I n c o m p l e t e  
convers ion would  resul t  in the  presence of a large n u m b e r  of d i f ferent ly  modif ied 
species, possessing v e r y  smal l  differences in mob i l i t y ;  this  could well  account  for 
the  incomple te  resolut ion observed.  HELLERMAN, Cm~'ARD AND DEXTZ 2a repor ted  
about  22 ac t ive  - S H  groups  in urease  which reac ted  wi th  p -ch lo romercu r ibenzoa te  
wi thou t  appreciable  loss of enz)nnic a c t i v i t y ;  these groups  m a y  reasonab ly  be ident if ied 
wi th  those invo lved  in - S S O  s- subs t i tu t ion .  
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