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pK Change of Imidazole Groups in Bovine Serum Albumin 

Due to the Conformational Change at Neutral pH*

B. J. M . H arm sen .t S. H . D e  Bruin, L . H . M . Janssen, J. F . R odrigu es D e  M iranda, and G . A . J. V an  O s

a b s t r a c t : T he pH -dependent change in  conform ation  o f  

bovine serum  album in , located  betw een  p H  6  and  9  (neutral  

transition), w as studied  by m eans o f  op tical rotation  m easure-  

m ents a t 313 nm  and hydrogen ion  titration  experim ents, both  

in  the presence o f  KC1 or CaClj. T h e optical rotatory d is-  

persion m easurem ents revealed that w ith  C aC l2 the transition  

proceeds a t low er p H  values and w ith in  a  sm aller p H  range  

than  w ithou t calcium . F rom  an  analysis o f  th e  titration  curves,  

com bined w ith  the observed influence o f  calcium  io n s o n  the  

neutral transition , it  cou ld  be concluded that th e  transition  

causes a  pK  sh ift o f  certain  groups, probably im idazole groups,

since as a  consequence o f  the pK  sh ift protons are released in  

th e  neutral region. T hat these groups are indeed im idazole  

groups w as further confirm ed by m easuring th e  apparent heat  

o f  p ro ton  d issociation . T he highest pK  w as found  in  the low  

pH  conform ation . T his suggests that in  th is conform ation  

several h istidyl residues are involved  in  sa lt bridges. T h e effect  

o f  calcium  on  the neutral transition  indicates th a t th e  affinity  

o f  a lb um in  for protons decreases u pon  calcium  binding. The  

relation  betw een  calcium  and proton  binding to  album in  

sh ow s m uch resem blance w ith  th e  Bohr effect o f  h em oglobin ,  

i.e., th e  relation  betw een oxygen  and  proton  binding.

t has been estab lished  by several m ethods that bovine serum  

album in (herealter referred to  as the album in) show s a  con -  

form ational change betw een  p H  3.5 and 4 ,5 , w hich  is  callcd  

t h e  n e r m a M a s t  o r  N F  t r a n s i t i o n  ( A e k i  a n d  F o s t e r ,  1 9 5 6 ,  

1957; F oster , 1960; Sogam i and F oster, 1968) and a  change in  

conform ation  roughly betw een  p H  6 and 9 (Leonard e t al.,  

1963), the neutral transition . T he N F  transition  can be ex-  

plained (F oster, 1960) by assum ing that the album in  m olecu le - 

contains fou r com pact parts or '‘subunits,” held  together by  

the peptide backbone itself. Later on  evidence has been p r e - , 

sented for a  three- or four-subunit m odel (B loom field , 1966;  

Peters and  H aw n , 1967; Franglen  and Swaniker, 1968; Peder-  

son  and F oster , 1969). W hen  th e net charge o f  the m olecu le  

increases a  rearrangem ent o f  th e  subunits occurs, resulting in  

an exposure o f  th e  interfaces betw een the com pact fo lded  

parts to  the so lvent and  consequently in  unm asking o f  certain  

groups. O nly a sm all rearrangem ent is supposed  to  happen  at  

the neutral transition  because hydrodynam ic param eters  

rem ain nearly con stant (Tanford and  B uzzell, 1956; Leonard  

et a l., 1963). A t the N F  transition  w hich is accom panied  by  

an  appreciable change in  these param eters (Sogam i and  

Foster , 1968), presum ably a  m ore drastic rearrangem ent  

occurs w hich probably reflects an  increase in  d istance betw een  

the subunits.

Experim ental data point to  th e  idea that besides tyrosyl  

residues (H erskövits and L askow ski, 1962; O hkubo, 1969)  

a lso  carboxylate groups are involved  in  the subunit inter-  

action s since it has been  found  by Vijai and  F oster (1967) that  

in  the native form  o f  the protein  on ly  about 60 o f  the approxi-  

m ately 100 carboxylate groups are available for protonation .  

T hese'au th ors suggest that probably é-am ino groups partici-

*  F r o m  the Laboralory o f  Biophysicat Chemistry, University ó f  

Nijmegen, Nijmegen, The Netherlands. Receioed April 5,1971. 
t  To whom to a d d r e s 3  correspondence.'

p ate as cation ic partners o f  the m asked carboxylate groups  

in  th e  electrostatic in teractions betw een th e subunits in  the  

p H  region betw een the N F  transition  and  the neutral transi

t i o n .  T h i s  w o u l d  b e  i n  a e c o r d  w i t h  t h e  r e s u l t s  o f  G o i d f a r b

(1966), w h o  fou n d  indications for the presence o f  m asked  

€-am ino groups. H ow ever, it cannot be ruled o u t that other  

ca tion ic  groups such  as im idazole or guanid in ium  groups are  

also  invo lved  in  th is m echanism . Som e evidence fo r  the par-  

tic ip ation  o f  guanidinium  groups is presented by Barré and Van  

H u o t (1965). S o  far, how ever, the presence o f  m asked im ida 

zo le  groups has not been show n, although  D ecker and Foster

(1967) had  to  assum e, in  order to  exp lain  their titration  re 

su lts , th e  presence o f  10 h istidines w ith  a fairly h igh  pK  o f  

a b ou t 7 .5 . T his increase in  pK  can be caused  by negative  

charges located  near th e  im idazole groups and  therefore could  

be an  ind ication  that these groups are involved  in  th e  form a-  

t io n  o f  sa lt bridges. O n the other hand, D e  B ruin  (1969) found  

a  som ew hat anom alous tem perature dependence o f  the hydro 

gen  io n  titration  curve o f  the album in in  th e  p H  region o f  the  

neutral transition , which cou ld  n ot be exp lained  m erely by  

assum ing the existence o f  tw o classes o f  h istid ine residues.

B ecause th is abnorm al behavior m ight be linked  to  the  

neutral transition , w e m ade a  m ore detailed  study o f  this  

transition  by m eans o f  op tical rotation  m easurem ents at 313 

nm  (c /. Leonard e t al., 1963) and differential hydrogen ion  

titration  curves. A lso  the influence o f  the b inding o f  C a 2+ 

io n s (K a tz  and  K lo tz , 1953; H arm sen, 1970) o n  the neutral 

transition  w as studied. T h e results strongly  ind icate th e  exis 

ten ce o f  im id azo le groups, w hich sh ow  a  pK  sh ift due to  the  

change in  conform ation  during the neutral transition .

M ateria ls an d  M ethods

B ovine serum  album in w as ob tained  from  th e  N utrition al  

B iochem icals C orp. (four-tim es crystallized) and  deionized

b i o c h e m i s t r y ,  v o l .  1 0 ,  n o .  1 7 ,  1 9 7 1  3 2 1 7



h a r m s e n  e t  al .

f i c u r e  1: Specific rotation at 313 nm  as a function o f  pH  in the  

presence o f  K.C1 (O) or CaCls ( • ) .  Ion ic strength 0 .06 (a) or 0 .20  

(b). Protein concentration 0 .5  %; temperature 25 °.

t a b l e  i:  M idpoin t and Steepness o f  th e  [a ]3u  os. p H  Curves  

(see  F igure l ) . e

ƒ Salt p H 5o ApHio. to

0 .0 6 KC1 8 .1 0 1 .2

0 :0 6 CaGlj 1-M 0 :7
0 .2 0 KC1 7 .9 0 1 .5

0 .2 0 C aC l2 7 .0 0 0 .6

<■ T h e accuracy o f  the tabulated  values is  ab out ± 0 .0 5  for  

pHso and  ± 0 .1  for A pH i 0 ,«0. /  is  th e  io n ic  strength o f  the  

solution.

by passing through  a m ixed-bed ion-exchange colum n (A m ber-  

lite  IR A  400 and  IR  120). C oncentrations were determ ined  

spectrophotoraetrically  using ê J™ =  6 .67  a t 279 nm  or by  

drying a t  105° in  air to  con stant w eight. A ll other m aterials  

were analytical grade (M erck , D arm stadt, G erm any).

D ifferentia l titration  curves w ere determ ined as described by  

D e  Bruin  and  V an O s (1968) an d  Janssen et al. (1970). T he  

so lu tion s were brought to  th e  desired ion ic strength w ith  KC1 

or C aC l2 and  titrated  under n itrogen w ith  carbonate-free  

N a O H  a t 24.9 or 5.0 ±  0 .0 5 °. F rom  the titrations a t the tw o  

tem peratures th e  apparent heat o f  th e  proton  d issociation  w as  

calcu lated  (T anford, 1966). T h e protein  concentrations w ere  

1-2% , T h e titration  charge o f  the protein  w as calcu lated  

assum ing a m olecular w eight o f 69,000.

T h e op tica l r o t a t i o n  a t  313 nm  w as m easured w ith  a  J a s c o  

spëctröpölarlm eter, M od el O R D ~ C D “ UV*3s equlpped  w ith  

a  450-W  xen on  lam p. C ells w ith  a  path  length  o f  !=Sr 10 m m  

were em ployed . S ince th e  change in  op tica l rotation  at the  

neutral transition  is  on ly  ab out 4% , the cell contain ing the  

protein  so lu tion  w as p laced  in  series w ith  a  cell filled w ith  a  

so lu tio n  o f  sucrose o f  such  a  concentration  that the rota tion  

o f  the album in  so lu tio n  a t p H  5 -6  w as nearly com pensated.  

In this w ay it  w as p ossib le  to  m easure th e  sm all change in  

op tica l rota tion  w ith  g o o d  accuracy. T he pH  o f  a  sam ple w as  

varied using sm all increm ents o f  base. T he observed rotations  

were corrected  for d ilu tion  caused  by these additions. T he  

specific ro ta tion , [a], w as calcu lated  as [a] =  100a/cl, where  

a  is th e  rota tion  angle, c  th e  p rotein  concentration  (g /100  m l),  

and l  th e  op tica l path  length  (dm ). > -

R es ults and  D iscu ssion

Figure 1 sh ow s the specific ro ta tion  at 313 nm  as a  fun ction  

o f  p H  in  th e  presence o f  KC1 or C aC l2 a t /  =  0 .06  an d  0.20. 

T he sm all decrease in  specific ro ta tion , [a], w ith  increasing  

pH  reflects (L eonard  et al., 1963) th e  change in  con form ation  

occurring at neutral p H . It is  strik ing, as the figure show s,  

that in  presence o f  C a 2+ io n s th e  neutral transition  steepens  

an d  sh ifts  to  low er p H  values.

T o  characterize th e  transition  curves w e use the m idpoint  

o f  the curve p H  r,n, l >\, the p H  value a t w hich th e  change in  

t«]sia is 50%  o f  the m axim um  change and the steépnèss o f  the  

curve ApHio.Do, i.e., th e  p H  difference betw een th e  po in ts  

w here th e  change in  [a ]3u  is .10 and  90%  o f  th e  to ta l am plitude.  

In T ab le I th ese  param eters are g iven  for the m easurem ents  

sh ow n  in  F igure 1. It is seen  th at i f  KC1 is replaced b y  C aC lj  

w ith ou t changing th e  io n ic  strength  a  decrease in  p H 60 o f

a b o u t 0 .85  unit is observed, and  that ApHio,*o is ab out tw ice  

as low .

T h e sh ift o f  the neutral transition  to  low er pH  as judged by  

th e  op tica l rotation  m easurem ents is consistent w ith  the  

results o f  G ram s et al. (1967), w h o  fou n d  that a t constant  

io n ic  strength and pH  th e  h ydrogen-tritium  exchange w as  

enhanced  w hen  C a a+ ion s were present.

T h e norm al titration  curve o f  liganded  and unliganded  

album in  is show n in  Figure 2. Z H represents the m ean charge  

o f  th e  protein  d ue to  p roton  binding. A s is seen  th e  tw o  curves  

are parallel b elow  pH  6  and ab ove pH  9  and  in  b oth  pH  re- 

gion s a t a b ou t the sam e distance. B etw een  these p H  values  

th e  affinity o f  album in for p rotons is decreased upon  C a 2+ 

binding. T h is m eans that in  th is p H  region  protons are given  

ofT by a lbum in  w hen C a l+ is bound. H ow ever, the to ta l num -  

ber o f  groups titrated  betw een ab out pH  6 and  9.5  is  in  both  

e a s e s  n e a r l y  t h e  s a m e .  T h i s  m e a n s  t h a t  i n  t h i s  p H  r e g i o n  t h e  

in tegral o f  th e  buffer capacity A ZH/A pH  is ab ou t the sam e in  

b o th  cond itions. This is a lso  clear from  F igure 3, where the  

differential titration  curves, — (A pH /A ZH) vs. Zn, are given.

T h e tw o  curves coincide above Zn  =  — 5 and  b elow  Z H =  • 

—25; betw een  these tw o  Z H values a  sh ift in  buffer capacity  

is  fou n d  from  the region below  the crossover po in t o f  the tw o  

curves to  the region above this p oint. A  striking fact is the  

very lo w  value o f  — (A pH /A ZH) =  0.080 a t the m inim um  in  the  

curve for album in in  th e  presence o f  C a 2+ ion s.

F igure 4  presents the difference in  protons bound a t the  

sam e p H  by liganded and unliganded album in , respectively.

T h e curve is a direct m easure for the change in  p rö ton  affinity  

o f  th e  p rotein  upon  C a 2+ binding. T he m axim um  change is  

fo u n d  around the p hysio logical p H . A  direct consequence o f  

th e  finding th at the proton  affinity o f  the p rotein  is influenced  

by C a 2+ ion s is that a lso  the C a 2+ io n  affinity sh ou ld  be affected  

by h ydrogen  ion s (W ym an, 1968). A ccording to  W ym an (1968)  

th e  to ta l change in  C a 2+ affinity betw een  tw o  p H  values is  

p rop ortional to  /A Z d p H  o f  th e  curve in  F igure 4  betw een  

these tw o  pH  values. H ow ever, C a 2+ binding experim ents  

are to o  inaccurate to  give go o d  data in  th is respect.

T h e in teraction  betw een the b inding o f  C a 2+ and  protons  

is an alogous to  the interaction  found  betw een  th e  oxygen  and  

p ro to n  b inding sites in  h em oglobin . In  th e  case o f  hem oglobin  

it  is  generally accepted  (Perutz, 1970) th a t th e  conform ational  

chan ge w hich takes p lace u pon  oxygen ation  breaks up som e  

sa lt bridges, w hich  results in  a  low ering in  pK  o f  the p ositively  * 

eharged partner» o f  th&w tó lt b fidges; thi* in  torn  low érs the  

p H .

W e believe th a t a lso  in  th e  case o f  a lbum in  th e conform a 

t io n a l change in  th e  neutral p H  region  co u ld  serve as an

3218  b i o  C H E M I S T R Y ,  V O L ,  1 0 ,  N  O .  1  7 ,  1 9 7 1



I M I D A Z O L E  G R O U P S  I N  S E R U M  A L B U M I N

f i g u r e  2: Norrnal titration curves o f  bovine serum album in in  

KC1 (O) or CaClj (O). Ionic strength 0 .06; protein concentration  

2% ; tem perature 24.9°.

exp ianation  for th e  a llosteric effect show n by the titration  

curves, assum ing th at it  triggers som e pK  sh ifts. S incc, how -  

ever, the change in  conform ation , a s judged  by th e  op tical  

rotation  m easurem ents occurs a lso  w hen  C a 2+ ions are ab 

sent, th e  influence o f  C a ,+ b inding o n  the proton  affinity  

m ust consequently  be interpreted as a direct influence o f  these  

io n s o n  th e  conform ational change.

The groups which show a pK shift are very probably im- 

idazo le groups, because th is k ind  o f  groups are m ainly titrated  

in  the neutral region , though  th e  single term inal am ino  group  

can n ot b eexclu ded .

A priori it  is a lso  p ossib le  th a t th e  pK  sh ift o f  the im idazole  

groups is on ly  caused b y  binding o f  calcium  ion s and th at the  

conform ational change has noth ing  to  d o  w ith  it. Supposing  

th a t th e  num ber o f  b inding sites for calcium  ions is th e  sam e  

in  the tw o  conform ations o f  a lbum in , th is exp ianation  can  be  

ruled ou t by the fo llo w in g  reasoning. A ccording to  D e  Bruin  

an d  V an O s (1968) w e can  w rite for th e  reciprocal o f  th e  buffer  

capacity o f  a  n ative protein  th e  relation

dpH

"d Z H
=  0 .8 6 8 ^  +

I

2 . 3 0 3 y i / i . « . ( l  —  ai)
(1)

w here «, is the num ber o f  groups o f  class i, a ,  the degree o f  

ion ization  o f  these groups, an d  *v (T anford, 1966) the electro-  

static in teraction  factor. Sup pose n ow  th at the on ly  conse-  

quence o f  C a 2+ b inding is th a t som e groups change their pK, 

th en  th e  question  arises: Is it  reasonable to  expect th e  above  

m entioned  lo w  value fo r  —(A pH /A Z H)  (oiz., 0 .080) a t the  

m inim um  o f  the curve in  F igure 3 ?

E quation  1 learns in  th is respect th a t in  the p H  region  con-  

sidered (th e im id azole region) the low est possib le  va lu e for  

— dpH /dZn) is  ob tained  w hen  all im id azo le groups are identi-;  

cal, w hich m eans th at they  have th e  sam e pK, and w hen  a tm =  

0 .5 ; in  th e  neutral region  th e ion iza tion s o f  other groups are  

a ll very near to  zero  or to  o n e  and  d o  n o t  contribute therefore  

to  the sum  in  the den om in ator o f  eq  1; » Im as given by the  

am in o  acid  analysis (Spahr an d  E d sa ll, 1964) is 18; a t /  =

' #4  ~h

f i g u r e  3: D ifferenlial titration curves o f  bovine serum album in in 

KC1 (O ) or C aC li (o). Ionic strength 0 .06; protein concentration  

2% ; tem perature 24.9°.

0.06 , 0 .868iv is ab out 0 .030 (Tanford, 1966). S o  w e calculated  

that th e  low est value o f  —(dp H /d Z n ) =  0 .130 , w hich  is m uch  

higher than  experim entally is found. T h is b ig difference be-  

tw een  calcu lated  and experim ental buffer capacity  rules ou t  

in  our op in ion  the above expianation.

It is  still possib le that C a 8+ ions d o  indeed  influence directly  

th e  pK  o f  im id azo le groups, but that due to  the fact th a t C a 2+ 

ion s b ind presum ably m ore to  the high pH  con form ation  than  

to  the lo w  p H  form , the sh ift in  pK  is m ain ly  fou n d  in  the  

high p H  conform ation . In this w ay the change in  conform a 

t io n  rem ains effectively involved . In  fact, th is exp ianation  is  

ind istingu ishable from  our first p roposal. H ow ever it  does not  

answ er the q u estion , w hy im idazole groups have a n  abnor-  

m ally  h igh p&  value in  th e  lo w  p H  con form ation . T o  answer  

th is q u estio n  th e  existence o f  sa lt bridges has to  be assum ed  

an d  com bined  w ith  the change in  con form ation  th is m akes our  

first p rop osa l m ore likely. T hat th e  change in  con form ation  is  

th e  d irect cause o f  pK  sh ifts is  a lso  supported  by th e  fact that

f i g u r e  4: Difference in protons bound by bovine serum  album in  

in  the presence and absence o f  calcium  ions. T h e curve w as ob 
tained from  the data  o f  Figure 2.
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f i g u r e  5 :  H eat o f  d issociation  AH  (kcal/m ole) o f  bovine s e r u m  

album in in  KC1 (O ) or C aC li (C ). AH  w as calculated from  the titra-  

tion  curves m easured at 24.9 and 5 .0°. I  =  0.06.

in  absen ce o f  Ca*+ ion s th e  change in  conform ation  a lso  

sh ifts to  low er p H  u pon  increasing th e  io n ic  strength on ly  

(Leonard e t al., 1963) and  th a t a lso  in  that case a  crossing-  

over o f  th e  differential titration  curves is  found  (S. H . D e  

Bruin et al., unpublished  data).

T h at a  chan ge in  pK  o f  im id azo le groups due to  a  change in  

conform ation  com b ined  w ith  an influence on  it o f  C a J+ ion s  

can  exp lain  the anom alou sly  h igh buffer capacity  can easily  

be understood  i f  it  is taken  in to  consideration  th at an  abrupt  

p.8f sh ift o f  a  group— from  a  high to  a  low er value— forces  

th is group to  release its  p ro ton  very suddenly, and th is re-  

quires an  extra am oun t o f  base for being neutralized.

T h is phenom en on  is  a lso  observed  w hen  deoxyhem ogjobin  

is  oxygenated; due to  th e  accom panying sh ift in  pK  o f  the  

Bohr groups N a O H  has to  b e added to  keep  the p H  constant.  

In  other w ords, w e are confronted  in  th is case w ith  an  in iin ite  

buffer capacity. T h e m ain  difference w ith  album in is  that the  

change in  con form ation  is n o t induced  by the b inding o f  C a J+ 

ion s on ly , as th e  b inding o f  oxygen  does in  th e  case o f  h em o-  

glob in , but that on ly  th e  p H  region o f  the transition  and  its  

sharpness are influenced by these io n s .1

T hat th e  groups invo lved  are im id azo le groups is strongly  

supported by th e  curves sh ow n  in  F igure 5, w hich represent  

th e  h eat o f  p ro ton  d issociation  AH  vs. Z H a t con stant ion ic  

strength  in  C aC l2 or KC1, respectively. It is  seen  th at in  both  

cases b etw een  Z H =  — 8 and  — 17, w here due tp  the b inding o f  

C a 2+ ion s th e  buffer capacity  is  sharply increased, AH  is  

ab out 7  k ca l, a  va lu e characteristic for im id azo le groups. T he  

slight difference in  p o sitio n  o f  th e  tw o  curves is probably  

system atic in  origin  and  d oes n ot interfere w ith  our con clusion  

concerning th e  identity  o f  th e  groups, w hich  sh ow  a p  K  sh ift.

T o  sh ow  th at our exp lan ation  given  so  far can  serve as a  

description  o f  th e  anom alou s titration  behavior and  especially  

o f  th e  h igh  buffer capacity  o f  a lbum in  after C a 2+ b inding, w e

1 The phenomena described were also studied under more physio-  

logical conditions. Two solutions were compared which contained the 

same concentraticms o f  NaCt and KC1 as in bovine serum. To one o f  

them also S mequiv o f  CdCh and 2.5 mequiv o f  MgCls were added per 

1. while to the other solution so mach NaCi was addëd that the total 

ionic strength o f  both solutions was the same ( /  ■* 0.16). The albumin 

concentration was 29.3 g/1. The values o f  pHso, ApHio.jn, and -A p H /  

AZu (in the minimum o f  the titration curve) were 7.65, 0.8, and 0.103 

for the Ca and Mg containing solution and 8.11, 1.6, and 0.126 for the 

other solution. This indicates that also under physiological conditions 

similar phenomena are observed as described in the other experiments.

f i g u r e  6 :  C alculation o f  the influence on t h e  differential titration  

curves o f  the unm asking o f  im idazole groups in the presence and  

absence o f  calcium  ions. The unmasking w as supposed to  proceed  

as given in part a. (a) T he number o f  m asked im idazole groups  

(« i' )  as a function o f  2TH. The drawn line and the broken line repre
sent th e  situation in  KC1 and in CaCli, respectively. (b) Differential 

titration curves calculated according to  eq  2 and based o n  a  change  

o f  « i ' w ith Z H as given by the corresponding curve in part a .

h ave calcu lated  differential titration  curves in  presence and  

absence o f  C a 2+ ion s based o n  th is exp lanation.

A s  m od el eq u ation  w e used th e  re la tion 1

d pH

"dZH

1  +  ( < * B  —  « * )

=  0 .8 6 8 w  +

d/llm

dZn

2.303X >,a<(l -  a.)
(2)

1 The way eq 2 was derived can be indicated as follows. A t each pH  

the proton charges Zb a  and ZnB o f the low and high pH components, 

respectively, are given by

and

ZnA =  Zm

\

Z b * =  Z „

(3)

(4)

whère Z o m  is the ntaximum positive proton charge, which it the same 

lbr both conformation» and m m' is the reat number o f  imidazole groups 

o f  one macromolecule that undergoes a  pJC shift during the conforma-
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T his  eq u ation  differs from  eq  1 by th e  term  («a  — a A)d«im'/  

dZ H; d//Ira' is  th e  num ber ó f  im id azo le  groups, w hich change  

their pK  upotl a change in  p roton  charge d Z H; <sa and  a B stand  

fo r  th e  degree o f  io n iza tio n  o f  th ese  groups in  th e  lo w  p H  con -  

form ation  (A ) an d  high p H  con form ation  (B ), respectively.  

B ecause noth ing  is k now n  a b ou t the pK  sh ift, w e assum ed  

« a  Ö« w hich  mmriê thftt w e SHppoaed that th e  ftrftMP itt* 

volved  are really m asked in  con form ation  A . W e further ch ose ,  

as is sh ow n  in  F igure 6a , th e  p H  region  o f  th e  “ unm asking”  

o f  th e  im id azole groups in  th e  liganded and  unliganded state  

in  correspondence w ith  th e  op tica l rota tion  data o f  F igure la .  

T aking a  num ber o f  10  im id azole groups as being involved  

and a s s i g n i n g  a  pK  o f  6 ,9  to  b oth  th e  norrrml im idazole groups  

as to  th o se  becom ing unm asked, th e  curves in  F igure 6b  w ere  

obtained . In  the ca lcu lation s 0 .8 6 8 »  w as again  ch osen  equ al  

to  0 .030  (T anford, 1966). I t  is clear th a t the curves sh ow  very  

m uch resem blance to  th e  experim ental on es o f  F igure 3. A s  

th e  m inim um  value for —(d p H /d Z H) in  th e  presence o f  C a 2+ 

io n s, w e ca lcu late 0 .077 , w h ile  experim entally 0 .080  is found.  

It has to  be n oted  finally  that w e assum ed that w is  n ot affected  

by the change in  con form ation . T here is , indeed, n o  reason  to  

expect a dependence o f  w o n  th is change in  conform ation ,  

b ecause as is  sa id  th e  hydrodynam ic param eters o f  a lbum in  

d o  n ot change b etw een  p H  5 an d  10.
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tional change. Suppose that we have ntt, molecules in the low pH con- 

forination and « b  molecules in the high pH conformation. For the 

m e a n  p r o t o n  c h a r g e ,  w e  c a n  w r i t e  t h e n

Z H -
Zh a« a  +  Zh ö« b

(5)

where m =  mx +  wb represents the total number o f macromolecules.
When at constant pH, dm* molecules change their conformation, 

the coaesponding change in proton charge dZs  becomes

(6)

(7)

d Z H =  (Zh b  -  Z b a)— -  
ftt

substitution o f eq 3 and 4 in  6 gives

ö Z h  =  ( o t a  —  a B ) d « i m '

in which d n i m '  =  n j m ' d m A / m .  d n im '  is the average number o f imidazole  

groups per macromolecule which undergo a pK  shift when dmx mole 
cules change their conformation. Equation 2 can now be derived from  

eq 7 according to  the procedure as outlined by D e Brujn and Van Os 

(1968). i /
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