
Acta Chimica Academiae Scientiarum Hungaricae, Tomus 100 ( 1—4),  pp. 275 -288 (1979)

NEW METHOD FOR THE EVALUATION 
OF OVERLAPPING PROTONATION EQUILIBRIA 

OF POLYFUNCTIONAL LIGANDS

EFFECT OF SOLVENT ON THE PROTONATION OF THE  
FUNCTIONAL GROUPS OF CORTICOTROPINE

B . N o szál  and K . B u r g e r

(Institute of Inorganic and Analytical Chemistry,
L. Eötvös University, Budapest)

Received July 5, 1978

Accepted for publication August 7, 1978

A method has been developed for the simultaneous determination of the protona
tion constants characteristic of the single functional groups and of pairs of groups 
forming hydrogen bonds, and of the number of hydrogen bonds in systems of over
lapping protonation equilibria. The group and structural constants of the polyfunctional 
ligands, ACTH,_4 and ACTHj_ 32 polypeptides in 50% propylene glycol solution have 
been determined by the method, and from the constants conclusions are drawn con
cerning the interaction of the functional groups with one another and with the solvent.

In tro d u c tio n

T he in te rp re ta t io n  of th e  p ro to n a tio n  e q u ilib ria  o f  lig an d s co n ta in in g  
sev era l donor g ro u p s  o f  sim ilar b a s ic ity  is m ade r a th e r  d iff ic u lt b y  overlap p in g  
processes. No e v a lu a tio n  m ethod  w as e lab o ra ted  so fa r  su ita b le  fo r c h a ra c te riz 
in g  th e  single fu n c tio n a l groups in  system s show ing  th e  o v erlap  o f m ore th a n  
tw o  p ro to n a tio n  s te p s . This is r a th e r  su rp ris in g  as th e  basic  re la tio n sh ip s  
b e tw een  m ac ro co n stan ts , c h a ra c te r is tic  o f th e  s tepw ise  p ro to n a tio n  of th e  
m olecule, and m ic ro co n stan ts , d escrib in g  th e  p ro to n a tio n  o f a c e r ta in  group  
o f  th e  m olecule in  a given s ta te  o f p ro to n a tio n , w ere e s tab lish ed  by  Niels 
B je r r u m  in his c lass ica l w ork as e a r ly  as 1923 fo r sy stem s c o n ta in in g  m olecules 
o f  tw o  and th re e  g ro u p s w ith o u t h y d ro g en  b o n d in g  [1]. S ince t h a t  tim e  th e  
l i te ra tu re  on m e th o d s  for th e  d e te rm in a tio n  o f  m a c ro c o n s ta n ts  has v a s tly  
e x p an d ed  [2 —4] a n d  th e  accu m u la ted  resu lts  f ill sev e ra l vo lum es [5]. T h is 
m u ch  less applies to  m ic ro co n stan ts , because in  sp ite  o f th e  fa c t th a t  severa l 
com plex  m easu rin g  m ethods in c lu d in g  UV, R a m a n , N M R  sp ec tro scopy , etc. 
a n d  m ethods o f  e v a lu a tio n  are k n o w n  [6  —10], th e  p e rfo rm an ce  o f  th ese  m e th 
ods is lim ited  to  fo u r  m ic ro co n stan ts  c h a ra c te r is tic  o f  tw o  g roups, or to  tw o 
tim e s  tw o groups co n ta in ed  in  th e  m olecule, th u s  to  e ig h t m ic ro co n stan ts  [11]. 
T h is  is to  be a t t r ib u te d  p rim arily  to  th e  fa c t th a t  th e  n u m b e r o f b o th  th e  pos
sib le species o f d iffe re n t p ro to n a tio n  and  th e  m ic ro c o n s ta n ts  c h a ra c te ris tic  o f
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th e s e  p a rtic le s  increases ra p id ly  w ith  an  increasing  n u m b e r o f fu n c tio n a l groups, 
c a u s in g  d ifficu lties in  e v a lu a tio n , in su rm o u n ta b le  so fa r.

P o ly fu n c tio n a l b io lig an d s, p la y in g  an  im p o r ta n t  ro le  in  v i ta l  processes, 
c a n  e x e r t  th e ir  ac tio n  o n ly  a t  a su ita b le  p ro to n a tio n  o f th e ir  g ro u p s. T herefore, 
th e  know ledge of th e  p ro to n a tio n  c o n s ta n ts  o f th e se  g roups is v e ry  im p o r ta n t 
a lso  f ro m  th e  aspec t o f  th e  u n d e rs ta n d in g  and  in flu en c in g  b io log ica l system s. 
I n  th e  follow ing th e  re su lts  o f  a w o rk  a re  su m m arized , th e  o b je c t o f  w hich  was 
th e  e la b o ra tio n  o f a  m e th o d  p e rm ittin g  in  p rinc ip le  th e  s im u ltan eo u s  d e te rm i
n a t io n  o f  th e  p ro to n a tio n  c o n s ta n ts  o f th e  fu n c tio n a l g roups a n d  o f th e  n u m b er 
o f  h y d ro g e n  bonds b e tw een  th e se  g roups. T he m e th o d  is i l lu s tra te d  on th e  
e x a m p le  o f a p ro to n a tio n  s tu d y  o f  tw o  frag m en ts  o f  th e  c o rtic o tro p in e  (ACTH) 
m o lecu le  in  p ropy lene  g ly co l—w a te r  m ix tu re , w here  th e  effect o f  in te ra c tio n  
o f  th e  fu n c tio n a l g roups w ith  one a n o th e r  an d  w ith  th e  so lv en t on  th e  group 
p ro to n a t io n  co n stan ts  can  b e  observ ed .

P rin c ip les  o f th e  M ethod

A  m olecule c o n ta in in g  tw o  fu n c tio n a l g roups, in  w h ich  th e  sites of 
c o o rd in a tio n  are n o t e q u iv a le n t, is ch a rac te rized  b y  th e  p ro to n a tio n  equ ilib ria  
sh o w n  in  F ig . 1.

Fig. 1. Protonation equilibria of molecules containing two groups, without formation of hydro
gen bonds

T h e  m icro co n stan ts  re le v a n t  to  th is  sy stem  are  :

K A = [Eo+ ]

K B

[H+] [[g] 
[ft]

[ft]
[ Н + ][Го+ ]

К й = [f t]
( 2)

[H + ][[°] [H +] [ f t ]

w h ere  th e  u p p er in d ex  d en o te s  th e  g roup  being  p ro to n a te d  in  th e  process, 
w hile  th e  low er index  th e  a lre a d y  p ro to n a te d  group .
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M ateria l b a lan ces  can  be -w ritten as

Cl =  [lo] +  [1Í] +  [[+] +  [l + ] (3)

CH =  [H  + ] +  [[0+] +  [[“+] + 2[[ + ] ,

w here  Cl is th e  to ta l  lig an d  c o n c e n tra tio n  and  Ch th e  to ta l  h y d ro g e n  ion 
c o n cen tra tio n .

R ea rra n g e m en t o f E q s  (2) an d  th e ir  s u b s titu tio n  in to  E q . (3) g ives;

CL =  [lo] +  (K A +  K B)[10][H + ] +  K a ^ [ [ " ] [ H  + ]2 =

=  [lo] +  ( K A +  K B) [ l ő ] [ H  + ] +  K b k £ [ 1 0 ] [ H + ] 2

CH =  [H + ] +  ( K A +  X B)[10][H + ] +  2 K aK a [H  + ]2[lo] =

=  [H  + ] +  (K A +  K B)[lő ][H + ] +  2X b ÍCb [H  + ] 2[|Ő] . (4)

I t  can  be seen fro m  E q s  (4) th a t  on th e  basis  of th e  m a te r ia l b a la n c e  w ritte n  
fo r an y  o f  th e  to ta l  c o n cen tra tio n s , th e  c o n s ta n t to  be o b ta in e d  fro m  p o ten tio - 
m e tric  d a ta  b y  th e  v a rio u s  k n o w n  e v a lu a tio n  m eth o d s as th e  co effic ien t of 
h y d ro g en  ion a c tiv ity , is th e  sum  o f m ic ro co n stan ts  c h a ra c te riz in g  th e  d iffe ren t 
fu n c tio n a l g roups, w hile th e  c o n s ta n t o b ta in e d  as th e  coeffic ien t o f  th e  square  
o f  hyd rogen  ion  a c tiv i ty  is th e  p ro d u c t o f  co rrespond ing  m ic ro c o n s ta n ts  (one 
o f th em  is, how ever, d iffe ren t from  th e  fo rm er m ic ro co n stan ts) :

ßx =  K A +  K li

ß2 = K A K% =  K BK % ,  (5)

w here ß x an d  ß2 a re  com plex  p ro d u c ts  o b ta in ab le  b y  th e  u su a l ev a lu a tio n  
m ethods.

T he sam e ty p e  o f  re la tio n sh ip  fo r a  system  c o n ta in in g  m olecules w ith  
th re e  groups is :

ßx =  K A +  K B +  K c

ß2 = K A K B +  K A К  a  +  K DK CB =  K b K b +  K c K c  +  K c k E

ß3 =  K A K a  K Ca в =  K B K b KÜc =  K c K B K%c ■ (7)

T he co rresp o n d in g  eq u ilib ria  a re  show n in  F ig . 2.
M odels show n in  F igs 1 an d  2, a n d  re la tio n sh ip s  (5) an d  (7) w h ich  can 

be derived  from  th e m , are  c h a ra c te r is tic  o f th e  p ro to n a tio n  p rocesses o f m ole
cules, in  w hich  th e  fu n c tio n a l g roups do n o t form  in tra m o le c u la r  H -b o n d s  w ith  
one a n o th e r, an d  in flu en ce  one a n o th e r’s p ro to n a tio n  processes o n ly  b y  in d u c
tiv e  an d  m esom eric  effects, or possib ly  b y  h y d ro p h o b ic  in te ra c tio n .

Two fu n c tio n a l g roups (A an d  B) fo rm  an  I l-b o n d  on ly  i f  th is  is en e rg e ti
ca lly  fav o u rab le  fo r th e  sy stem . Since th e  I l-b o n d  b e tw een  A a n d  В rep resen ts
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Fig. 2. Protonation equilibria of molecules containing three groups, without formation of
hydrogen bonds

Г  " Kf \
H

J
K„

— 0

Fig. 3. Protonation equilibria of molecules containing two groups in the case of hydrogen
bond formation

th e  s in g ly  p ro to n a te d  s ta te  o f  th e  low est energy  lev e l, th e  H -b o n d  is fo rm ed  
re g a rd le ss  o f w h e th e r th e  p ro to n  approaches th e  m olecu le  fro m  group A or B. 
T h is red u ces  th e  possib le n u m b e r  o f partic les o ccu rrin g  in  th e  system  (Fig. 3). 
I n  th is  case

ß i  — K j ; ß2 =  K f  • K d , (9)

w h e re  K f  is th e  m icro- an d  a t  th e  sam e tim e  g roup  c o n s ta n t (to  be in tro d u c e d  
in  th e  follow ing), c h a ra c te r is tic  o f  hydrogen  b o n d  fo rm a tio n , w hile K d t h a t  
c h a ra c te r is tic  of its  ru p tu re  a n d  th e  u p tak e  o f th e  second  p ro to n .

F o r  m olecules c o n ta in in g  th re e  fu n c tio n a l g ro u p s (A, В a n d  C), th e  schem e 
o f p ro to n a tio n  in  th e  case o f  H -b o n d  fo rm atio n  b e tw een  g ro u p s  A and  В is
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Fig. 4. Protonation equilibria of molecules containing three groups in the case of hydrogen
bond formation

show n in Fig. 4 [w here th e  sym bols accord ing  to  E q s (16) are  in d ica ted  in  a 
sim plified  fo rm ]. F ro m  th is  th e  follow ing re la tio n sh ip s  a re  o b ta in e d :

ß 1 =  K / +  K c

ß 2 =  K f K f  +  K f K /  =  K c K fc  +  K f K j

ß 3 =  K f K j  K j c  =  к с  K Jc  K f c  =  K J K f  K % .  ( 11)

Tables I an d  I I  show  th e  re la tio n sh ip s  b e tw een  th e  n u m b e r o f g roups (n ) 
to  be found  in  th e  m olecu le , th e  n u m b er o f  h y d ro g en  bon d s (к ) lin k in g  th e  
g roups, and  th e  n u m b e r  o f  species and  m ic ro c o n s ta n ts , re sp ec tiv e ly .

I t  becom es e v id e n t from  a com parison  o f  E q s  (5) an d  (9) as w ell as (7) 
an d  (11) th e  p ro to n a tio n  schem es (6) an d  (10) a n d  d a ta  in  T ab le  I ,  t h a t  in  th e  
case o f h y d ro g en  b o n d  fo rm a tio n  th e  n u m b e r o f  species fo rm ed  is less th a n  
w ith o u t H -b o n d  fo rm a tio n , a n d  th u s , th e  n u m b e r  o f  m ic ro co n stan ts  needed  
for th e  c h a ra c te r iz a tio n  o f  th e  w hole e q u ilib riu m  sy s tem  is also in v ers ly  p ro 
p o rtio n a l to  th e  n u m b e r  o f  h y d ro g en  bonds (T ab le  I I ) .

Table I

Number of species in the system as a function of the number o f groups (n) contained in the molecule, 
and o f the number of hydrogen bonds (к) linking the groups

'.\  ̂  n
к l 2 3 4 5 6

0 2 4 8 16 32 64
1 — 3 6 12 24 46
2 — — — 9 18 35
3 — — — — — 27
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Table II

Number o f  microconstants serving fo r the complete equilibrium characterization of the system as a 
function o f  the number of groups (n) contained in the molecule and of the number of hydrogen bonds

(k) linking the groups

n
к 1 2

3
4 5 6

0 1 4 12 32 80 192

1 — 2 7 20 52 128
2 — — — 12 33 84

3 — — — — — 54

O n  com parison  o f th e  sy s te m  o f  E q s (5) an d  (9), as w ell as (7) a n d  (11), 
i t  is re m a rk a b le  and  o f basic  im p o r ta n c e  fo r th e  d e te rm in a tio n  o f th e  n u m b er 
o f h y d ro g e n  bonds to  be d e sc rib e d  la te r ,  t h a t  fo r an y  o f th e  sy stem s th e  n u m b er 
o f  t e r m s  in  th e  i- th  ß  c o n s ta n t  is e q u a l to  th e  n u m b e r o f i- tim es  p ro to n a te d  
spec ies p re s e n t in  th e  so lu tio n .

T h e  difference b e tw een  th e  m ic ro co n stan ts  re le v a n t to  th e  sam e group 
in  d if fe re n t  su rround ings can  b e  tra c e d  b a c k  to  tw o basic  fa c to rs . O ne o f  th ese  
is th e  e le c tro n -a ttra c tin g , (i.e. b a s ic ity -red u c in g ) effect, occu ring  on  p ro to n a 
tio n  o f  th e  a d jacen t g roup , a n d  p e rc e p tib le  also on th e  se lec ted  g roup . T h is ef
fe c t is  o p e ra tiv e  w hen th e  a d ja c e n t  g roup  is se p a ra te d  b y  an  a d e q u a te ly  low 
n u m b e r  o f  ca rbon  (or o th e r) a to m s  fro m  th e  g roup  in  q u es tio n , i.e. th e  s ta tic  
in d u c tiv e  effect ac tu a lly  reach es  th e  g iven  fu n c tio n a l g roup .

T h e  o th e r  essential e ffec t to  be  ta k e n  in to  acco u n t is th e  s te ric  p ro x im ity  
e s ta b lis h e d  b y  th e  p ro to n a tio n  m ore  o ften  o f th e  a d ja c e n t a n d  m ore  seldom  
o f th e  m o re  d is ta n t fu n c tio n a l g ro u p , causing  changes in  ro ta t io n a l  energy  
leve ls , w h ic h  resu lts in  th e  fo rm a tio n  o f a h y d ro g en  b o n d , e n su rin g  a low er 
en e rg y  le v e l  fo r th e  system .

I n  th e  case of m olecules h a v in g  u n k n o w n  s tru c tu re  in  th e  so lu tio n , th e  
f i r s t  e f fe c t c an n o t be in v e s tig a te d  s e p a ra te ly  from  th e  second effect b y  th e  
p o te n tio m e tr ic  m ethod , b e cau se  th e  change o f th e  p ro to n a tio n  c o n s ta n t ob 
se rv ed  c a n n o t  be sep a ra ted  in to  s ta t ic  in d u c tiv e  effect an d  H -b o n d  fo rm a tio n . 
T h e re fo re , in d ep en d en t e x p e rim e n ta l d a ta  are  n eeded  to  e s tab lish  e lec tro n  
a t t r a c t io n  a n d  electron re lease  th ro u g h  th e  cha in . D a ta  o f th is  k in d  are  fu rn ish 
ed b y  th e  p ro to n  resonance m e a su re m e n ts  o f S u d m e ie r  an d  R e il l e y  [12]. 
T hese a u th o r s  have found th a t  th e  ch an g e  in  chem ical sh if t occu rrin g  on  p ro to 
n a tio n  o f  th e  p rim ary  am ino  g ro u p  can  s till be perce ived  a t  th e  th i r d  (у ) 
c a rb o n  a to m  from  th e  am ino  g ro u p , b u t  n o t a t  m ore d is ta n t  a to m s. In  th e  
case o f  c a rb o x y la te  th e  e ffec t c a n n o t b e  m easu red  an y  m ore a t  th e  th i r d  (y) 
c a rb o n  a to m . This m eans th a t ,  w ith  th e  ex cep tio n  o f c o n ju g a te d  sy s tem s, 
e le c tro n  a t t r a c t io n  occurring  on  p ro to n a tio n  o f  group  В (or e lec tro n  d o n a tio n  
on loss o f  a  p ro to n ) w ill cause a  p e rc e p tib le  change in  th e  e lec tro n  d e n s ity  o f
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group  A only  i f  n o t m ore th a n  2 a to m s a re  lo c a te d  betw een th e  tw o  fu n c tio n a l 
g roups. In  p ep tid e s  th is  occurs o n ly  in  th e  single case w hen  th e  C -te rm in a l 
am ino  ac id  is a sp a r tic  acid. In  th e  case o f  C -te rm in a l g lu tam ic  ac id  th e  n u m b e r 
o f in te rm e d ia te  ca rb o n  a to m s is a lre a d y  th re e , w hile in  th e  n e x t in te rc h a in  case, 
w hen  th e  — A sp — A sp sequence is p re se n t, th e  n u m b er o f in te rm e d ia te  
a to m s is a lread y  six .

T h u s , d isreg ard in g  tho se  p ep tid e s  th e  C -te rm ina l am ino g ro u p  o f w hich  
is a sp a r tic  acid , o r to  be on th e  safe side , g lu tam ic  acid, i t  can  b e  e s tab lish ed  
th a t  th e  b a s ic ity  o f  th e  fu n c tio n a l g ro u p s in  th e  side chain  of p e p tid e s  occu rrin g  
in  p ra c tic e , an d  th u s  th e  v a lu e  o f th e  p ro to n a tio n  m ic ro co n stan ts  o f  th e  said  
fu n c tio n a l g roups c an n o t be a ffec ted  b y  e lec tro n  sh ifts th ro u g h  th e  c h a in  even 
due to  th e  n e a re s t fu n c tio n a l g roup . T h is  m ean s th a t  m ic ro c o n s ta n ts  re le v a n t 
to  id e n tic a l g roups a re  to  be considered  as id e n tic a l, in d e p e n d e n tly  o f  th e  p ro 
to n a tio n  o f th e  m olecule in  th e  e n v iro n m e n t o f  th e  group. A cco rd in g ly , in  the  
case o f a m olecule w ith  tw o g roups i t  follow s from  E qs (2) th a t

K A =  K b =  K A

K B =  K A — K B (12)

a n d  su b s ti tu t in g  E q s (12) in to  E q . (Б) :

ßi — K A +  K B

ß2 =  K A K B . (13)

In  an  analogous w ay , in  a m olecule c o n ta in in g  th ree  groups, in  th e  absence  of 
H -b o n d s:

TV-A |V-A 1T-A -jnrA ТГA  =  A ß  =  A c  =  A bc - z a  a
В j f B  jv 'B  jv-

A =  AA =  Ac =  Аде =  Aß

К с =  К СА =  K g  =  К Ав  =  K e  (14)

an d  u p o n  su b s titu tio n  of E qs (14) in to  E q s  (7 ) :

ß ^ K A  +  Ka +  Kc
ßi =  K A K B +  K A K c +  K b  K c

ß 3 =  K A K B K c . (15)

In  th e  case o f H -bond  fo rm a tio n  in  a m olecule co n ta in in g  tw o  groups 
th e  red u c tio n s  are  n o t feasib le.

In  th e  case o f H -bond  fo rm a tio n  in  a m olecule co n ta in in g  th r e e  g roups :

K f  =  K JC =  K j

K c =  K f  =  K %  =  K c

K f  =  K f c =  K d , (16)
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w h ere  К ^ is a c o n s ta n t c h a ra c te r is tic  of h y d ro g e n  b o n d  fo rm ation , K d a co n 
s ta n t  c h a ra c te r is tic  o f  th e  ru p tu re  of th e  sam e b y  p ro to n a tio n ; u p o n  s u b s ti
tu t in g  E q s  (16) in to  (11) one ob ta in s

ß ^ K f + K c

ß2 =  K j K c +  K j K d

ß a =  K } K c K d. (17)

I n  g e n e ra l fo rm u la tio n  fo r th e  case o f n g roups a n d  к  hyd ro g en  bonds:

n - k
ßx =  2  K <1=0

n - k
n—k —l b к

ß * =  2  П К ‘ +  2 K s K s + n - k
a=0 i=a s= 0

b=a+ 1

n - k
n —k —l n—k

ßz =  П~2 Ú  K < + 2 K s K s + n -k  2  K t 
a = 0 i=a s= 0 i=0

b=d~\~\ i = s + l
c=b + \

ß n =  I I  K t ,  (18)
i=i

w here  K t an d  K s a re  g ro u p  c o n s ta n ts  ca rry in g  th e  sym bo ls of c u rre n t in d ex es  
i a n d  s. C o n stan ts  d e n o te d  fro m  K x t i l l  K k a re  th e  s t r u c tu r a l  co n stan ts  c h a ra c te r 
iz in g  th e  fo rm atio n  o f  H -b o n d s , those  from  K k+1 t i l l  K n_k are th e  p ro to n a tio n  
c o n s ta n ts  o f g roups w ith o u t H -bond  fo rm atio n , w h ile  co n stan ts  from  K n_k+1 
t i l l  K n re fe r  to  ru p tu re  o f  H -b o n d s  b y  p ro to n a tio n .

I t  c an  he seen fro m  eq u a tio n s  (13), (15) a n d  (16) th a t  th e  n u m b e r o f 
u n k n o w n  group  c o n s ta n ts  (К a , K q, K q) an d  t h a t  o f  th e  group -f- s t ru c tu ra l  
c o n s ta n ts  (Kj ,  K d), re sp e c tiv e ly , is equal to  t h a t  o f  th e  know n m ac ro co n stan ts  
(ß v  ß v  Дз) t0  8e d e te rm in e d  from  p o ten tio m e tric  d a ta .  T hus, know ing th e  H - 
b o n d  fo rm in g  p ro p e rtie s  o f th e  m olecule, p ro to n a tio n  co n stan ts  c h a ra c te r is tic  
o f  th e  g roups and  o f th e  s t ru c tu ra l  e lem ents can  be  determ ined .*

* I t  should be noted that the simplifying reductions in systems of equation (12), (14) 
and (16) can be performed only in the case of adequately distant groups, because otherwise 
incorrect results (like those described in Ref. [14]) will be obtained.
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S im ultaneous d e te rm ina tion  o f g roup  constan ts  and  th e  n u m b er 
of hydrogen  bonds from  p ro to n a tio n  n iacro co n stan ts

I f  th e  n u m b e r o f h y d rogen  bon d s in  th e  m olecule in v e s tig a te d  is know n, 
from  re la tio n sh ip s  (13), (15) or (16), th o u g h  th e y  can n o t be  m ad e  exp lic ite  
b o th  fo r g roup  a n d  s tru c tu ra l c o n s ta n ts , th e  values o f K a , К в ,  K e , K j, K d 
c an  b e  o b ta in ed .

H ow ever, in  th e  m a jo rity  o f  cases, p a r tic u la r ly  for c o m p lic a te d  m olecules, 
th e  n u m b e r o f H -b o n d s in  u n k n o w n .

As becom es ev id en t from  th e  co m p ariso n  o f eq u a tio n s (9) a n d  (12) as 
w ell as (15) a n d  (17) an d  from  th e  in te rp re ta t io n  of (18), th e  co rrespond ing  
com plex  p ro d u c ts  (ß ) a re  d e te rm in ed  b y  th e  g roup  co n stan ts  a n d  b y  th e  n u m b er 
o f  species (w hich depends, besides th e  k n o w n  n u m b er of fu n c tio n a l g roups, on 
th e  u su a lly  u n k n o w n  n u m b er o f h y d ro g en  bon d s ; see also T a b le  I) . T h is offers 
a t  th e  sam e tim e  a possib ility  fo r th e  s im u ltan eo u s  d e te rm in a tio n  o f th e  group 
c o n s ta n ts  an d  th e  n u m b er of h y d ro g en  b o n d s, w hen th e  ß  v a lu e s  are  know n.

I t  can  be seen th a t  from  th e  n com plex  p ro d u c ts  of a m olecu le  con ta in in g  
n  g roups, th e  n g roup  or s tru c tu ra l  c o n s ta n ts  can  be o b ta in e d  in  a n y  case as 
th e  ro o ts  of th e  sy s tem  o f eq u a tio n s  b y  a su ita b le  m a th e m a tic a l (e.g. N ew ton  — 
R ap h so n  ite ra tio n )  m eth o d , w h ich ev er re la tio n sh ip  is used. N a tu ra l ly , rea lity  
is co rrec tly  re fle c ted  on ly  b y  th o se  g roup  an d  s tru c tu ra l c o n s ta n ts , in  the  
c a lcu la tio n  o f w h ich  th e  n u m b e r o f th e  assu m ed  H -bonds has b e e n  th e  sam e as 
in  re a lity .

I f  th e  chem ical m odel is n o t  co rrec t (incorrec t n u m b e r o f  H -bridges) 
som e o f th e  ro o ts  o f th e  eq u a tio n  sy s tem  m ay  be com plex or n e g a tiv e . In  view 
o f th e  fac t th a t  a p ro to n a tio n  c o n s ta n t is a lw ays a rea l p o s itiv e  n u m b e r, th is  
in  i ts e lf  w ould be  su ffic ien t p ro o f  o f th e  incorrec tness o f th e  m odel, if  the  
m a c ro c o n s ta n ts  o b ta in e d  from  m easu red  d a ta  w ere n o t su b je c t to  ra n d o m  er
ro rs , w hich  a re  s im ila rly  sources o f  d is to r tio n  in  th e  ty p e  a n d  p a r tic u la r ly  in 
th e  v a lu e  of th e  ro o ts  o b ta in ed . T h u s , th e  m o st su itab le  m e th o d  o f d e te rm in a 
tio n  o f  th e  g roup  (or s tru c tu ra l)  c o n s ta n ts  o f  a m olecule c o n ta in in g  an  unknow n  
n u m b e r  o f h y d ro g en  bonds, a n d  o f th e  n u m b e r of h y d ro g en  b o n d s  in  real 
sy s tem s is th e  follow ing.

F rom  th e  d ifference of th e  com plex  p ro d u c ts , o b ta in ed  fro m  d a ta  m ea
su red , and  from  th e  group  c o n s ta n t co m b in a tio n s  yield ing th e  sa m e , a q u a d ra tic  
e rro r  fu n c tio n  is g en era ted  in  each  m em b er o f th e  eq u a tio n  sy s te m . C onstan ts 
o b ta in e d  a t  zero  va lu e  (w hich is th e  m in im u m  of th e  e rro r fu n c tio n ) o f the  
p a r t ia l  d e riv a tiv e s  w ith  resp ec t to  a ll th e  g roup  co n stan ts  o f a ll th e  m em bers 
o f  th e  eq u a tio n  sy s tem  xvill g ive th e  g ro u p  o r s tru c tu ra l c o n s ta n ts  w ith  the 
b e s t f i t  to  the  d a ta .
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F o r  ex am p le , for a m olecu le  w ith  th ree  g roups a n d  no H -bond  th e  e rro r  
fu n c tio n s  are:

=  [ß, -  (K A +  K i  +  K c ) ] 2 

Z 2 =  [ß2 -  (K A К в +  К А К с +  К в К с)]2 

Z 3 = . [ / ? з - ( К АК в К с)]2 (18)

T he q u a d r a tic  m a trix  o b ta in a b le  from  th e  p a r t ia l  d e r iv a tiv e s  is:

6Zj =  0; 0ZX
=  0;

0Z4
=  0 K A

9Ka 9 K B д к с

9Z2
=  0;

0Z2 n- a z2
=  0 K B

9 K A 9K B
— o,

9 K c

9 Z3 
9Ka

=  0;
9Z3 

9 K B
=  0;

9Z3
9K C

=  0 K c

A  p ro o f  of th e  v a lid i ty  o f  th e  m odel re flec tin g  th e  equ ilib rium  c o n s ta n ts  
an d  th e  n u m b e r  of H -b o n d s th u s  ca lcu la ted  is a good ag reem en t b e tw een  th e  
e x p e r im e n ta l ß values a n d  th o se  ca lcu la ted  from  th e  g roup  co n stan ts  ; th e  
m easu re  o f  th is  ag reem en t ca n  b e  ch a rac te rized  b y  th e  m ean  q u a d ra tic  e rro r. 
A n o th e r  p o ss ib ility  for th e  se lec tio n  o f th e  m odels a n d  th u s  o f th e  n u m b e r of 
h y d ro g e n  b o n d s  is to  follow  th e  p ro to n a tio n  o f  one o f  th e  fu n c tio n a l g roups b y  
se lec tiv e  sp ec tro scopy . I f  th e  c o n s ta n t ca lcu la ted  in  th is  w ay  is in  exclusive  
a g re e m e n t (w h ith in  th e  lim its  o f  erro r) w ith  one o f th e  g roup  co n stan ts  o f  one 
of th e  m o d e ls , th is  is also p ro o f  o f  th e  correctness o f  th e  g iven  H -bond  n u m b e r.

T h e  ap p licab ility  in  p ra c tic e  of th e  e v a lu a tio n  m e th o d  described ab o v e  
is sh o w n  o n  th e  exam ple o f  th e  p ro to n a tio n  eq u ilib ria  o f  c o rtico tro p in  fra g m e n ts  
c o n s is tin g  o f  32 am ino ac ids (h en cefo rth  A CTH ^gg) a n d  its  IV -term inal te t r a -  
p e p tid e  f ra g m e n t (A C TH 1_4), m easu red  in  50 vol. %  p ro p y len e  glycol.

E xperim ental

T h e  i V - t e r m i n a l  f r a g m e n t  o f  t h e  a d r e n o c o r t i c o t r o p i c  h o r m o n e  c o n s i s t i n g  o f  3 2  
a m i n o  a c i d s  ( A C T H j _ 32) ,  a n d  A C T I I 1_ 4 c o n s i s t i n g  o f  t h e  I V - t e r m i n a l  f o u r  a m i n o  a c i d s  o f  t h i s  
h o r m o n e  w e r e  t w i c e  l y o p h i l i z e d ,  p e r p r o t o n a t e d  p r e p a r a t i o n s  o f  G . R i c h t e r  C h e m i c a l  W o r k s  
( B u d a p e s t ) .  T h e  s o l v e n t  m i x t u r e  w a s  a  h o m o g e n o u s  5 0  v o l .  %  m i x t u r e  o f  d i s t i l l e d  p r o p y l e n e  
g l y c o l  a n d  w a t e r ,  i n  w h i c h  t h e  i o n i c  s t r e n g t h  h a s  b e e n  a d j u s t e d  w i t h  N a C 1 0 4 t o  0 .3  M .  D e v i c e s  
u s e d  f o r  t h e  m e a s u r e m e n t s  : d i g i t a l  p H - m e t e r  M o d e l  R a d i o m e t e r  P H M  6 4  ( p r e c i s i o n  o f  d i s 
p l a y  +  0 . 1  m V ) ,  a u t o m a t i c  b u r e t t e  M o d e l  R a d i o m e t e r  A B U  1 2  ( p r e c i s i o n  o f  r e a d i n g  0 .0 0 1  
m l )  ; m e a s u r i n g  e l e c t r o d e  : g l a s s  e l e c t r o d e  R a d i o m e t e r  G 2 0 2 B ,  r e f e r e n c e  e l e c t r o d e  : A g  e l e c 
t r o d e  M o d e l  R a d i o m e t e r  P  4 0 1 ,  w h i c h  w a s  i m m e r s e d  i n t o  0 .0 1  M  A g N 0 3 s o l u t i o n  ( i o n i c  
s t r e n g t h  a d j u s t e d  w i t h  N a C 1 0 4 t o  0 . 3  M )  a n d  w a s  c o n n e c t e d  t h r o u g h  0 .3  M  N a C 1 0 4 d i s s o l v e d  
i n  5 0 %  p r o p y l e n e  g l y c o l  w i t h  t h e  m e a s u r i n g  c e l l .

T h e  m a c r o c o n s t a n t s  (ß  c o m p l e x  p r o d u c t s )  w e r e  c a l c u l a t e d  b y  t h e  w e l l  k n o w n  c o m p u t e r 
i z e d  e v a l u a t i o n .  F o r  t h e  c h e c k i n g  o f  t h e  a c c u r a c y  o f  t h e  c o n s t a n t s ,  t h e  e x p e r i m e n t a l  m V  v s .  
c m 3 0 .0 1  M  N a O H  c u r v e s  w e r e  r e c a l c u l a t e d  w i t h  t h e i r  a i d .  T h e  g o o d  f i t  o f  t h e  e x p e r i m e n t a l
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p o i n t s  t o  t h e  c a l c u l a t e d  c u r v e s  w a s  c o n s i d e r e d  a s  p r o o f  o f  t h e  r e l i a b i l i t y  o f  t h e  d a t a .  F r o m  t h e  
m a c r o c o n s t a n t s  o b t a i n e d  i n  t h i s  w a y  t h e  g r o u p  c o n s t a n t s  a n d  s t r u c t u r a l  c o n s t a n t s  c h a r a c 
t e r i s t i c  o f  t h e  s i n g l e  f u n c t i o n a l  g r o u p s  h a v e  b e e n  c a l c u l a t e d  w i t h  t h e  e v a l u a t i o n  m e t h o d  d e 
s c r i b e d  a b o v e .

R esu lts  an d  discussion

C onstan ts  o b ta in e d  in  th e  p ro to n a tio n  in v es tig a tio n  o f  A C T H 1_4, a 
S er-T yr-Ser-M et te tra p e p tid e , a re  su m m arized  in  T ab le  I I I .  T h e  p ro to n a tio n

Table III

Protonation constants o f the tetrapeptide А СТН г- А in a 50% mixture of 1,2-propylene glycol and
water

Complex product Macroconstant Group constant

Tf<ОÖ11̂J5ß l g K l =  1 0 .0 4

ОÖII<XЫ)

Ig &  =  1 6 .9 1 l g k '2 =  6 .8 7 lg  K B =  6 .8 7

l g &  =  2 0 .7 5 I g K 3 =  3 .8 4 lg  K c  =  3 .8 4

m acro co n stan ts  ( K v  K 2, K 3) b e long ing  to  th e  te tra p e p tid e  a n d  th e  values of 
th e  g roup  co n s ta n ts  o b ta in a b le  from  th e m  are  th e  sam e. T h e  re a so n  fo r th is  is 
t h a t  b e tw een  th e  m a c ro c o n s ta n ts  th e re  is a difference o f a t  le a s t  3 orders of 
m ag n itu d e , w hich  a t  an  accu racy  o f  ^ 0 .0 6  lg  К  in  th e  a lk a lin e  ra n g e  and  of 
iO -0 4  lg К  in  th e  acid  ran g e  does n o t p e rm it a d is tin c tio n  b e tw e e n  th e  n u m eri
cal values o f th e  m ac ro co n stan ts  a n d  o f  th e  group c o n s ta n ts . M oreover, the  
o v erlap  of such  d is ta n t  eq u ilib ria  is also too  sm all fo r s ig n if ic a n tly  changing 
th e  co n stan ts .

W hen  th e  va lu es  o f  th e  p ro to n a tio n  co n stan ts  o f  th e  fu n c tio n a l groups 
(pheno lic  h y d ro x y , te rm in a l am in o , te rm in a l ca rboxy) o b ta in e d  in  th e  given 
so lv en t are  co m p ared  w ith  va lu es  o b ta in e d  in  aqueous s o lu tio n  [13], con
clusions can  be d raw n  on so lv en t — so lu te  in te rac tio n s .

E v id e n tly , th e  v a lu e  o f  lg  K q =  3.84 can  be assigned  to  th e  te rm in a l 
c a rb o x y la te  g roup . As co m p ared  to  th e  v alue  of lg  К  =  3 .20 m easu red  in 
w a te r , here p rim a rily  a decrease  in  p e rm itt iv i ty  (e =  59), fa v o u ra b le  fo r the 
fo rm a tio n  of n e u tra l  p a rtic le s , ex e rts  i ts  ac tion .

T he lg  K B =  6.87 v a lu e , be lo n g in g  to  th e  te rm in a l a m in o  group , is 
so m ew h at decreased , as co m p ared  to  th e  respective  c o n s ta n ts  m easu red  in 
w a te r  (lg К  =  7.17), w h ich  can  be a t t r ib u te d  to  th e  specific  so lv a tio n  of the 
u n p ro to n a te d  am ino  g roup . In  th e  v a lu e  o f  lg  К д  =  10.4 to  b e  assig n ed  to  the 
p heno lic  h y d ro x y  g roup  (o f low er v a lu e  th a n  th a t  fo u n d  in  w a te r ) ,  m ost dif
fe re n t ty p e  o f  forces p la y  a ro le , o f w h ich  th e  in te ra c tio n  b e tw e e n  propylene 
g lycol an d  p h en o la te  oxygen , le ad in g  p ro b a b ly  to  th e  fo rm a tio n  o f  an  H- 
b o n d ed  ch ela te  is d o m in a n t.

A d a  C h im . A c a d .  S e i .  H u n g .  1 0 0 , 1979



286 NOSZÁL, BURGER: PROTONATION EQUILIBRIA OF POLYFUNCTIONAL LIGANDS

Table IV

V a r io u s  p r o to n a t io n  c o n s ta n ts  o b ta in ed  in  50% 1 ,2 - p r o p y le n e  g ly c o l

Macroconstant
Group constants

k = 0 1 2 3

№ =  1 0 .2 7 h K A 9 .7 0 9 .7 5 9 .8 5 9 .8 4

№ =  1 0 .1 3 №  в 9 .7 0 9 .7 5 9 .8 4 9 .8 4

№ =  9 .8 9 № c 9 .7 0 9 .7 5 9 .8 3 9 .8 4

№ =  9 .5 0 ) g * D 9 .7 0 9 .7 4 9 .7 5 9 .8 4

№ =  9 .2 8 i g * E 9 .7 0 9 .7 3 9 .7 1 9 .7 3

№ =  8 .5 8 № 9 .2 0 8 .8 8 8 .8 0 8 .5 6

№ =  6 .9 0 ‘g * G 6 .8 1 6 .8 1 6 .8 0 6 .8 2

№ =  6 .1 1 h K H 6 .0 9 6 .0 6 6 .1 7 6 .0 6

№ =  5 .4 1 № , 5 .1 5 5 .2 9 5 .1 6 5 .2 9

№  о =  4 .9 8 № j 5 .0 0 5 .0 0 5 .0 6 5 .0 2

№ . =  4 .6 1 № K 4 .6 8 4 .4 6 4 .4 5 4 .4 6

№ 2 =  4 .0 7 lg * L 4 .0 7 4 .2 1 4 .4 0 4 .2 1

№ =  3 .9 5 Jg * M 4 .0 0 4 .0 7 4 .0 0 4 .0 0

\ > H 0 .1 0 7 0 .0 9 1 0 .0 4 2 0 .0 4 3

frH 0 .0 5 7 0 .0 4 5 0 .0 4 3 0 .0 4 4

w h e r e  Í q h  a n d  d e n o t e  t h e  m e a n s  o f  t h e  a b s o l u t e  e r r o r  i n  s o l u t i o n s  o f  p H  >  7 .5  a n d  
p H  <  8 . 0 ,  r e s p e c t i v e l y .

T h e  resu lts  of th e  in v e s t ig a tio n  o f ACTH-^gg p ro to n a tio n  are  sum m arized  
in  T a b le  IV . The f ir s t  c o lu m n  o f  T able  IV  c o n ta in s  th e  m acro co n stan ts  of 
s te p w ise  p ro to n a tio n , w hile  th e  o th e r  colum ns th e  g ro u p  a n d  s tru c tu ra l co n 
s ta n t s ,  u n d e r  th e  a ssu m p tio n  o f  к  =  0, 1, 2, 3 H -b o n d s  b o th  in  th e  ac id  and  
a lk a lin e  reg ions, d iv ided  b y  a  b ro k e n  line. The m ean s  o f  th e  ab so lu te  e rro r (h) 
o f  re c a lc u la tio n  are g iven  b e lo w  th ese  colum ns. T h e  d iv is io n  o f  th e  com plete  
p ro to n a t io n  pH -range in to  tw o  p a r ts  was m ad e  b e c a u se  o f co m p u ta tio n a l 
c o n s id e ra tio n s . The d iv is io n  in to  co n stan t series b e lo w  K-j an d  above K e is 
m a d e  possib le  b y  th e  fa c t  t h a t  th e  difference b e tw e e n  th e  lo g arith m s o f these  
tw o  c o n s ta n ts  is 1.68, ow ing  to  w h ich  there  is o n ly  a n  o v erlap  of a b o u t 2°/0 
b e tw e e n  th e  tw o p ro to n a tio n  processes. D ifferences b e tw een  th e  lo g arith m s 
o f th e  m acro co n stan ts  v a ry  b e tw e e n  0.12 and  1.68, so t h a t  th e ir  v a lue  exceeds 
in  a ll th e  cases th e  lim its  o f  e r ro r . I t  can be seen a t  th e  sam e tim e  th a t  g roup  
a n d  s t ru c tu ra l  co n stan ts , p a r t ic u la r ly  in  th e  a lk a lin e  reg io n , are v e ry  sim ilar 
w h ic h e v e r  model is u sed  fo r  th e i r  calcu lation . T h e  b e s t  ag reem en t, b o th  in  th e  
a lk a lin e  a n d  acid regions c a n  b e  observed  w hen c a lc u la tin g  w ith  tw o an d  th ree  
h y d ro g e n  bonds. The d iffe ren ce  b e tw een  these l a t t e r  tw o  c a n n o t be considered
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s ig n if ic a n t any  m ore. T h is is due p a r t ly  to  th e  fa c t th a t  as y e t th e  a c c u ra c y  of 
m easu rem en ts  does n o t  m ake possib le  th e  d e te rm in a tio n  of e q u ilib r iu m  con
s ta n ts ,  co rrec t to  3 —4 decim al lo g a rith m ic  u n its . O n th e  o th e r h a n d , in  th e  
ac id  reg io n  th e re  a re  d ifferences even  o f an  o rd e r of m ag n itu d e  b e tw e e n  th e  
v a rio u s  c o n s tan ts , so th a t  th e ir  sum  re fle c ts  m ain ly  the  v a lu e  o f  th e  la rg e r 
c o n s ta n t. N ev erth e less , b o th  in  th e  ac id  a n d  a lka line  regions th e  m o d e l w ith  
tw o  h y d ro g en  b o n d s reveals th e  sm alle s t ( th o u g h  n o t s ig n if ican tly  sm allest) 
e rro r , an d  th e  a p p ro p ria te n ess  o f th is  v a r ia n t  is su p p o rted  also b y  chem ical 
ev idences.

Chemical conclusions to be draw n on the basis o f  the к  =  2 m odel

T h e m ethod  o f ca lcu la tio n  p re se n te d  h e re  does n o t give d ire c t in fo rm a tio n  
on th e  assig n m en t o f  th e  in d iv id u a l c o n s ta n ts  to  th e  fu n c tio n a l g ro u p s , and  
even  less so on th e  lo ca tio n  o f th e  h y d ro g e n  bon d s in  th e  p e p tid e  sequence. 
H o w ev er, th e  m e th o d  y ields th e  n u m b e r o f h y d ro g en  bonds b e tw een  th e  fu n c 
tio n a l g roups, an d  th e  co n stan ts  c h a ra c te r iz in g  th e  s tru c tu ra l e lem en ts  fo rm ing  
h y d ro g e n  bonds w ith  one a n o th e r. T he p a r tic ip a tio n  in  o th e r  in tra m o le c u la r  
h y d ro g e n  bonds (or possib ly  in  h y d ro p h o b ic  in te ra c tio n ) of th o se  g ro u p s  fo rm 
in g  no  h y d ro g en  b o n d s  w ith  one a n o th e r  b u t  h av in g  c o n s ta n ts  d iffe re n t from  
th a t  ex p ec ted  fo r th e  fu n c tio n a l g roup , is h ig h ly  likely .

T h e  c o n s ta n ts  re fe rrin g  to  th e  fo rm a tio n  an d  ru p tu re  o f h y d ro g e n  bonds 
b e tw een  th e  a p p ro p r ia te  pa irs o f g roups in  th e  alkaline region fo r  к  =  2 are 
9.85 an d  9.71, an d  9.84 and  9.75, re sp ec tiv e ly . In  view  of th e  f a c t  t h a t  th e re  
is a g ro u p  in  th e  sam e  reg ion  w hich  does n o t  p a rtic ip a te  in  a h y d ro g e n  bond 
a n d  h as  a c o n s ta n t o f  9.83, i t  can  be e s ta b lish e d  th a t  all th e  h y d ro g e n  bonds 
fo rm ed  a re  v e ry  w eak , and  th e ir  fo rm a tio n  m eans only a s ligh t g a in  in  energy  
fo r th e  system . S ince  th e  d e p ro to n a tio n  o f  th e  phenolic h y d ro x y  g ro u p  and  
o f  th e  e -am m onium  g roup  of lysine p roceeds in  a v e ry  close p H -ra n g e , th e  above 
c o n s ta n ts  c an n o t be  e x a c tly  assigned to  g ro u p s  an d  pairs o f g roups.

T he s tru c tu ra l  c o n s ta n t o f 8.80, s im ila rly  in  th e  a lkaline re g io n , h as  no 
h y d ro g en  bon d in g  p a ir  in  th is  reg ion . H o w ev er, its  un u su a lly  low  v a lu e , as 
co m p ared  to  b o th  th e  phenolic  h y d ro x y  a n d  th e  e-am ino group , in d ic a te s  th a t  
th e  d e p ro to n a te d  fo rm  o f one o f th e  g ro u p s (p resu m ab ly  of th e  e -am in o  group 
o f lysine) form s a s tro n g  hydrogen  b o n d  w ith  a g roup  (e.g. th e  a lcoho lic  h y d ro x y  
g ro u p  o f serine o r th e  guan id ino  g roup  o f a rg in in e ), th e  d e p ro to n a tio n  o f  w hich 
p ro ceed s on ly  a t  v e ry  h igh p H -v a lu es .

T h e  lg  К  v a lu es  in  th e  acidic reg ion  in  th e  absence of h y d ro g e n  bond ing  
a re  : 6.80, 6.17 an d  4.00. These can  be sa fe ly  assigned to  te rm in a l a m in o , h is t i
d ine  im idazo le  a n d  te rm in a l ca rb o x y  g ro u p , respective ly . T h e ir v a lu e s  re flec t 
th e  sam e effects t h a t  have  been o bserved  (w ith  th e  excep tion  o f  im idazole) 
also in  th e  case o f  th e  te tra p e p tid e .
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T h e  s tru c tu ra l  c o n s ta n ts  o f  fo rm atio n  a n d  ru p tu re  of h y d ro g en  b o n d s  
b e lo n g in g  to g e th e r  a re  : 5.16 an d  4.40, an d  5 .06 a n d  4.45, resp ec tiv e ly . S ince 
th e  so lv e n t m ix tu re  (s im ila rly  as in  th e  case o f  th e  te tra p e p tid e )  in creases  th e  
p ro to n a tio n  c o n s ta n ts  o f  th e  ca rb o x y la te  g ro u p  b y  a b o u t 0.7 lg  u n its  as co m 
p a re d  to  t h a t  in  w a te r  [13], i t  can  be e s ta b lish e d  t h a t  each of th ese  H -b o n d s  
has a s p a r t ic  ac id -g lu tam ic  ac id  ca rb o x y la te  b r id g e h e a d  groups. I n  5 0 %  p ro 
p y le n e  g lyco l-w ater g lu ta m ic  acid  y -ca rb o x y la te  sh o u ld  have a p ro to n a tio n  
g ro u p  c o n s ta n t o f a b o u t lg  К  =  4.95, w hile t h a t  o f  a sp a rtic  acid is a p p ro x i
m a te ly  lg  К  ----- 4.60. T h e  d ifferences of ~  ^ 0 .2 0  a n d  ~  ^ 0 .1 5  lg К  u n its  from  
th e se  v a lu e s  are p ro p o r tio n a l to  th e  gain in  e n e rg y  b y  H -bond  fo rm a tio n  an d  
to  th e  loss in  energy  b y  H -b o n d  ru p tu re , re sp e c tiv e ly .
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