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N u c l e a r  M a g n e t i c  R e s on an ce St udi es  on M y o g l o b i n  

C h r istine Linda W i lk in s 

A b s t r a c t

N u c l e a r  ma g n e t i c  resonance  s p e c t r o s c o p y  (NMR) studies of the 
p a r a m a g n e t i c  h a e m o p r o t e i n  equine c y a n o m e t m y o g l o b i n  are 
p r e s e n t e d .

M a n y  sig nific an t NM R  assi g n m e n t s  in both the p r oton and 
ca r b on-13 spectra of equine c y a n o m e t m y o g l o b i n  have been 
obtained. N o t a b l y  the full pr oton and car bon-13 as si g n m e n t s  for 
all four h a e m  methyl gro ups have be e n  obtained, r e s o l v i n g  some 
pr e v i o u s  a m b i g u i t y  s u r r o u n d i n g  the as si gnm ent of the h a e m  3- 
methyl group, and full pr ot on ass i g n m e n t s  for the h a e m  4-vinyl 
group, w h i c h  is u n r e s o l v e d  from the d i a m ag ne tic envelo pe in the 
one dimensional proton  spectrum, have bee n ob tained by use of 
two dimensional p r o t o n - p r o t o n  shift c orr el ation sp ec t r o s c o p y 
(COSY). A s s i g n m e n t s  are also p r e s e n t e d  for the ub i q u i t o u s  
proximal h i s t i d i n e  residue, w h i c h  plays a role in m o d u l a t i n g  
the a c t i v i t y  of the iron centre, as well as for cer tain other 
p h y s i o l o g i c a l l y  relevant h a e m  pocket nuclei, p r o v i d i n g  a 
v a l u a b l e  basis for future stu dies of the s t r u e t u r e - f u n e tion 
r e l a t i o n s h i p s  not only of equine c y a n o m e t m y o g 1o b i n , but also of 
those oth er  rela ted  h a e m o p r o t e ins for w h i c h  it can be used as a 
mode 1 .

It has been d e m o n s t r a t e d  that the COSY technique, w h ich  
prior to the c om mence me nt  of this work was  be l i e v e d  to be
in ap pl icable  to p a r a m a g n e t i c  species, since the line b r o a d e n i n g  
and rapid loss of co her ence caused by para m a g n e t i c  induced 
r e l a x a t i o n  was thought to interfere wi t h  COSY peak detection,
m ay indeed be p r o f i t a b l y  applied to the study of p a r a m a g n e t i c
h a e m o p r o t e i n s . The u s e f u l n e s s  of other spectro sc opic 
techniques, p r e v i o u s l y  rar ely used in the study of biological 
m a cr omolec ul es , such as two dimensional h e t e r o n u c 1 ear shift 
c or r e l a t i o n  spectroscopy, and bot h one and two dimensional
te chniques  involv ing the e d i ting of the natural abu nda nc e 
carb on- 13 s p e c t r u m  ac c o r d i n g  to the nu mb er of at tached protons, 
to the study of p a r a m a g n e t i c  h a e m o p r o t e i n s  has also been 
d e m o n s t r a t e d .
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1.1 Aim s  and O b j e c t i v e s  of this Re search.

N u c le ar M a g n e t i c  R e s o n a n c e  S p e c t r o s c o p y  (NMR) can be used 

to obtain v a l uable  i n f o r m a t i o n  on the struc ture and fu n c t i o n  of 

biological m a c r o m o l e c u l e s  in the p h y s i o l o g i c a l l y  relevant 

solution state, and m a y  be c o n s i d e r e d  to give in formation  

c om pl ementa ry  to that obt a i n e d  b y  m e a n s  of X — ray d i f f r a c t i o n  

t e c h n i q u e s .

For the pu r p o s e s  of this r e s ea rch N MR studies on the 

pa ramag ne ti c h a e m o p r o t e i n  eq uine skeletal c y a n o m e t —m y o g l o b i n  

were  undertaken.

M y o g l o b i n  is o f t e n  use d as the model m o l e c u l e  u p o n  which 

n e w  biophysical m e t h o d s  are tested, and NMR st ud ies of 

h a e m o p r o t e i n s  are f a c i l i t a t e d  by  the hy p e r f i n e  shifts observ ed  

whe n p ar am ag netic  forms of these p r o te ins are employed. The 

nuclei w h ich e x p e r i e n c e  the largest h y p e r f i n e  shifts, due to 

their p r o x i m i t y  to the h a e m  iron centre, are p r e c i s e l y  those 

wh ic h are mos t i n t i m a t e l y  inv ol ved in the active site of the 

molecule, c o n s e q u e n t l y  their N M R  b e h a v i o u r  m a y  reveal key 

information on the p r o t e i n  structure, h o w ever this info rm ation  

m a y  only be un l o c k e d  if u n a m b i g u o u s  res on ance a s s i g n m e n t s  exist 

for those nuclei in vo lved in the h a e m  pocket, and such 

assignme nts are, therefore, the prime ob j e c t i v e  of this 

r e s e a r c h .

It is furthe r intended that this resea rc h should 

de mo ns tra te the a p p l i c a b i l i t y  of va r i o u s  s p e c t ro sc opic  

techniques, rarely us e d  in the study of biological 

macromolecules , and p r e v i o u s l y  sup p o s e d  to be ine ff ec tive in
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the study of p a r a m a g n e t i c  species, to p a r a m a g n e t i c  biopolymers.

1.2 A d v a n t a g e s  of N M R  for the s t u d y  of P r o te in s

In any c o n s i d e r a t i o n  of the NM R s p e c t r o s c o p y  of 

biological m o l e c u l e s  in so lut i o n  it is n e c e s s a r y  first to 

address the r a t iona le  beh ind its use. N M R  s pectros co pic 

techniques n o w  a l l o w  the s p e c t r o s c o p i s t  to g l e a n  three 

dimensional structural info rmation  about p r o t e i n s  and other 

biological m a c r o m olecul es , a field of inf or ma tion w h i c h  was 

p r e v io us ly the sole pr e s e r v e  of X — ray c r y s ta llogra ph ers.

The d e t e r m i n a t i o n  of the three dimens ional str u c t u r e s  of 

these m o l e c u l e s  by m e a n s  of d i f f r a c t i o n  tec hn iques u t i l i s i n g  

single cr ys tals has an i m m e d i a t e l y  o b v io us drawback, as 

illustrated by this quo ta tion f r o m  a recent ar tic le  on the 

genetic e n g i n e e r i n g  of "new" p r o t e i n s  w h i c h  appea r e d  in the Ne w  

York Times!; "....it can take several years to d e t e r m i n e  the 

structure of a single pr ot ein by X - r a y  crystallo gr aphy. For  one 

thing m a n y  pr ot ei ns do not re a d i l y  f or m crystals. N o w  nu clear

ma gneti c res on an ce s p e c t r o s c o p y ........  is b e i n g  used to avoid

cr y s t a l l i z a t i o n  altogether, b e c a u s e  it can a n a l y s e  p r o t e i n s  in 

s o 1ut i o n ."

Clearly, for those p r o t e i n s  for w h i c h  no suitab le 

crystals m a y  be obtained, NMR s t u di es  are the only route to 

three dimensional structural information. It w o u l d  be w r o n g  

however, to consider N M R  as a con venie nt  a l t e r n a t i v e  to 

diffrac ti on techniques or as a "fall back" option. Indeed 

Wiithrich2 p e r s u a s i v e l y  argues that the two tech n i q u e s  m a y  be 

considered to be c o m p l e m e n t a r y  to one another. The m e r e  fact

6



that NMR s p e c t r o s c o p y  is carrie d out in solution, w h i l s t  X- ray  

dif fract io n techniqu es em pl o y  single crystals, a l l o w s  for

direct comp arison  of p r o t e i n  s t r u cture s in c r y s t a l l i n e  and non 

crystalline states, and indeed m a n y  such stud ies h a v e  been 

carried out. T y p i c a l l y  the crystal and sol ut ion s t r u c t u r e s  of 

protein m o l e c u l e s  are found to be v e r y  similar as in the case, 

for example, of the s t u d y  by W a g n e r  et a 13 on the g l o bu lar 

protein, basic pan c r e a t i c  trypsin inhibitor, w h i c h  foun d that 

apart from a few lo calised structural d i f f e r e n c e s  on the

protein surface, the m o l e c u l a r  arch it ecture  found in the

cry stalline state w a s  largely cons er ved in aqueou s solution. 

In addition to those p r o teins  with  reported sim ilarities, 

how ever several s t a r t l i n g  structural d i f f e r e n c e s  be t w e e n  

cr yst alline and s o l u t i o n  state proteins have also been 

reported. Recen t N M R  st ud ies  by  Shulze et a 14 on rat liver 

CCdz 3 m e t a 11o t h i o n e i n — 2, for example, have shown that the 

solution stru cture of the p r o t e i n  is ver y si milar to that of 

rabbit liver metal lo t h i o n e i n ,  d e sp it e their p r i m a r y  str u c t u r e s  

di ffe ri ng b y  some 20%, a l t h o u g h  m a r k e d  d i f f e r e n c e s  to the

reported crystal s t r u c t u r e ^  exist. The m e t a 1 — c y s t e ine

coo rdinate bo nds  linking the 7 metal ions w i t h  the p o l y p e p t i d e  

chain are fou nd to be different, and this, in turn, is b e l i e v e d  

to lead to the large o b s e r v e d  d i f f e rences  in the p o l y p e p t i d e  

f o l d * .

Similarly, N M R  st udies b y  La Mar and c o — w o r k e r s ^  have 

detected the presence, in va r i o u s  native myoglobins, of around 

8 — 10% of a m i n o r  c o m p on ent in w h i c h  the h a e m  g r o u p  is rotate d

7



through 180" with  respect to the pr otein matrix. La Mar 

suggests that the reason that these o b s e r v a t i o n s  are not 

rep eat ed by X - ra y studies of single crystals might be that only 

the ma j or form crystal lizesG.

Further mor e, since the bio logical functions of proteins 

invariably occur in solution it w o u l d  seem logical that in any 

study of the structure function r e lations hi ps of pr ot eins the 

structure of rel evance wo ul d be the solut ion structure. Indeed 

this advan tage of solution studies may  be further en hanc ed  by 

matrix m a t c h i n g  of the NMR sample to the biological

environment, for example by ad j u s t i n g  the pH or ionic strength 

of the solution.

The facile adjustment of the experimental co nd itions  in

NMR studies leads to a further area of c o m p l e m e n t a r i t y  b e t we en

the two techniques in that the effect on the protei n of

altering one or more of these cond it ions ma y be monitored.

The r e l a t i o n s h i p  be tween experimental temperat ure and

hyperfi ne  shifts in pa ram a g n e t i c  species is well documented,

and will be discu ss ed in more detail elsew here in this work.

The thermal v a r i a t i o n  of both carb on and proton r e s o nances  can

yield a wide  v a r i e t y  of information. For example temper ature  

depe ndent conformational changes in pro te ins have been 

id entified by mea ns of m a p p i n g  d i s c o n t i n u i t i e s  ob se rved in the 

temperature d e p e nd en ce of ca rbon-13  chemical s h i f t s ? , 8 ,  and 

similar stu dies have shown that the b i n d i n g  of N- 

a c e t y 1 g 1u c o s a m i ne to lysozyme d r a m a t i c a l l y  reduces the 

conformational f l e x ibility  of the protein^. The temperat ure

8



dep en dent  b e h a v i o u r  of the amide p r oton s in pe p t i d e s  has been 

shown to yield  inf o r m a t i o n  about h y d r o g e n  b o n d i n g  p a t t e r n s * 0.

Dif ferential t e m p e r a t u r e  d e p e n d e n c i e s  of v a r i o u s  chemical 

shifts can also play  a role in the ass ig nment of N MR  spectra, 

p a r t i c u l a r l y  in c r o w d e d  spectral regions, since resona nc es 

u nr e s o l v e d  at one t e m p e r a t u r e  m a y  well be r e s ol ve d at another.

S i m i l a r l y  c o i n c i d e n t  re s o n a n c e s  m a y  be d i f f e r e n t i a t e d  by 

the v a r i a t i o n  of chemical shift pos i t i o n  w i t h  pH. The pH 

d ep en dence of chemical shifts has b een  emplo ye d to yield 

specific assignments* 1 . N M R  t i t rat io n has also been use d  to 

il lustrate the v a r y i n g  de grees of solvent a c c e s s i b i l i t y  of 

amino acids residue s in g l o b u l a r  p r o t e i n s * 2, and can yield 

information about the three dimensiona l s t r u c t u r e s * 3.

P r o te in s cannot be c o n s i d e r e d  to p o s s e s s  fixed rigid 

structures, and the two t e c h ni ques of N M R  and X — ray d i f f r a c t i o n  

can also pr ov ide  imp or tant c o m p l e m e n t a r y  in fo rmation due to the 

fact that the two types of m e a s u r e m e n t  em ploy m a r k e d l y

di fferent timescales, and ther ef ore can yield dy nam ic

inform ati on about the d i f f e r e n t  types of f l u c t ua tions w h i c h  can 

take place w i t h i n  m o l e cul es .

X - r a y  stru cture  d e t e r m i n a t i o n s  pr ovi de  an insight into

those hig h f r e q u e n c y  structural f l u c t u a t i o n s  w i t h  time 

co nstants of 10-**s or less**, w h i c h  are m a i n l y  asso c i a t e d  with 

the small rotational and vib rat io nal m o t i o n s  seen in crystals. 

The X - r a y  structure, the re fo re g i ves an ou tline of the

conformat ion al space o c c u p i e d  b y  the mo lecule, a l l o w i n g  for 

these h igh fre q u e n c y  flu ctuatio ns, and i nherent ly  p r o vides

9



roughly averaged  atomic  posi tions, about w h i c h  the atoms 

themselves m a y  exhibit a c o n s i d e r a b l e  de gree of lower fr e q u e n c y  

mo t i o n .

For the c h a r a c t e r i z a t i o n  of those internal d y n a m i c s  of 

protein m o l e c u l e s  w i t h  time c o n s t a n t s  f ro m a p p r o x i m a t e l y  10-9s 

up to arou n d  one se cond  NMR s p e c t r o s c o p y  pr o v i d e s  a powerful 

tool, since rel ax ation p a r a m e t e r s  bear a direct r e l a t i o n s h i p  to 

the amp l i t u d e s  and c o r r e l a t i o n  times of internal m o l e c u l a r  

motions. In common w i t h  X- ra y d i f f r a c t i o n  techniques, N M R  can 

provide in for mation about the m a g n i t u d e  of the individual 

atomic motions , in con tr ast to X - r a y  d i f f r a c t i o n  h o w e v e r  it is 

also sensitiv e to the tim es cales of those motions.

The dyn am ics w i t h i n  the N M R  tim es cale range include many  

of those inti matel y involved w i t h  p r o c e s s e s  such as enzyme 

action and the structural r e a r r a n g e m e n t s  involve d therein, and 

since one of the u l t i m a t e  o b j e c t i v e s  of the study^ of prot ein 

dynamics is to rela te the s t r u c t u r e  of a p r o te in  to its 

function, N M R  is used e x t e n s i v e l y  for this purpose. R o b e r t s * 5 

for example, descri be s the use of N M R  stud ies to c h a r a c t e r i s e  

motions w i t h i n  the d e h y d r o g e n a s e  enzyme, d i h y d r o f o l a t e  

reductase, and w i t h i n  v a r i o u s  i n h i b i t o r s  b o u n d  to the enzyme, 

and di s c u s s e s  the imp ort ance of some of these f l u c t u a t i o n s  in 

the enzyme inhibitor int eractions.

The fact that N M R  can p r o v i d e  bot h structural and 

dynamical in fo rmation in sol ut ion has  also b e e n  e m p l o y e d  by 

D o b s o n * 6 to study the un f o l d e d  and p a r t i a l l y  folded s t ates of 

several d i f fe rent p r o t e i n s  in o r de r to derive i n f o rmation  about
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m o l e c u l a r  events a s s o c i a t e d  w i t h  the t r a n s itions u n d e r g o n e  by a 

linear st ri ng  of amino acid r e s i d u e s  in the adopti on  of its 

final folded prot ein c onfor ma tion. He h y p o t h e s i s e s  that this 

wor k m a y  pro ve to be p a r t i c u l a r l y  v a l u a b l e  in those p r o t e i n s  

who se functional states are p a r t i a l l y  unfolded, since it seems 

likely that c r y s t a l l i z a t i o n  of these states will prove to be 

impossible, and they are h e nc e inapp r o p r i a t e  for s t u d y  by 

c r y s t a l l o g r a p h i c  techniques.

1.3 T he D evelop me nt of N M R  S t r a t e g i e s  for the S t u d y  of P r o t e i n s  

H a v i n g  addr essed the r a t i o n a l e  b e h i n d  the use of N M R  as a 

tool w i t h  w h i c h  to study p r o t e i n s  it is interesti ng to co ns ider  

its d e v e l o p m e n t  as such a tool. The m a n y  a pplica ti ons of N M R  to 

the study of biological m a c r o m o l e c u l e s  have evolved f r o m  the 

NMR s p e c t r o s c o p y  of m u c h  sm al ler chemical compou nd s and natural 

products. The NMR p h e n o m e n o n  wa s  first observed, i n d e p e n d e n t l y  

in 1946 by bo t h  Feli x Bloch*? and E d w a r d  P u r c e l l * 8 , _but it was 

over 10 years  later in 1957 that the first reporte d p r o t o n  NMR 

s p e c t r u m  of a protein a p p e a r e d * 9. T his report, by S a u n d e r s  and 

C O — w o r k e r s * 9, showed the s p e c t r u m  of bovi n e  p a n c r e a t i c  

r i b o n u c 1 e a s e , and i de ntifie d two b r o a d  spectral e n v e l o p e s  as 

aromati c and ali ph atic protons. G i v e n  the a v a i la ble NM R  

eq ui pm ent at that time it is u n s u r p r i s i n g  that the spectral 

re so l u t i o n  w as  low. Commercial s p e c t r o m e t e r s  in the 1950's 

typical ly  h ad proton re s o n a n c e  f r e q u e n c i e s  of 40MHz, i m p r o v i n g  

to 60 or lOOMHz in the 1960's. F u r t h e r  sign ificant  d e v e l o p m e n t s  

in this area of i n s t r u m e n t a t i o n  did not come about until 1966, 

whe n  the introducti on  of super c o n d u c t i n g  m a g n e t s  al l o w e d  the
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first high field NMR s t u d i e s  at a field s t r en gth of 200MHz20, 

with a c o r r e s p o n d i n g  i m p r o v e m e n t  in bo t h  the s e n s i t i v i t y  and 

the spectral r e s o luti on  of the N M R  experiment. The next major 

step forw ard came in the e a r l y  1 9 7 0 's wit h the int ro duction  of 

pulsed F o u r i e r  t r a n s f o r m  spe ctro scopy.

NMR spectra wer e o r i g i n a l l y  recorded by sc an n i n g  over the 

entire f r e qu en cy range, and thus c o l l e c t i n g  a series  of 

abs orp tions at s u c c e s s i v e  fr equencies,  from w h i c h  a s p e ct rum 

might be constructed. T h i s  is k n o w n  as the c onti nu ous w ave (CW) 

spectrum.

If a hig h degree of r e s o l u t i o n  is to be m a i n t a i n e d  using 

CW NMR, r e l a ti vely long sweep times are requ ir ed as each 

individual frequen cy  m u s t  be s e q u e n t i a l l y  excited. It is 

however, pos si bl e to o b s e r v e d  all the a b s o r p t i v e  f r e q u encie s in 

a sp e c t r u m  sim ult an eously,  b y  e f f e c t i v e l y  st r i k i n g  the sample 

with a single pulse of ra d i o f r e q u e n c y .

He i s e n s b e r g 's u n c e r t a i n t y  p r i n cip le  suggests that the 

shorter the durat io n of a n o m i n a l l y  m o n o c h r o m a t i c  pulse, the 

greater is the u n c e r t a i n t y  about its frequency. Thus by

applyin g a ver y short pu ls e (in the o r der of ps) the

un c e r t a i n t y  is such that the w h o l e  f r e q u e n c y  range of the 

sp e c t r u m  m a y  be st imulated.

The signal or i n t e r f e r e n c e  p a t t e r n  o b t a i n e d  subs equent  to 

this pulse will c o n tai n all the c h a r a c t e r i s t i c  f r e q u en cies of 

the sample, and will d e c a y  e x p o n e n t i a l l y  in the interval

immediat ely fol l o w i n g  the pulse. The N M R  signal in this f or m is 

known as the free i n d u c t i o n  d e c a y  (FID).
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The F ID is d e t e c t e d  in a digital format, and r e d uc ed to 

the re quire d f r e q u e n c i e s  by the s u b t r a c t i o n  of the carrier 

frequency, v © - The r e m a i n i n g  signal is then conver te d u s i n g  an 

analogue to digital converter.

N o w  the FID p r e s e n t s  the signal as a funct io n of time, 

and it is d e s c r i b e d  as bei ng in the time domain. A spectrum, 

however, d i s play s the signal as a fun ct ion of frequency, and is 

de scr ibed as b e i n g  in the fr equency  domain.

The time and f r e q u e n c y  dom ains of a c o m pl ex  wave f or m are 

reciprocal to one a n o t h e r  and can be inter convert ed by  the 

Fourier t r a ns fo rm (Eqn 1.1)

+ ®
f(w) = \f(t) eJa* dt Eqn. 1.1

W h er e (t) is data in the time do ma in

(w ) is data in the f r e q u e n c y  domain

The FIDs o b t a i n e d  by w ay of p u l s e d  F o u r i e r  t r a n s f o r m  are

additive, and c o n s e q u e n t l y  the p u l s e - s i g n a l — d e cay seque nc e may

be re peate d and a d d e d  together m a n y  times, leading to an 

improvement in the signal to noise ratio (S/N), since true 

f re qu enc ies will interf er e con str uctiv ely, and r a n d o m  noise 

will in terfere d e s t r u c t i v e l y  in s u c c ess iv e FID s  the S/ N ratio 

improves in p r o p o r t i o n  to the square root of the n u m b e r  of 

scans ( E q n .1.2)

S /N oc scans* Eqn. 1.2
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Ear ly work on the NM R of pr o t e i n s  concentra ted on the 

data that could be o b t a i n e d  f r o m  chemical shift m e a s u r e m e n t s ,  

since chemical shifts give direct infor mation a b out the 

chemical envi ronment of nuclei, and are v e r y  s e n s i t i v e  to 

conformational or chemical changes. Investiga tions of the 

posit io ns of proton r e s o n a n c e s  of v a r io us  amino acid re sid u e s  

in small peptides, and c o m p a r i s o n  of their posi ti ons to those 

r a n d o m  coil proteins h a v e  been ca rried out, and a h ig h degree  

of correla ti on found. Su c h  data have  been emp loyed in studies 

of prot ein d e n a t u r a ti o n 2 1 ,2 2  . S i m i l a r l y  the anom al ous chemical 

shifts of protons a f f e c t e d  by the ring current fields of local 

aromatic g r o u p s 2 i , 2 3  was the subject of m u c h  earl y 

investigation. The s e n s i t i v i t y  of chemical s h i f t s  to 

environmental changes w a s  also inves tigated via the N M R  pH 

titrations of ionizable g r o u p s 2 4 .

The deve lopment  of the use of C a r b o n — 13 NMR to study 

prote in s clos ely p a r a l l e l e d  that of proton NMR. T he first 

natural abu ndance C a r b o n - 1 3  s p e c t r u m  of a polypep ti de;  

gra m i c i d i n  SA, a d e c a p e p t i d e  antibiotic, was p u b l i s h e d  in 1970 

by G i b b o n s  et a l 2 5  w h o  n o t e d  that that c a r b o n — 13 NM R h a d  m a n y  

advantage s over pr ot o n  N M R  for the study of p o l y p ep tides,  in 

pa r t icular  the large shif t s  and spectral widths, the r e l a t i v e l y  

n a r r o w  line width, and the abse nce of spin-spin coupling, w h i c h  

lead to a simpler, m o r e  di sperse spectrum, and also the near 

p r e d i c t a b i l i t y  of the chemical shifts, (see also H o w a r t h  and 

Li 1 l e y 2 6 ).

Natural abund an ce c a r b o n — 13 spectra of p r o te in s r a p i d l y
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followed. For example, Conti and P a c i 2 7  compa re d the c a r b o n — 13 

spectra of vari ous  g l o b u l a r  p r o t e i n s  wit h the "com posite  

spectra" of their c o n s t ituent  a m ino acids, and found that a 

high  degree of c o r r elation  b e t w e e n  the actual and the compute d 

spectra existed, w h ilst  O l d f i e l d  and A l l e r h a n d 2 8  o b s e r v e d  the 

natural abu ndance carbo n- 13 s p e c t r u m  of cyt ochrome-c, and 

d i f f e r e n t i a t e d  the r e s o n a n c e s  of those n o n — p r o t o n a t e d  carbons 

near, or bel o n g i n g  to the central po r p h y r i n  g r oup  fr o m  others 

w i t h i n  the protein

Cozzone et al? u s e d  c a r b o n — 13 N M R  to detect a temp erature  

dependent confo rmational t r a n sition  in lysozyme, and several 

w o r k e r s 2 9 , 3 0  used the c a r b o n — 13 spectra of proteins, 

s e l e c tive ly  enriched in * 3 C at a p a r t i c u l a r  amino acid residue, 

in order to make r e s on ance assi gnmen ts. At around the same time 

as the ev oluti on  of c a r b o n — 13 N M R  as a tool w i t h  w h ich to study 

p rot eins came two o t her imp ortant dev elopments, n a m e l y  the 

first reports of the o b s e r v a t i o n  of nuc lea r O v e r h a u s e r  ef fe cts 

in p r o t e i n s 3 1 , 3 2 ,  and the p r o p o s i t i o n  by J e e n e r  in 1 9 7 1 3 3 , of 

the idea of two dimensional NMR spectroscopy.

The N u c lear O v e r h a u s e r  E f fe ct (nOe) is a r e l a x a t i o n  

effect w h i c h  can oc cur in d o uble irradiation e x p e r i m e n t s  and 

arise s from the dipo lar co u p l i n g  of nuclei in solution. T h e  nOe 

is m a n i f e s t e d  as an increase or decreas e in the i n t e nsity  of 

the signal when a s p a t i a l l y  n e i g h b o u r i n g  r e s on an ce is 

sa t u r a t e d .

As the nOe has its or igin in d i po lar relaxation, and the 

intensity of magne ti c f l u c t u a t i o n s  at a nu c l e u s  is r e l ated to
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the dist an ce  s e p a r a t i n g  the m u t u a l l y  r e l a x i n g  nuclei, its 

ma g n i t u d e  is depe nd ent on the int er n u c l e a r  distance. The 

r e l a ti on ship be tw een the nOe and inter n u c l e a r  distanc e is given 

by equ at io n 1.3:-

I n O e  oc r - 6 --------------------------------eqn. 1.3

where r is the i n t e r n u c l e a r  distance. C o n s e q u e n t l y  the nOe 

falls off rap idl y w i t h  increa si ng r, and is n o r m a l l y  only 

observable  up to v a l u e s  of around r = 3 . 5 Â .

The appl i c a t i o n  of nOe m e a s u r e m e n t s  to p r o teins allowed 

the p o s s i b i l i t y  of the NM R d e t e r m i n a t i o n  of inter proton 

dista nce s in biological ma crom o l e c u l e s ,  a l t h o u g h  initial work 

was ha m p e r e d  by spin d i f f u s i o n  effects, and it was not until 

1978 that the nOe b u i l d  up technique, w h i c h  a l l ow ed  e s t i matio ns  

of inter pr oton d i s t a n c e s  in proteins, w as introduced  by 

Wiithrich and c o - w o r k e r s 3 4 , 3 5  .

In 2D NMR  e x p e r i m e n t s  a second time v a r i a b l e  is 

introduced such that a signal m o d u l a t e d  as a fu nc ti on of a 

va riabl e time parameter, ti , is s u b s e q u e n t l y  d e t ec te d as a 

function of a second time variable, t 2 . The data thus coll ected  

is, therefore, a f u n c t i o n  of two in dependen t time variables, 

and just as F o u rier t r a n s f o r m  c o n verts a signal as a function 

of time into a signal as a function of f r e q u e n c y  (Eqn. 1.4), so 

a two dimensional F o u r i e r  t r a n s f o r m  co n v e r t s  data fr o m  a 

function of two time v a r i a b l e s  into a fu nc tion of two frequ en cy 

v a r ia bl es  (Eqn. 1.5), ie. a two dimensional f r e q u e n c y  spectrum.
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J( t) ID FT J(v) ------------------Eqn. 1 .4

J(t 1 , t2 ) 2D FT J ( VI , V2 )  Eqn . 1.5

T e e n e r ' s  e x p e r i m e n t 3 3 , w h i c h  is also f r e q u e n t l y  referred 

to as COSY, gives rise to a two d ime ns ional fre q u e n c y  sp e c t r u m  

in w h i c h  bot h f r e q u e n c y  axes are * H chemical shifts. 

M a g n e t i s a t i o n  co mp onents  w h i c h  h a v e  the same freq u e n c i e s  during 

both 1 1 and t2 app ear on the diagonal of the two dimensional 

spectrum, w h i c h  e s s e n t i a l l y  shows the normal one dimensional 

proton spectrum. In a c o u pl ed s y s t e m  however, the a p p l i c a t i o n 

of a se cond pulse ca uses the m a g n e t i s a t i o n  w h i c h  arose fr o m  any 

one t r a n siti on  d u r i n g  ti to be tran s f e r r e d  b e twee n all the 

other transit ions to w h i c h  it is coupled, and J coupl in g 

p art ners are the refore indicated  by  off diagonal cross peaks 

(peaks w h o s e  f r e q ue nc ies vi and V2 are dif ferent), furthermore, 

since transfe r of m a g n e t i s a t i o n  b e t w e e n  tr ansitions m a y  take 

place in bot h  dir ections, a cros s peak at c o o r d i n a t e s  (vi ,V 2 ) 

will po s s e s s  a symmetrical p a r t n e r  at c o o r d i n a t e s  (v2 ,vi). This 

p he n o m e n o n  can be u sed to d i s t i n g u i s h  true cross p e aks from 

ra ndo m noise, whi ch  will not d i s p l a y  the same symmetry.

The  a d v a nt ag es a f f o r d e d  by  two dimensional t ec hn iques lie 

in the inc rea se d r e s o l u t i o n  r e s u l t i n g  from the spread of data 

over a two dimen sional f r e q u e n c y  plane, ra ther than a one 

dimensional fre q u e n c y  axis such that the p r o b a b i l i t y  of 

accidental ov er lap  is s i g n i f i c a n t l y  lowered, and in the 

co rr e l a t i o n  data available.

It wa s not until 1977, however, f o l l o w i n g  d e v e l o p m e n t s  in
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the theory and practice of two d i m e n s i o n a l  NMR by Ernst and co— 

w o r k e r s 3 G f3 ? , that two dim ensi on al N M R  m e t h o d o l o g y  had ad v a n c e d  

s u f f i c i e n t l y  to allo w the first r e c o r d i n g  of a 2D NMR s p e c t r u m  

of a p r o t e i n 3 8  , namely the 2D, J  r e s o l v e d  pr oton s p e c t r u m  of 

the pr o t e i n  basic p a n c r e a t i c  t r y psin inhibitor. T h e s e  two 

d e v e l o p m e n t s  have, in turn led to the development, by Wiithrich 

and co-workers, of an N M R  technique, c o m b i n i n g  a p r o c e d u r e  for 

the e l u c i d a t i o n  of sequenc e s p e cific  res o n a n c e  assi g n m e n t s  with  

the de t e r m i n a t i o n  of inter p r o t o n  d i s t an ces w i t h i n  the 

molecule, for protein structu re  d e t e r m i n a t i o n  (the Wiithrich 

m e t h o d  of protein s t r u ctu re  d e t e r m i n a t i o n ) 2 ,20, and the first 

full, p r oton  NMR derived, s o l utio n c o n f o r m a t i o n  of a protein, 

p r o t ei na se inhibitor II f rom bull seminal plasma, was p u b l i s h e d  

in 1 9 8 5 3 9 .

1.4 An A n a l y s i s  of Cu r r e n t  S t r a t e g i e s  for the NMR S t u d y  of 

Prote in s

The pivotal N M R  tec hn ique of the Wiithrich m e t h o d  of

pr ot ei n structu re d e t e r m i n a t i o n  is two dimensional n u c l e a r

O v e r h a u s e r  sp ec t r o s c o p y  ( N O E S Y ) , c o m p l e m e n t e d  by the use of 

p r o t o n — pr ot o n  shift co rr e l a t e d  s p e c t r o s c o p y  (COSY).

In the sequential a s s i gnmen t step of this procedure,

d e v e lo pe d b y  Wiithrich and co - w o r k e r s  in the late s e v e nties  and 

early e i g h t i e s * 0 , 4 l , the scalar s p i n - s p i n  co up lings o b s e r v e d  in 

the COSY sp e c t r u m  are use d  to u n a m b i g u o u s l y  assign r e s o na nces  

as b e l o n g i n g  to a p a r t i c u l a r  type of amino acid residue. The 

N O E S Y  s p e c t r u m  is then used to e s t a b l i s h  the r e l a t i o n s h i p
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be tw een s e q u e n t i a l l y  n e i g h b o u r i n g  a m ino acids as N O E S Y  cross 

peaks will be m a n i f e s t e d  by the close a p p r o a c h  of the amide 

pr otons of n e i g h b o u r i n g  amino a c id s residues, and also the aCH 

of one amino acid re sidue and the amide p r o t o n  of the next 

( F i g . 1. i ),

O Ry O
I II I II-N ofC* (3*-- Ny aCy--CyII I IH H  <------> H  H

F i g .1.i An i l l u s t r a t i o n  of the short sequential dist an ces 

b et ween two n e i g h b o u r i n g  amino acid residues, x and y , which 

give rise to N O ESY  cross peaks.

Thus, since it is k n o w n  from the data o b t a i n e d  from the COSY 

spectru m w h i c h  type of amino acid r e s idue  x and residue y are, 

and fro m the N O E S Y  spect r u m  that they are seque n t i a l l y  

adjacent, this gives rise to the i d e n t i f i c a t i o n  of a di peptide 

wh ic h m a y  be m a t c h e d  against the k n o w n  p r o t e i n  sequence, and 

thus assigned. If the dipepti de  segment is not unique wi thi n  

the amino acid se qu ence the m e t h o d  m a y  be e x t e n d e d  to identify 

tri or tetra pe p t i d e s  etc., until a u n iq ue  fragment is found. 

In practic e there is o n l y  a v e r y  small p r o b a b i l i t y  that a tri 

or tetra se que nce will repeat w i t h i n  the total seq uen ce of a 

globular  protein*0.

H a v i n g  e s t a b l i s h e d  the a s s i g n m e n t s  of r e s o n a n c e s  to the 

va r iou s amino acid residues, the s e co nd step is to est ablish
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the second ar y str ucture of the protein, and this three 

dimensional structural inf or mation  is also av ail able from the 

data ob tai ne d in NOES Y spectra.

The presence of a NO ESY  cross peak shows that the two 

protons c o r r e s p o n d i n g  to the two cor re la ted diagonal peaks are, 

in general, less than 5Â apart. The identi fication of NOESY 

cross peaks b e t we en n o n - s e q u e n t i a  1 amino acids the refore gives 

va lua bl e inform ation about the three dimensional prot ein 

structure, showing the presence for example, of loops and folds 

wit hin the p olype pt ide chain w h ic h allo w the close app ro ach of 

amino acids residues wh ic h are seque nt ially well separated. 

Comp lex  patter ns of nOe's can also arise w h i c h  are 

c h arac te ri stic of certain types of seconda ry structures. For 

example the inter proton d i s tanc es  involved be t w e e n  the protons 

of the first and fourth amino acid residues in an o — heli x are 

around 4 Â , compar ed with about 1 4Â in an extende d p oly pe ptide 

chain, c o n s e q u e n t l y  a repeated pa tt ern of NOE's be tw een pairs 

of amino acid residues these rel ati ve position s over a segment 

of the st ruc ture illustrates the presence of an cx—helical 

section of p o l y p ep tide c h a i n Z O .

Since the NOE SY spectra of proteins  are v e r y  complex, and 

may contain hundred s of cross peaks, several mathemat ica l 

a lg or ithms have been d e v e lo pe d to assist in the structural 

in te rpretat io n of this w e a l t h  of data. Thes e alg or it hms are 

de si gn ed to trans form the p a i rwise d i s tan ce  information 

o b t a in ab le from NOE SY spectra into usable c a r t esi an  coor di nates  

whi ch  a l lo w the c on st ruction  of valid structural models, and
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rely on a library of c onstr ai nts applied by the kn owledge  of 

the re a s o n a b l e  g e o m etries  of amino acid residues, to u n cov er  a 

set of po ssible  stru ct ures de fi ne d by both these con straint s 

and the NM R  data. An exa mple is the distance g e o metry progr am me 

D 1 S G E Q 4 2 , 4 3 ,  w h ic h is d e s ig ne d to identify those con for mées 

whe re the set of pairwi se dist an ces be tw een points fall betw een 

upp er and lower limits de fined by input nOe data and by a

library of standard bond lengths, bond angles and van der Waa ls

radii respectively. This program me  was used in the first 

s t r u cture  d e t e r m i n a t i o n  of a g l o bu la r pr ote in from experimental 

NMR d a t a 3 9 .  An analys is of this, and other similar p rogra mm es  

de s i g n e d  to gen er ate three dimensional st ructures from NMR 

de r i v e d  data is given in re ference 44. A recent report on the 

NMR str uc tu re d e t e r m i n a t i o n  of the of— amylase inhibitor 

t e n d a m i s t a t * 4 a  contains a c o m p aris io n of some of the avail able 

algorithms, as does the report on the structure of B P T 13.

A l t h o u g h  the Wiithrich m e t h o d  for protein structure 

determin ation" has been found to be w i d e l y  appl icable in the 

case of pro te ins up to a m o l e c u l a r  weight of 15,000, and has 

been used  to solve in excess of 100 protein s t r u c t u r e s Z  it 

still has si gnific ant drawbacks. The presence or absence of

cross peaks in a NOE SY e xpe ri ment is c r i t ic al ly dependent  upon

the chosen value of the m i x i n g  time, duri ng w h i c h  the 

individual nOe's build up. If the m i x i n g  is too short cross 

peaks m a y  be absent since the nO e' s have not yet built up, if 

it is too long they m ay  still be absent, the nOe's havi n g  died 

away. The nOe build up pr o f i l e s  of the v a ri ou s nuclei w i t h i n  a
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sample will be different since they are dependent upon 

internuc le ar distances, therefore a NOES Y experiment will 

onl y detect interactions b e t w e e n  those nuclei who se  

internuc le ar distance s are e f f e c t i v e l y  selected by the 

chosen value of the mi xi n g  time. C o n s e q u e n t l y  it is 

n e c e s s a r y  to p e r fo rm a set of N O E S Y  exp eri me nts with va riou s  

m i x i n g  times, and the non m a n i f e s t a t i o n  of a cross peak 

b e t w e e n  two nuclei cannot be taken as eviden ce of the 

ab s e n c e  of any interaction b e t we en  them.

In addit ion to this, with increas ing prot ein size, an 

increase in the likelihood of spectral overlap, due to 

coincident, or nearly coincident, proton chemical shifts 

also occurs, which, coupled with the line b r o a d e n i n g  typical 

in the spectra of large proteins, can make the 

in te rp r e t a t i o n  of the COSY fing erprin t region, w h ich  is 

n e c e s s a r y  for sequential resonan ce assignment, pr o h i b i t i v e l y  

complicated, and va rious m e t h o d o l o g i e s  have been pr op osed to 

deal wi t h  this problem. The simplest of these rely on the 

d i f f e r i n g  pH or temper ature dep e n d e n c e  of the individual 

p r oton  chemical shifts, as des c r i b e d  above.

A strategy pr oposed  by E n g l a n d e r  and W a n d a s , and an 

a l g o r i t h m  based t h e r e o n 4 6   ̂ the main chain di rected m e thod  

for as signment of proton NMR spectra of proteins, relies on 

the identi fi cation  of pa tterns of nOe connectivities, 

typical of secon da ry structural elements, wi th i n  the N O ESY 

spectrum, such that a more rigoro us  analy si s of the amino
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acid side chain s y s t e m  is not essential.

Isotope label ling st r a t e g i e s  have been use d to 

simplify the complex spectra of proteins, for exampl e by 

labelling around 30% w i t h  c a r b o n — 13 and tra ns lating the data 

obtained f rom  a series of two dim ensional techniques; 

including 13 C- 15N and 1 3C — 13C c o r r e l a t i o n  experiments, to 

the fingerprint region of the COS Y s p e c t r u m  via a l H — 1 3 C 

correlation, M a r k l e y  and c o - w o r k e r s * ? have overco me m a n y  of 

the assignmen t a m b i g u i t i e s  in the s p e c t r u m  of f e r r edoxin 

from the p h o t o s y n t h e t i c  cyano b a c t e r i u m  anabaena 7120. 

Similar st ra tegies w h i c h  em ploy the u n i f o r m  labelling of 

proteins w i t h  n i t r o g e n — 15 have also bee n  devised*^.

Va r i o u s  technique s involv in g d e u t e r a t i o n  of pr o t e i n s  

have bee n s u c c e s s f u l l y  employed. R a n d o m  fractional 

deuteration, in w h i c h  all carbon b o u n d  pr ot ons are around  

50-85% en ri ched w i t h  deuterium, sim p l i f i e s  h o m o n u c l e a r  two 

dimensional proton N M R  spectra, since the lower level of 

sample p r o t o n a t i o n  d e c r e a s e s  the inc idence of p r o t o n — pr ot on 

dipolar interactions. Since these are the dominant fact ors 

in proton re laxatio n times, this in turn leads to n a r r o w e r

1i n e w i d t h s * 9 ,50.

A c ombinat io n of r a n d o m  fractional d e u t e r a t i o n  and 

homo n u c l e a r  two di mensional  p r oton N M R  has bee n  u t i l i s e d  in 

the sequential assi g n m e n t  of t h i o redoxi n f rom E s c h e r i c h i a  

coliSO. Spectr a m a y  also be s i m p l i f i e d  either by the study 

of de ut e r a t e d  proteins, in w h i c h  o nl y a few amino acid types 

are protonated^l or vi c e  v e r s a S O .
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Thr ee dimensional NMR  t e c h n i q u e s  are also p r o v i n g  to 

be of valu e in the in t e r p r e t a t i o n  of p r o te in  spectra. T h r e e  

dimensional techniques are an e x t e n s i o n  of two dimensional 

spectroscopy, by the additio n of a furt her time pe ri od and 

are de ri ve d via "o ve rlapping" c o m b i n a t i o n s  of two

dimensional pulse sequenc es  by m e a n s  of o m i tting  the

de tec tion time of the first experi men t, and the p r e p a r a t i o n  

time of the second. The i n t r o d u c t i o n  of a third do ma in  

g r e atly increases spectral r e s o l u t i o n  as well as a l l o w i n g  

some inte resti ng  corre 1 a t i o n s 5 2 , 53 . H o m o n u c l e a r  3D

ex pe ri men ts have b een described, whereby, for example, a 

COSY ex periment is ex t e n d e d  into a third d i m e nsio n to a l l o w

J m o d u l a t i o n  of the C O S Y  cross p e a k s 5 4 . A h o m o n u c l e a r  3D N M R

technique in co r p o r a t i n g  a H o m o n u c l e a r  H a r t m a n n —Hahn p u lse  

sequence w as the first reported 3D te chnique to cover the

full pr oton chemical shift range of a p r o tein  in all three

domains, and was us e d  in the ass ign me nt of pike

p a r v a 1b u m e n S 5.

Thr ee  dimensional tech niques are also often use d in 

c o n j u ncti on  with isotopic labelling. H e t e r o n u c 1 ear three 

dimensional NMR, in w h i c h  two d i m e n s i o n s  are equ ivalent to a 

NO E S Y  exp eri ment w h i l s t  in the third d i m e n s i o n  NH  p r o t o n s  

are labelled with their n i t r o g e n — 15 chemical shifts, has 

bee n used to ob tai n sequential b a c k b o n e  a s s i gn me nts in 

s t a p p h y 1oc occa 1 nuclease, non s e l e c t i v e l y  enriche d in

n i t r o g e n - 1 5 5 6 .

S i m i l a r l y  a 3D com binat io n of iHi 5 n  c orrela ti on and
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N O E S Y  has been u s e d  to de t e r m i n e  small h e t e r o n u c 1 ear 

co upl in g con stants in n i t r o g e n — 15 labelled p r o t e i n s ^ ? .

The p r a c t i c a l i t y  of 3D N M R  suffers fro m lim it at ions 

due to the e x t re mely long a c q u i s i t i o n  times involved, the 

three dimensional e xper im ent on staphylococcal n u c l e a s e  

described  above, for example, took 2% days to r u n ®  6  ̂ and 

problems can also be as s o c i a t e d  with the storage and 

m a n i p u l a t i o n  of the v e r y  large data sets involved, h o w e v e r  

it is likely that in the future 3D NMR will b e c o m e  a 

routinely  used technique.

An a p p l icati on  of 2D NMR s p e c t r o s c o p y  w h ich has so far 

found little favour in the study of p r o tein mo lecule s,  

except for c o m p a r a t i v e l y  rec en tly w h e n  e m p l o y i n g  

isot op ically labelled s a m p  1 e s *  ̂  , 4 8 , and whe n part of a 3D 

s t r a t e g y S 6 , 5 7  i s that of h e t e r o n u c 1 ear shift correlation, 

the h e t e r o n u c 1 ear an a l o g u e  of COSY. In h e t e r o n u c 1 ear shift 

correla ti on (HETCOR) ex pe r i m e n t s  the two fre q u e n c y  axes 

represent the chemical shifts of two different nuclei* most  

often i H and 13C, w h e r e  a cross peak is m a n i f e s t e d  at the 

coor di nates of a c a rbon nu cl eu s and its attach ed  protons. 

This pr o c e d u r e  has several advantages, by c o r r e l a t i o n  of 

proton chemical shifts wit h  the m uch more dis pe rse chemical 

shifts of the carbo n spectrum, spectral o v e r l a p  is larg ely 

r e m o v e d .

In add it ion to this the c a r b o n — 13 chemical shift 

values m a y  provide s i g n if icant extra clues in the a s s i g n m e n t  

of the p r o t o n  spectrum, indeed proton re sonances m a y  be
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cross assigned from kno wn a s s i g n m e n t s  in the carbon

spectrum, and vice versa. S i m i l a r l y  the H E T C O R  e x p e ri ment  

ma y  be used in a c o m p l e m e n t a r y  m a n n e r  w i t h  the COSY  

spectrum, but alt ho ugh the first lHi 3 C c o r r e l a t i o n  of a 

protein, , carbon-13 e n r i c h e d  f e r r i d o x i n  fro m  an a b a e n a  

variabilis, was p u b l i s h e d  in 198258 w i t h  the types of cross 

assignm en ts de scr ibe d above b e i n g  reported for it the 

f ol lo wing year59, and d e s pite the tec hnique h a v i n g  been 

s u c c e s s f u l l y  employed at natu ral  abu nd ance to o b t a i n 

a s s i g nmen ts  for horse c y t o c h r o m e  c5 0 , 6 l , this type of 2D N M R  

study of protein s is still rare.

This  approach has h o w e v e r  b e e n  w i d e l y  used in the

study of quite co mp lex small natural p r o du ct s at natural

abundance, for example in the s t u d y  of bile acids62 and to 

d et ermine the p r e v i o u s l y  u n k n o w n  s t r u cture s of the o r m os ia

alk al oid ormisineGS (fig l.ii), and of. 9,21 —

di deh y d r o r y a n o d i n e  (fig l.iii) a p e s t i c i d e  f r o m  the plant 

Ryani a speciosa64.

The se and several other a p p l i c a t i o n s  invo lvi ng natural 

pr odu ct s are dis cu ssed  by  D e r o m e G S .  S i m i l a r l y  a recent paper  

by Rinaldi and S w i e c i n s k i G 6  d i s c u s s e d  the a p p l i c a t i o n  of 

COSY  and a 2D e x p e ri ment b a s e d  on iHi 3 c h e t e r o n u c 1 ear 

O v e r h a u s e r  enhanc ement  s p e c t r o s c o p y  in the s e q u e n c i n g  of 

small peptides.
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Fig l.ii orm o s i n i n e  Fi g l.iii 9 , 2 1 - d i d e h y d r o r y a n o d i ne

F i n a l l y  the role of less co mm on  nuclei in the N M R  

study of prote in s cannot be ignored. W h i l s t  bio logical 

m a c r o m o l e c u l e s  rarel y contain f l u o r i n e - 1 9  it m a y  re adily be 

in corporate d into them by b i o s y n thesi s.  The presenc e of I9p 

has little effect on the biological fu nc tions of a mol ecule, 

but p r o vi de s a co nv eni ent label w h e r e b y  the mol e c u l e s  m a y  be 

studied. Confor ma tiona l changes in lysozyme, r ibonuc le ase 

and h a e m o g l o b i n  have all been  s t u d i e d  u t i l i z i n g  f l u o r i n e — 19 

NMR6 7 , and m a n y  other biological m a c r o m olecul es , inclu di ng 

bovin e s e r u m  albuminGB, and a — c h y m o t r y p s i n ^ 9 have also b een  

subject to 19F NM R studies.

M a n y  other nuclei are also of interest. The o x y g e n — 17 

chemical shifts, in aq ue ous  solution, of the twenty co mmon
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amino acids have be e n  p u b l i s h e d ^ O   ̂ and iron— 57 N MR  has been 

used in the study of c y t o c h r o m e - c ? l , wh il st b o t h  p r o t o n  and 

c a d mi um— 113 N M R  have r e c e n t l y  been us e d  to s t u d y  the m o d e  of 

cadmium b i n d i n g  to a "finger" pe ptide  from an HlV-1 nuclei 

acid b i n d i n g  p r o t e i n ? 2 ,  p r o v i d i n g  a v a l u a b l e  model for the 

zinc b i n d i n g  which is be l i e v e d  to be n e c e s s a r y  for the 

correct p r o t e i n  fu nc tion of retroviral nuclei acid b i n d i n g  

p r o te ins?2 .

28



C H A P T E R  2

H a e m  Pr oteins  and their Role in the 
De vel opment of the N M R  S p e c t r o s c o p y  

of Biological M a c r o m o l e c u l e s

U b e rh au pt ist es fur den F o r sc he r ein 
g u te r M org en sport, tag lich vor dem 
Fr üst ü c k  eine L i e b 1in g s h ypothe se  
e i n z u s t a m p f e n  - das erhalt j u n g . ”

K o n r a d  Lorenz 
Das s o g e nn ante Bose
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2.1 The s t r u ct ur es and f u n c t i o n s  of H a e m  p r o t e i n s

P r o t e i n s  co n t a i n i n g  m e ta 11o p o r p h y r i n  gr ou ps are 

implicated in a wide v a r i e t y  of biologica l processe s inv ol ving 

light absorption, elec t r o n  transf er reactions, ox yg en 

transport, and the b r e a k d o w n  of peroxides.

The pr i m a r y  light recep t o r  in p h o t o s y n t h e t i c  processes, 

chlorophyll, possesses  a p o r p h y r i n  g r o u p  wi t h  m a g n e s i u m  as the 

centr al ly c o o r d i n a t i n g  metal, w h i l s t  for h a e m o p r o t e i n s  with 

c o o r d i n a t e l y  boun d iron, a wide range of biological roles have 

been observed.

Iron p r o t o p o r p h y r i n  ix (haem), shown in figur e 2 i , 

provides the p rosthe ti c group for the o x yge n storage and 

transport p r o te ins h a e m o g l o b i n  and myoglobin, whil st other iron 

po rp hy rin de ri v a t i v e s  are p r o s t h e t i c  gr oup s for the r e s p i r a t o r y  

electron transport proteins, the cytochromes, involved in 

oxidative  phosphory la tion. The linkag es b e t w e e n  the p o r p h y r i n  

and pr otein chain also vary.

In the case of the el e c t r o n  transport p r ote in  c y t o chro me  

c the p o r p h y r i n  gro up is at t a c h e d  to the pol y p e p t i d e  ch ain via 

two thioether  linkages, wh il st  the fifth and sixth c o o r di nate 

po si ti ons of the iron are o c c u p i e d  by the nitroge n of a 

his t i d i n e  resid ue (His 18), and the su lp hu r ato m of a 

me t h i o n i n e  residue (Met 80). (Figure 2 . i i ).
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A t t a c h m e n t  of h a e m  g r o u p  in c y t o c h r o m e  c
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In contrast to this the h a e m  m o i e t i e s  in m y o g l o b i n  and 

ha e m o gl ob in are c o n t aine d w i t h i n  h a e m  p o c k e t s  and are not 

c ov ale ntl y bo un d to the p o l y p e p t i d e  chains, but are bound 

excl us iv ely by coord in ate linkage of the iron centre to the 

imidazole ni t r o g e n  of a h i s t i d i n e  residue, known as the 

proximal hi s t i d i n e  residue. This serves  to w e a k e n  the ferrous 

oxygen bond in o x y g e n a t e d  d e r i v a t i v e s  of the pro t e i n s  by 

d ona ting ele ct rons to the ferrous ion, and is thus res pon si ble 

for the r e v e r s i b i l i t y  of oxygen b i n d i n g  in these proteins. The 

sixth coordinat e p o s i t i o n  is o c c u p i e d  by a ligand w h ich varie s 

d ep ending on the state and fu nc tion of the protein. The 

attachment of the h a e m  group in m y o g l o b i n s  is shown in Fig. 

2 . i i i .

Fig 2 . iii

A t t a c h m e n t  of H a e m  G r o u p  in M y o g l o b i n s
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Both ferrous and ferric, and bot h high and low spins 

states of iron are inv ol ved in the v a r i o u s  biological roles of 

h a e m o p r o t e i n s , and the el ectron c o n f i g u r a t i o n  of the h a e m  iron 

depends upon  both its o x i d a t i o n  state and the n a ture of the 

ligand o c c u p y i n g  the sixth c o o r di nate position. Some e x a mples  

are il lu strated in T a bl e 2.i.

The low spin fe rrou s state (Fell, S = 0 ) is d i a m a g n e t i c  

whilst the low spin ferric (Felll, S=l/2), and the h i g h  spin 

ferrous (Fell, S = 2 ), and ferric (Felll, S=5/2) states are 

paramagnetic. The p r e s e n c e  of a p a r a m a g n e t i c  centre in these 

mo lecul es  has a p r o f o u n d  effect upon their N MR  spectra, and 

this will be d i s cu ssed in gr ea ter dep th in a later section.

Examp 1 es Mb, Hb M b O z , HbOz 
F e r r o c y t .c

M b . H2 O 
H b .H2 O

MbCN, HbCN, 
F e r r i c y t .c

Oxidati on  state Fe 1 I Fe I I Fe III Fe III

Spin state 2 0 5/2 1/2

E 1ectron 

conf iguration

dx 2 —y 2

d*2

d x  y , dx Z , d y  Z ,

i 11 ■ - 

1

t

1

1 1
I----------

1
4-----
1

---------
i|' if ' If I 11

Table2 . i

Ele c t r o n  c o n f i g u r a t i o n s  of the H a e m  Iron
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In the b i o l o g i c a l l y  ac tiv e forms of m y o g l o b i n  and

h a e m o g l o b i n  the h a e m  iron is in the ferrous state. W h e n  no 

ligand is att ach ed the p a r a m a g n e t i c  hig h spin state is 

observed, wh ilst the o x y g e n a t e d  forms are diamagnetic. If a 

cyanide ligand is at t a c h e d  at the sixth coordinate  po siti on  

then the comp lex is low— spin, and pa ra magnetic, but high-spin,

and p aramagn et ic w h e n  this po sit i o n  is oc c u p i e d  by water. Both

the oxi di sed and re duced forms of c y t o chro me  c are low— spin.

Cyt o c h r o m e  c has a m o l e c u l a r  we igh t of a p p r o x i m a t e l y  

12,500, the po ly p e p t i d e  chain c o n s i s t i n g  of b e t ween 103 and 109 

amino acid residues, d e p e n d i n g  on species. There is a single 

h a e m  gro up per mole cule, w h i c h  is c o v a l e n t l y  linked to the

polypept id e chain via two cysteinyl residues. The two axial 

positions of the h a e m  are also o c c u p i e d  by amino acid residues, 

as illustrate d in figure 2(ii).

Ha e m o g 1ob i n . w h i c h  is r e s p o n s i b l e  for the transport of 

oxygen from  the lungs to the tissues, and carbon  di ox ide from 

the tissues to the lungs, via the blood st re am, consis ts of four 

sub-units of wh ich  two are kno wn as oc— and two as 3 — type sub ­

units. each of these sub-units co m p r i s e s  a p ol yp eptide chain of 

around 150 amino acid residues, and an iron p r o t o p o r p h y r i n  IX 

moiety. The three dim ensional s t r uc ture of these individual 

sub-units takes the f o r m  of a c h a r a c t e r i s t i c  "globin fold" of 

eight «-helical re gions  separat ed  from one another by  n o n ­

helical regions, (See Fig. 2 iv ). The « —he l i c e s  are d e s i gn ated
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A to H , and the intei— helical junctional re gions  by a pai r of 

letters r e p r e s e n t i n g  the two h e l i c e s  w h ich  they separate. The 

h a e m  g r o u p  is located in a pocket  b e t w e e n  of— h e lices E and F.

e

Fig 2 (iv)

The c h a r a c t e r i s t i c  "globin fold" of ox ygen b i n d i n g  

hae m o p r o t e i n s ,  w it h the «-hel ical regions shown as cylinders.

C o - o p e r a t i v e  oxygenation , w h e r e b y  p a r t i a l l y  o x y g e n a t e d  

h a e m o g l o b i n  has a g r e a t e r  a f f i n i t y  for o x yg en than does  n o n — 

o x y g e n a t e d  haemog lobin, arises f r o m  a r e v e r s i b l e  t r a n si tion of 

the h a e m o g l o b i n  m o l e c u l e  b e t w e e n  two diff er ent structural 

states. The relaxed (R) state w h i c h  has an o x y —h a e m o g l o b i n  like 

terti ar y and qu at e r n a r y  structure, and a low— spin p l a n a r  h a e m
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iron, has a rel a t i v e l y  hig h a f f i n i t y  for oxygen, co m p a r e d  wi t h  

the taut (T) state, w h i c h  has a h i g h - s p i n  d e o x y - h a e m o g 1obin 

like structur e in w h i c h  the iron ce nt re is a p p r o x i m a t e l y  0 . 0 7 n m  

out of the plane of the p o r p h y r i n  rin g  in the d i r e c t i o n  of the 

F helix.

M y o g l o b i n  is clo sel y r e l a t e d  to h a e m o g l o b i n  and is 

respon sib le for the b i n d i n g  and s t o rage of ox yg en in the m u s c l e  

tissue. M y o g l o b i n  remains fully s a t u r a t e d  w ith oxygen at much  

lower ox ygen  c o n c e n tration s than does haemoglobin, only  

releasing it when the partial p r e s s u r e  of oxygen falls v e r y  

low. Thus m y o g l o b i n  fulfils its fun ct ion of d i s c h a r g i n g  

o x y g e n ,abs or b e d  from the blood, to the m i t o c h o n d r i a  d u r i n g  

periods of m u s c u l a r  exertion.

Myoglobin, w h i c h  is r e s p o n s i b l e  for the red colour of 

muscle tissue is p a r t i c u l a r l y  ab u n d a n t  in m u s c l e  tissue w h e r e  

oxygen shortage is likely to occur, for example the m u s c l e s  of 

diving m a m m a l s  such as whales and dolphins.

M y o g l o b i n s  have  a m o l e c u l a r  we ig h t  of around 18,000, 

contain a p p r o x i m a t e l y  150 amino acid residues, d e p e n d i n g  on 

species, and consist of a single  p o l y p e p t i d e  chain and iron 

p r o t o p o r p h y r i n  IX g r o u p  per mol ec ule. M y o g l o b i n s  take up the 

same c h a r a cte ri stic "globin fold" as the individual su b-units  

of haemoglobin.

The amino acid se quences of m a n y  m y o g l o b i n s  are k n o w n l  2 1 . 

Both sperm w h ale  skeletal and equine  skeletal m y o g l o b i n  consist  

of 153 amino acid residues. The seq ue nces of these two
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my o g l o b i n s  differ at some 18 p o i n t s  (17 sub st itutions, and 1 

inversion), and a co m p a r i s o n  of these two my og lobins, togeth er 

with  ovine myoglobin, is shown in table 2 . i i .

O x y g e n  b i n di ng  h a e m o p r o t e i n s  contain  on l y  two ami no acid 

residues w h i c h  are to ta lly constant, r e g a r d l e s s  of s p e c i e s l Z O ,  

na mely the proximal h i s t i d i n e  re sidue (His F8), and the 

p h e n y l a l a n i n e  (Phe CDl ) residue located at the CD helical 

junction. T h e y  are , nonethel ess, e x t r e m e l y  sensi ti ve to amino 

acid sequence, with  severe functional d i s o r d e r s  such as sickle 

cell anaemia bei ng cause d by a single  amino acid substitution.

T a b l e  2 . i i

Am in o Aci d  S e q uences  of Th re e M y o g l o b i n s

Spe rm Whale: Va 1- L e u — S e r —G 1 u —G 1 y —G 1 u —T r p - G l n —L e u —Va 1 10
Equine: G ly Asp  G in
Ovine: G l y  Asp

S p er m Whale: L e u - H i s - V a 1- T r p - A 1a - L y s - V a 1- G 1u - A 1a-Asp 20
Equine: Asn G l y
Ovine: A s n —Ala Gl y

S p er m Whale: V a l - A l a —G l y - H i s - G l y - G l n —A s p - I l e — L e u -Il e 30
Equine: lie Glu-Val
Ovine: Glu-Val

S p e r m  Whale: A r g —L e u — P h e — L y s —Sei— H i s — P r o —G l u —T h r — Leu 40
Equine: Thi— G l y
Ovine: T h r - G l y

S p erm Whale: G 1u - L y s - P h e - A s p - A r g - P h e —L y s - H i s - L e u - L y s  50
Equine: Lys
Ovine: Lys

S p e r m  Whale: T h r - G l u —A l a —G l u - M e t —L y s —A l a — Sex— G l u —Asp 60
Equine  :
O V  ine:
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Sp er m Whale: L e u —L y s —L y s —H i s - G l u —Va 1—T h r —Va 1—L e u — Thr 70
Equine: Thr-Val
Ovine: A s n —Va 1

Sp er m Whale: A l a — L e u —G l y — A l a - 1 l e - L e u - L y s — L y s — L y s —G l y  80
Equine: G l y
OV ine: Gly

Spe rm  Whale: H i s —H i s —G l u — A l a - G l u —L e u — L y s - P r o — L e u —Ala 90
Equ i n e :
OV  ine: Va 1 His

Sperm Whale: G 1 n - S e r - H i s —A 1a - T h r - L y s-His- Ly s-I 1e-Pro 100
Equine :
Ovine: G lu Asn

S p erm Whale: Ile-Ly s—T y r — L e u - G l u — P h e - I l e —S e r —G l u —Ala 110
Equine: As p
Ovine: Va 1 A s p

S p erm Whale: lie— lie—H i s —V a l — L e u —H i s - S e r —A r g —H i s — Pro 120
Equine: Lys
Ovine: A l a —Lys

Sp e r m  Whale: G T y - A s n — P h e —G T y - A l a - A s p - A l a - G l n —G l y —Ala_ 130
Equine :
Ovi ne : Ser

Sp e r m  Whale: M e t - A s n — L y s —A l a —L e u —G l u — L e u — P h e —A r g —Lys 140
Equine: Thr Asn
Ovine: Ser Asn

S p e r m  Whale: A s p — lie—A l a —A l a —Lys-Ty%— L y s —G l u — L e u —G l y  150
Equine :
Ovine: Met G lu Val

S p e r m  Whale: T y r —G i n —G l y  153
Equine: Phe
Ovine: Phe
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2.2 The P ar ti cu lar R o l e  of H a e m o p r o t e i n s  in the d e v e l o p m e n t  of 

N MR  S p e c t r o s c o p y  of Proteins.

H a e m o p r o t e i n s  hav e pl ay e d  an important role in the 

de ve lopm en t of NMR s p e c t r o s c o p y  of proteins, not onl y be cause  

they are p h y s i o l o g i c a l l y  i n t e r e s t i n g  molecules, but also 

beca use  of the att r a c t i v e  spectral pr operties w h i c h  they 

p o s s e s s .

The large local m a g n e t i c  field of the porphy ri n group 

present in ha e m o p r o t e i n s  gives rise to ring current sh if ts very 

muc h h i g h e r  than those cause by  the aromatic ri ngs of 

histidine, phenylalanine, t r y p tophan and tyrosine r e s i d u e s ? 3 as 

a result of which several r e s o n a n c e s  are well resolved f r o m  the 

mai n pr o t e i n  envelope.

A d d i t i o n a l l y  h a e m o p r o t e i n s  can exist in p a r a m a g n e t i c  

forms in which the h a e m  iron functions as an inbuilt 

pa r a m a g n e t i c  shift probe, the u n p a i r e d  ele ct ron c a using large 

hy p erf in e shifts, w h i c h  affect the resona nc es of those nuclei 

in close approach to the h a e m  iron, al lo wing res o l u t i o n  of 

peaks for nuclei at, or near, the ac tive site.

The existence of well r e s o l v e d  re so nances in the spectra 

of both  diam ag netic and p a r a m a g n e t i c  h a e m o pr oteins  p e r m i t t e d  

certain N M R  e xp er iments to be c a r r i e d  out on them pr ior to the 

advent of the two dimensional te ch n i q u e s  w h i c h  would oth e r w i s e  

have be e n  required to give a d e q u a t e  levels of resolution. 

C o n s e q u e n t l y  many types of NMR st udies were first ca r r i e d  out 

on haemoprot eins. The first o b s e r v a t i o n  of p r o t o n — p r oton  nOe's
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in a protein, for example, wer e  m a d e  wit h  cyto chrome  c 3 1 , and 

W i i t h r i c h 2 0  des cr ib es h a e m o p r o t e i n s  as important ste pp ing stones 

in the develop me nt of his seq uen ti al r e s o nance as si gnmen t 

p r o c e d u r e , and s u b s equen t structural i n t e r p re tation  of NMR 

da ta .

Some h a e m o p r o t e i n s  also h a v e  a dist inct adv an tage for NMR 

st udies  due to the facile e x t r a c t i o n  and subsequ ent  re­

i ns ertion of the h a e m  p r o s t h e t i c  group. This  allows bo t h  the 

st udy of compo unds in w h i c h  the h a e m  group has under go ne some 

m o d i f i c a t i o n  such as isotopic labelling, as in, for example, 

the stu dy carried out by M a yer et a 1 ? 4 to identify the proton 

r e s o n a n c e s  of three out of the four h a e m  methyl groups, and the 

c o m p a r i s o n  of the spectra of en tir e pr o t e i n s  w i t h  those of the 

equ i v a l e n t  proteins, f r o m  w h i c h  the p r o s t h e t i c  group has been 

removed, and of lone p r o s t h e t i c  g r o u p s ? 5.

The p o p u l a r i t y  of h a e m o p r o t e i n s  as the subjects of NMR 

st udies  is well illustr at ed by  the a b u n da nc e of avai lable 

literatur e on this topic. A se arch  of Chemical Abs t r a c t s  files 

re v eal ed  183 p u b l i c a t i o n s  on the N M R  of m y o g l o b i n  alone, and it 

is on the N M R  of m y o g l o b i n  that the r e m a inde r of this re vi e w  

w i 11 f o c u s .

2.3 A  R e v i e w  of N MR S t u d i e s  on M y o g l o b i n .

A n y  detai le d structural or functional i n terpre ta tion of 

the N M R  data ob ta ined f r o m  pr o t e i n s  relie s on the a v a i l a b i l i t y  

of u n a m b i g u o u s  a s s i g n m e n t s  for the pe rtinent  resonances.

Si nce  the early studies c a r r i e d  out by  Wiithrich?^, proton
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an d/ or  ca rbon a s s i g n m e n t s  have b e e n  repo rt ed for p a rt s of 26 

out of 153 amino acid residu es  of s p e r m  w h al e m y o g l o b i n  and for 

ce r tai n of the h a e m  resonances, and these are s u m m a r i s e d  in 

T a b l e  2 . iii

E a r l y  NMR s t u dies on m y o g l o b i n  involv ed the straight 

fo r w a r d  obs e r v a t i o n  and co m p a r i s o n  of dif fe rent spectra, and 

c o n c e n t r a t e d  m a i n l y  on the i d e n t i f i c a t i o n  and ass i g n m e n t  of 

those reso na nces w h i c h  e x p e r i e n c e d  large ring current shifts 

ca us ed  b y  the pr e s e n c e  of the haem, or in p a r a m a g n e t i c  haem

c o m p o u n d s  those af f e c t e d  by h y p e r f i n e  s h i f t s ? ^

In 1968 Bak et a 12 3 o b s e r v e d  that certain proton

r e s o n a n c e s  in the spectr a of both m y o g l o b i n  and hae moglobin,

w e r e  d i f f e r e n t l y  a f f e c t e d  in the o xy  and d e ox y forms of these 

pro teins, whilst W i i t h r i c h ? 5  in 1970 pu b l i s h e d  pa rtiall y 

a s s i g n e d  spectra of isolated porph yrins, w h i c h  were 

s u b s e q u e n t l y  uti li ze d in studies of the r e c o n s t i t u t e d  protein, 

u s i n g  bot h the n a t i v e  porphyrin, and d e u t e r o p o r p h y r i n  

d e r i v a t i v e s ? 6 , 7 7 ,  and ear ly  comp a r i s o n  of the p o s i t i o n s  of some 

of these h i g h l y  sh i f t e d  re so n a n c e s  in the spectra of both 

o x y m y o g l o b i n  and d e o x y m y o g l o b i n ? 6 ,  we re  used to i d e nt ify the 

o c c u r r e n c e  of co nfo rmational  ch an ges  on the o x y g e n a t i o n  of 

m y o g l o b i n  and to e s t im at e the m a g n i t u d e  of the disp la cement

e x p e r i e n c e d  by p h e n y l a l a n i n e  re sidue 43 d u ring those changes.

O t h e r s  w o r ke rs also studied the spectral cha nge s which 

o c c u r r e d  upon  the b i n d i n g  of myo globi ns , and other 

h a e m o p r o t e i n s ,  with  sp ecies other than oxygen, incl uding
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Table 2 . iii A s s i g n m e n t s  available in the Literature.

2 . i i i a Pro ton

As signment Chem. shift pH T e m p . Ra t i o n a 1e Ref .

H a e m  5 Me 27. 4

H a e m  1 Me 18.7 6.8 298K s e lective 74

H a e m  8 Me 13.0 d e u t e r a t i o n

H a e m  3 Me -1 . 7 9 . 0 295K fr o mlH l3 C CO S Y  
foilowi ng 1 3 c 
assignment

134

H a e m  3 Me 5 . 1 9 . 0 308K nOe dif ference, 
d e u t e r a t e d  h a e m

108

H a e m  2 vinyl C«H 17.5 nOe di f f e r e n c e 135

H a e m  2 vinyl C«H 17.9 8 . 0 298K 87

H a e m  2 vinyl CPH 
trans

-2 . 44

H a e m  2 vinyl CPH 
c i s

-1 .78

H a e m  2 vinyl CPH 
trans

-2 . 6 10.4 298 K nOe di f f e r e n c e  
isotope Labels

136

H a e m  2 vinyl CgH 
c i s

— 1.8

His 64 C5H 
(d i s t a l )

11.6 nOe d i f f e r e n c e 135

His 93 C3H
(p r o x i m a 1)

11.5 nOe d i f f e r e n c e 135

Phe 43 p- H 12.7 8 . 6 3 08 K nOe d i f f e r e n c e 120

Phe 43 m - H' s (av) 16.7

His 64 NH 

His 93 NH 

Hi s  93 pept ide H

22.0 

20 . 0 

13.5

8.56 3 13 K C a l c u l a t i o n  of 
i n t e r n u c 1 ear 
dis t a n c e s  f r o m  
spin lattice 
rela x a t i o n  times

1 18

Tyr 146 H 2 ,6 5.81
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As si gnment Chem. Shift pH T e m p . Ra t i o n a 1e Ref .

Tyr 146 H 3 ,5 6.30

His 24 H4 6 . 45

Tyr 103 H2, 6 6 . 45
.

Tyr 103 H3,5 6 . 66
1

His 97 H2 6.76

His 113 H4 6.8

His 36 H4 6.95 1
1

His 48 H4 6 . 95 1 1 :
His 12 H4 

His 119 H4

7 . 04 

7. 17

8.4 293K T e m p e r a t u r e  and 
pH d e p e n d e n c i e s  
of sh ifts

13

'
His 116 H4 7 . 20

His 32 H2 7 . 42 i
I

His 24 H2 7 . 72
f

His 113 H2 7.73 i I
i !

His 116 H2 7 . 73 I
H is 48 H2 7 . 76

i
His 12 H2 7 . 78 i

His  81 H2 7.84

His 81 H4 7.86

H is 119 H2 8 . 33

lie 99 C 7 H 3 & 
CyiH -2.3

lie 99 C5H3 -2 . 5 8 . 6 V a r i o u s nOe dif f e r e n c e 136

lie 99 CyH -7.3

lie 99 C«H -0.7

lie 99 C3H -0 . 3
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T a b le 2 . i i ib Carbon

A s s i g n m e n t Chem. Shift pH T e m p . Ra t i o n a 1e Ref

H a e m  5 Me -60 . 5 F r o m  1H13C C O S Y
foil owing 1 H 134

H a e m  1 Me -39 . 3 7.5 295K a s s i g n m e n t s  in
Ref 13

H a e m  8 Me -33 . 2

H a e m  3 Me -28 . 5 7 . 5 295K Due to m a g n i t u d e
1 of u p f ie ld shift
1 and s i m i l a r i t y 134
1 of w i dth to o t he r! H a e m  me t h y 1s .

H a e m  2 vinyl C« 51 . 3 i By s u b s t i t u t i o n
of a 13C labelledl37;

H a e m  4 vinyl Coc 81.2 8 . 6 298K h a e m  into the :
! p r o te in :

H a e m  2 vinyl C3 186.7 i
< i

H a e m  4 vinyl C3 171 .9
\

lie 28 C5H3 14 . 16 \ Identified as lie
I C5 H3s  by p o s it ion 1

Ile 30 C5H3 13.17 1i in "unique" range j
!j of spectrum, and 1 15

Ile 112 C5H3 12.85 i d i f f e r e n t i a t e d  by
! pH  d e p e n d e n c y  and

Ile 111 C5H3 12.51
!

n O e 's .

Ile 107 C5H3 12.75
i

lie 142 C5H3 11.40
!
i
i

lie 101 C5H3 9.80 I
I

Ile 75 C5 h 3 9 . 20
s!

G l y  153 C = 0  C 176 . 2 8.64 312K By N M R  titration 138Î

Met 55 C s H3 17.8 7.3 ambient By i 3 c la belling 139
of Me t ® C s H3

Met 131 C s H3 15.9
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chl ori ne b i n d i n g  to c a r b o n m o n o x y m y o g 1o b i n ^ 8, and formatées, and 
xylidineSO b i nd in g to my og lobin. S i m i l a r l y  early C a r b o n — 13

NMR s t u d i e s 2 7  involved the c o m p a r i s o n  of the s p e ct ra  of

myoglob in,  and other h a e m o p r o te ins b o t h  wit h one another, and

wi t h  c o m p osit e spectra of their c o n s t it uent amino acids.

Due to the more di sperse n a t u r e  of carbon NM R  spect ra  

cert ain  aro matic  amino acid residu e carbons give rise to well 

re sol ved resonan ces in an oth e r w i s e  u n c r o w d e d  region of the 

spectrum, and co ns e q u e n t l y  these w e r e  among the first carbon 

r e s o na nc es of m y o g l o b i n  to be identified, st udied and 

ass i g n e d l 1,81.

It soon became clear that N M R  s p e c t r o s c o p y  p r o v i d e d  a 

powerful probe of h a e m  structure, and environm ent , and could be 

use d to gain a un ique insight into v a r ious aspects of the 

st ructure to function r e l a t i o n s h i p s  of h a e m o p r o t e i n s , p r o v i d i n g  

information, for example, on h a e m — p r o t e i n  interac ti ons or on 

the i n t e r m o 1ecular m o t i o n s  and r e a r r a n g e m e n t s  conn ec ted w ith 

p r otei n function.

The N M R  investiga ti on of the struct ur e of haemop rotei ns , 

and the r e l a t io nship s of such s t r u c t u r e s  to p r otein  fu n c t i o n  is 

g r e a t l y  simplifi ed  in p a r a m a g n e t i c  forms of the protei ns  due to 

the p r e s e n c e  of large h y p e r f i n e  shifts w h i c h  per mi t the 

r e s o l u t i o n  of peaks for nuclei at or nea r  the active site, and 

m any of the studies u n d e r t a k e n  on m y o g l o b i n  utilise the low 

spin, para m a g n e t i c  cy anide c o m plex of m y o g l o b i n  (c y a n o — 

m e t m y o g l o b i n , M b C N ) , whi ch is isostructural w i t h  the 

p h y s i o l o g i c a l l y  important c a r b o n m o n o x y  derivative, or other

45



p a r a m a g n e t i c  m y o g l o b i n  complexes.

Since va ri ous  haemo p r o t e i n s  wit h identical ligand b i n d i n g  

sites and e s s e n ti ally very similar arr angemen ts  of their 

p o l y p e p t i d e  chains can show m a r k e d  d i f f e re nces in their ligand 

affinities, and in their h ae m ligand reacti on rates, it can be 

inferred that the oxygen bi n d i n g  and redox proper ti es of the 

central metal in ha e m o p r o t e i n s  are intimately  c o n t rolled  by 

local effects due to groups in close app roach to the h a e m 8  2 , It 

is p r e c i s e l y  these near h a e m - g r o u p s  who se NMR signals will be 

aff e c t e d  by hyp er fine shifts in pa ra m a g n e t i c  h a e m o p r o t e i n s  and 

the use of hyp er fine shifts as a probe of the environmen t of 

the pro s t h e t i c  group in h a e m o p r o t e i n s  was p o s t ul ated by Frye 

and La Mar in 197483.

H y p e r f i n e  shift patterns have subse q u e n t l y  been shown to 

be h i g h l y  sensitive to the small local diff e r e n c e s  found 

be tween cl ose ly related genetic va r i a n t s  of m y o g l o b i n 8  4 , 8  5  ̂ and 

to those created in synthetical 1 y derived point mu t a n t s  of 

m y o g l o b i n S S   ̂ and u n d o u b t e d l y  provide v a l uable probes into this 

m o d u l a t i o n  of hae m activity by the s u r r o un di ng amino acid 

re sid ue pocket.

H y p e r f i n e  shift patte rns are also ex t r e m e l y  sensi tive to 

the na ture  of the coor din ated ligand. lizuka and M o r i s h i m a 8 6  

showed that for m y o g l o b i n  com pl exes the m a g n i t u d e  of the 

ob s e r v e d  hyperf in e shifts, as well as the signal width, 

in cr ea sed in the order cyan ide  > azide > imidazole > 

de ut eroxide , and observed anom al ous temp erature d e p e n d e n c i e s  of 

the h y p e r f i n e  shifted h ae m methyl signals of the azide and
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imidazole complexes, co m p a r e d  to those of other p a r a m a g n e t i c  

myoglobins, with the two hi gh e r  field signals s h i ft in g to lower 

field, and the two lower field sig nals shiftin g to h i g h e r  field 

with increas ing  tem perature.

A later study b y  La M a r  and c o — w o r k e r s ^ /  , usin g 

m y o g l o b i n s  s u b s t it ut ed wit h  s e l e c t i v e l y  d e u t e r a t e d  haems 

de mo n s t r a t e d  that two d i f f er en t patte rn s for h a e m  methyl 

hy pe rf ine shifts are observed, de p e n d e n t  on w h e t h e r  the complex 

is wholly, or p r edomina nt ly, h i g h  or low spin. The an om alous 

va ri ab le te mperature  b e h a v i o u r  of the azide and imidazole 

complexes of m y o g l o b i n  o b s e r v e d  by lizuka and M o r i s h i m a 8 6  are 

c o n s e quen tl y exp la ined as these com plexe s u n d e r g o  a tran sition  

from low to high spin state w i t h  in creasing temperature, so 

that the N M R  signals are o b s er ved cr ossin g over from the low 

spin to the high spin pattern.

The hyp e r f i n e  shift pattern  of the h a e m  m e t h y l s  in these 

h a e m o p r o t e i n s  appea r to be d i r e c t l y  c or related  w i t h  the 

dominant spin state of the ferric iron centre, and the larger 

effect in low spin c o m p l e x e s  is suggested  to be due to the 

transferred n spin d e n s i t y  b e i n g  more s u s c e p t i b l e  to 

p e r t u r b a t i o n s  than the r e l a t i v e l y  insensitive o s y s t e m  involved 

in the dom inant spin t r a nsfer  in h i g h  spin c o m p l e x e s 8 7 .

Indeed studies of h y p e r f i n e  shift pa t t e r n s  h a v e  shown 

that they are s e n s i t i v e  not o nl y to the spin state of the 

central iron but also to its o x i d a t i o n  state, and to any ligand 

p r e s e n t88 , 8 9 ,9 0 . Such h y p e r f i n e  shift pa tt ern st udies hav e  been 

used to chara c t e r i s e  the iron por p h y r i n  co mp lexes in
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h a e m o p r o t e i n s  by c o m p a r i s o n  wit h  model compounds- P r o t o n  NMR 

data has been used, for example, to d e m o n s t r a t e  the p r e s e n c e  of 

a low spin ferryl oxo p o r p h y r i n  (FeIV=0) bo t h  in h y d r o g e n  

peroxid e treated myo globin,  and in c o m po un d 11 of h o r s e r a d i s h  

peroxidase, an int erme di ate s t r u c t u r e  p r e sent d u r i n g  the 

reaction of h o r s e r a d i s h  p e r o x i d a s e S S   ̂ and d e t a i l e d  N MR studies  

of sy nthetic  ferryl m y o g l o b i n  hav e s u b s e q u e n t l y  been u n d e r t a k e n  

to m ore cl osely c h a r a c t e r i s e  the acti ve site in this c o m p l e x S l  

w h ich serves as a useful model , of the active site str uc tu re 

and m e c h a n i s m  of p e r o x i d a s e  act ivation, and of the sugge st ed 

active o x i d i s i n g  form of the enzyme c y t o c h r o m e  P450.

S i m i l a r l y  carb on-13 NM R of v a r i o u s  ligated states of 

m y o g l o b i n  and model co mpo unds c o n t a i n i n g  a h a e m  group, 

sp e c i f i c a l l y  enr ic hed in car bon-13 at the 3 car bons of the 2 

and 4 po s i t i o n  vinyl g r o u p s  has shown that the chemical shifts 

of these two hyp e r f i n e  shif ted r e s o n a n c e s  are sens itive to both 

the spin state of the central iron, and c o n s e q u e n t l y  to ligand 

binding, and to the immediate p r o t e i n  e n v i r onme nt  of the 

h a e m 9 0.

The ob s e r v e d  d i f f e r e n c e s  in the v a r i a b l e  pH  b e h a v i o u r  of 

the distal h i s t i d i n e  (His 64) res idu e H2 r e s o na nce on g o in g  

from s p er m w h ale oxy m y o g l o b i n  to s p e r m  whal e carbonyl 

myoglobinSZ pr ovid es  a further ex am pl e of the s e n s i t i v i t y  of 

NMR p a r a m e t e r s  to the functional state of the h a e m  group. These 

d i f f e r e n c e s  have be e n  pos t u l a t e d  to arise due to a shift away 

from the arg in in e 45 residue, as well as p o s s i b l y  from the iron 

itself (although this w o u l d  have to occ ur  such that there was
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no a p p r ec ia ble al teration in the m a g n i t u d e  of the p o r p h y r i n  

ring current effect experien ced) of the imidazole ring on going 

from carbon mono xi de  ligated to oxygen ligated m y o g l o b i n 9 2 .  

This mo ve ment ma y be po s s i b l y  be involved in some "gate like" 

fu nct io n of the distal hi s t i d i n e  residue in ligand binding.

Since it has been shown^ 3 that there is a r e l a t i o n s h i p 

b e t w e e n  ligand bi nd ing to ha e m  pr os thetic groups and the 

ter tia ry structure of h a e m  p r o teins this type of study is

o b v i o u s l y  of interest, and m a n y  wo r k e r s  have em pl oyed 

i s o t op ic ally labelled ligands as probes of the h a e m — ligand 

contact environment.

Ea rly  studies usin g a cyanide ligand en riched in carbon- 

13 as a potential probe of f e r r i h a e m o p r o t e i n  str ucture were 

ca rried by Gof f94, whils t Morishi ma and Inubush i carr ied out 

n i t r o g e n — 15 N MR studies of the bi n d i n g  of cyanide, labelled 

w ith n i t r o g e n — 15, to myog lo bins,  c y t o c hr omes and

h a e m o g 1o b i n s 9 5  ̂ and stud ied  both s o l v e n t 9 6   ̂ and p H 9 7 effe cts  on 

the param a g n e t i c  shift of the labelled ligand, and mor e recent 

stud ies  have compared these shifts wi t h  their eq ui v a l e n t s  in 

n i t r o g e n - 1 5  labelled cyano pero x i d a s e  c o m p l e x e s 9 8 .

The s e n s i tivi ty  to environment al chan ges of the chemical 

shifts of re so nance s other than those ar is in g from  the

p o r p h y r i n  or its bound ligands m a y  also be use d to gle an 

i nform at io n about pr otein struc tu re and function.

A study of the titration b e h a v i o u r  of the chemical shifts 

of the Cy and CC of individual tyrosine re sidues in v a r ious 

m y o g l o b i n s l 2  has been used to yield info rm ation about the
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en v i r o n m e n t s  of these re s i d u e s  in solution, sh ow ing  that for

s p e r m  wh al e my o g l o b i n  one tyrosine residue (Tyr 151) is

re l a t i v e l y  exposed to solvent, one (Tyr 146) is buried  in the 

int eri or of the p r o t e i n  molecul e, i na cc essibl e to solvent,

w hi l s t  the third (Tyr 103) shows i nterm ed iate b e h a v i o u r  sh owing 

partial solvent exposure. Th es e c o n c l u s i o n s  suggest that the

s o l ut io n str ucture of s p e r m  w h al e m y o g l o b i n  is con sis tent wit h 

its crystal structure w i t h  respect to the e n v i r o n m e n t s  of the 

three tyrosine residues.

Si mi la r studies have d e m o n s t r a t e d  the levels of

a c c e s s i b i l i t y  to solvent of ce rtain h i s t i d i n e  residues in sperm 

w h ale o x y — and c a r b o n m o n o x y m y o g l o b i n 9 2 ,  and the titration 

b e h a v i o u r  of the H2 r e s o na nc e of h i s t i d i n e  residue 36 has been 

d e m o n s t r a t e d  to be d i f f ere nt  in p a r a m a g n e t i c  m y o g l o b i n  

c om pl exes to that ob s e r v e d  in d i a m a g n e t i c  myoglo bins, due to 

the pr e s e n c e  at low pH in p a r a m a g n e t i c  complex es  of a h y d r o g e n

b on d  to the glut amine  38 residue, w h i c h  is b r o k e n  at h i g h  p H 1 3 .

St ud ie s of the pH d e p e n d e n c e  of the methyl car bon s of

m e t h i o n i n e  residues of s p erm w h a l e  myog lobin , s p e c i f i c a l l y  

enr i c h e d  w i t h  carb o n — 13 at those carbons, hav e been use d  to 

assess the mo b i l i t y  of the side chain s of the m e t h i o n i n e  

residues, and have shown that their chemical shifts are ligand 

dependent, despite b e i n g  a p p r o x i m a t e l y  17Â remo ved  f r o m  the 

i ron centre2 9 .

It has been s h o w n 9 9 that the p r o t o n  chemical shift of the 

h a e m  1-methyl group of s p e r m  w h ale m e t m y o g l o b i n  cyanide does
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not d i s p l a y  pH dependence, whi lst those of h a e m  5—m e t h y l , and 

h a e m  8-methyl groups do.

N B . The proton res on ance of the h a e m  3-methyl g r o u p  is

not r e s olved  from the d i a m a g n e t i c  envelope. This has been 

ex p l a i n e d  in terms of the re la tive isolation of the h a e m  1 — 

methyl from the proximal and distal h i s t idine re sidues co mp ar ed 

with the h a e m  5- and 8 —m e t h y l s 9 9 .

NM R  studies have also been employ ed  to reveal structural 

changes expe ri enced  under high p r e ss ure by horse 

c y a n o m e t m y o g l o b i n l 0 0 , l 0 l , l 0 2 .  T h ese changes appear to be 

r e s t r i c t e d  to the distal side of the h a e m  pocket w h ich  

e x p e r i e n c e s  localised com pressi bi lity, for example, the distal 

h i s t i d i n e  is thought to ex pe rience a d i s l o c a t i o n  away fro m  the 

iron centre, whilst the proximal side rema ins unalter ed, as 

e v i de nced by the chemical shift of the distal h i s t i d i n e  residue 

NeH resonance, whi ch e x p e rience s a sizable change iji chemical

shift on g o ing to h i g h  pressure, whilst that of proximal 

h i s t i d i n e  residue is u n a f f e c t e d * 0 1. The fact that the chemical

shifts of the h aem 8 — and 5—me t h y l s  e x p e ri en ce an u p f i e l d  shift

at hig h  pressure, w h i l s t  that of the h a e m  1—methyl r e s o nance  

does not, together w i t h  similar o b s e r v a t i o n s  on the chemical 

shifts of the h a e m  vinyl re so n a n c e s  fu rt her sup port the 

localised c o m p r e s s i b i l i t y  of the h a e m  distal s i d e * 0 0 .  M u c h  

i n vest ig at ive work has b e e n  u n d e r t a k e n  into the p r e c i s e  na tu re  

of the re la t i o n s h i p  and intera ction b e t w e e n  a p o r p h y r i n  and its 

a s s o c i a t e d  p oly pe ptide chain.

It has long b e e n  known that a c e r t a i n  deg re e of
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structural heteroge neity, wi t h  re sp ect to the o r i e n t a t i o n  of 

the h a e m  gr ou p w i t h i n  its pocket, exists in sol u t i o n s  of 

ha em op rotein s.  La Ma r and c o - w o r k e r s  observed, by p r o t o n  NMR 

a p p r o x i m a t e l y  10% of a s e c o n d a r y  form of s p erm wh ale 

m e t m y oglo bi n,  in 19836, and simila r o b s e r v a t i o n s  have

s u b s e q u e n t l y  been made in the p r o t o n  N M R  spectra both of other 

my oglobi ns, and of h a e m o g l o b i n s * 0 3 , 1 0 4 , 1 0 5 .  By r e c o n s t i t u t i n g 

a p o m y o g l o b i n  with haems i s o t o p i c a l l y  enric he d at each

individual h a e m  methyl site and o b s e r v i n g  the res ul tant 

p o s i t i o n s  of the c h ar ac terist ic  h a e m  methyl re so nan ces it has 

been shown that the two forms of m y o g l o b i n  differ in that the 

h a e m  is rotated w i t h i n  its pocket  by 180® about its cx— y meso 

axis w h e n  going from the m a j o r  to the m i nor form. This

structural heter ogeneity,  w h i c h  is not found in single 

c r y s t a l s * 0 6 ,  s u g g estin g the p o s s i b i l i t y  that only one form 

crysta lli ses, is also obs er ve d in v a r i o u s  other p h y s i o l o g i c a l l y  

important forms of the protein, leading to the c oncl us ion that 

the o b s e r v e d  physio log ical p r o p e r t i e s  of m y o g l o b i n  must, in 

fact, rep re sent  a w e i g h t e d  a v e ra ge of the p r o p er ti es of its 

m a j o r  and m i n o r  forms. Furthe rmore, it has been s h o w n 6  , * 0 7 , 

that the rea ct ion b e t w e e n  a p o m y o g l o b i n  and h a e m  init ia lly

yi elds a 1:1 mi xture  of m y o g l o b i n s  w i t h  the two diffe rent h a e m  

or ientati ons, w h ic h sl owly e q u i l i b r a t e s  to give a m i x t u r e  in 

the o b s e r v e d  native proportions.

C l e a r l y  since a 1:1 m i x t u r e  of the two isomeric co mp lexes 

is i n i ti ally formed, the m e c h a n i s m  of the h a e m  a p o p r o t e i n 

r e c o n s t i t u t i o n  cannot d i f f e r e n t i a t e  b e t ween  the two a l t e rna te
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h a e m  orientat ions. A p o s si bl e m e c h a n i s m  w h i c h  could lead to 

this lack of ori ent ational r e c o g n i t i o n  w o u l d  be one in w h ich 

the initial h a e m  a p o p r o t e i n  i n t e r a c t i o n  is the f o r m at io n of 

e it h e r  or both of the salt b r i d g e s  b e t w e e n  the p r o p i o n a t e 

g r oups  and their amino acid contac ts  in the h a e m  pocket. NMR 

s tu dies of the ratios of initial co mp lexes formed on the 

r e a c t i o n  of apo my o g l o b i n  with, in turn, each of the pair of 

p o r p h y r i n s  in whi ch one of the h a e m  p r o p i o n a t e  groups has been 

s e l e c t i v e l y  replaced by a methyl g r o u p * 0 8 , 1 0 9 ,  have shown that 

the h a e m  pro pi on ate gr oup s are indeed involved in the first 

step in the insertion mechani sm.  F u r t h e r m o r e  each of the 

m o d i f i e d  por ph yrins shows a st rong p r e f e r e n c e  for the initial 

o r i e n t a t i o n  with respect to a p o m y o g l o b i n  w h ich p l aces  its 

single pro p i o n a t e  g r oup in the p o s i t i o n  w h i c h  is c h ar ac teristi c  

of that of the 6 - p r o pi onate g r oup in single crystals. Crystal 

studies have  shown that the h a e m  6 — p r o p i o n a t e  group forms a 

salt b r i d g e  with  the amino acid r e s idue argi ni ne 4 5 * 0 6 , 1 0 9 ,  so 

it is likely that the m e c h a n i s m  of h a e m  insertion into 

m y o g l o b i n  involves an initial in te r a c t i o n  b e tween  apo p r o t e i n  

re si du e Arg. 4 5  and one of the two h a e m  propionates. It is 

fu rther  b e l i e v e d  that due to the s i m i l a r i t y  of the half lives 

of the m i n o r  forms of s p e r m  wha le cya no m e t m y o g l o b i n  regar dl ess 

of w h e t h e r  nativ e h a e m  or either of the two m o n o - p r o p i o n a t e  

hae ms is i n c o r p o r a ted*0 9 »**0 , that salt br idge  cleavage is not 

rate d e t e r m i n i n g  in h a e m  r e o r i e n t a t i o n  and therefore the 

r e o r i e n t a t i o n  of the h a e m  is likely to involve its s p o n t an eous 

re lease  from, followe d by its r e i n c o r p o r a tion into the h a e m
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p o c k e t .

P rot on NMR studies of cyano m e t m y o g l o b i n s  r e c o n s t i t u t e d  

w i t h  v a r i o u s  m o d if ied m e s o — tetraalkyl haems have s h own that 

these syn thetic p o r p h y r i n s  are mobile, and rotate f r ee ly  wi th i n  

the h a e m  pocket. It is s u g g e s t e d  that this free r o t a t i o n  is 

co nsequen t upon the d i s r u p t i o n  of the h i g h l y  s t e r e o specif ic  

h a e m - g l o b i n  contacts, and o c c u r s  via a series of small 

f lu ct u a t i o n s  in the h a e m — a p o p r o t e i n  interactions, and that 

these flu ctu atio ns  also occur in the native protein in w h i c h  

si milar rot at io n is h i n d e r e d  by the close pa ckin g of the h ae m 

cavi tylll,ll2.

N MR  spectra of the m a jor  and m i no r forms of the spe rm 

wh al e cyano m e t m y o g l o b i n  have b e e n  used as co mp arative m o dels 

in the stu dy of other, less well ch a r a c t e r i s e d  ha emoproteins , 

for example, a study c o m p a r i n g  the N M R  spect ru m of s p e r m  whale 

m e t m y o g l o b i n  with that of h a e m o g l o b i n  from the marine annelid, 

Gl y c e r a  d i b r a n c h i a t a * 0 5 ,  has sho wn  that this h a e m o p r o t e i n  also 

exists as an isomeric m i x t u r e  of m a j o r  and min or forms. The 

as signm en t and c o m p ar is on of the hy p e r f i n e  shifts of the h a e m  

methyl g r ou ps  has sho wn that the m a j o r  form of s p e r m  w h al e  

m y o g l o b i n  is eq ui val ent to the m i nor form of G l y c e r a  

d i b r a n c h i a t a  hae moglobin, and v i c e  versa. A d d i t i o n a l l y  the fact 

that the equ ivalent  p a i r s  of s p e r m  w h a l e  myoglobin, and G l y c e r a  

d i b r a n c h i a t a  h a e m o g l o b i n  exhibit identical patterns of h a e m  

methyl h y p e r f i n e  sh ifts has b e e n  taken as ev id en ce of 

e s s e n t i a l l y  ver y similar h a e m  e n v i r o n m e n t s  in the two proteins, 

de spi te the unusual distal leucine residue of G l y c e r a
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di b r a n c h i a t a  haemoglobin.

The mu c h  larger sp re ad  of h a e m  methyl hyp er fine sh ift s in 

v a r i o u s  par amagn et ic  h a e m o p r o t e i n s  com pa re d to that o b s e r v e d  in 

the re la ted model com p o u n d s  is indica tive of some d e g r e e  of 

a s y m m e t r y  in the h a e m  envi ronme nt , w h i c h  is p r e s u m a b l y  induced 

by the h a e m  apop rotein interactions.  These int era ction s pe rturb  

the axial symmetry of the haem, s h i fting the majo r ma g n e t i c  

axis from its expected p o s i t i o n  d i r e c t l y  alo ng the h a e m  normal.

N MR studies of the low spin iron 111 c y a n o —met. forms of 

s p erm wh ale  myoglobin, eleph an t m y o g l o b i n  (in w h ic h the distal 

h i s t i d i n e  residue is r e p lace d b y  a g l u tamine residue), and 

v a r i o u s  distal point m u t a n t s  of m y o g l o b i n  have been u n d e r t a k e n  

to c h a r a ct er ise this p r o c e s s e s , c o n c l u d i n g  that o b s erved  

d i f f e r e n c e s  in the h y p e r f i n e  shift p a t te rn s of these cyano 

m e t m y o g l o b i n s  appear to bear a dir ec t r e l a t i o n s h i p  to the tilt 

of the m a j o r  mag ne tic axis f r o m  its ex p e c t e d  h a e m  normal 

position, and in turn that this tilt in the m a g netic  axis is 

in di cative of the steric tilt induce d in the F e -C N m o e i t y  by 

h a e m  p r ote in  interactions.

This protein indu ced tilt in the cyanide ligand is of 

interest since cyani de and c a r b o n m o n o x y  ligands are 

isostructural, and th er efore it m a y  be used as a model of the 

di s t o r t i o n  induced in h a e m o p r o t e i n  F e - C O  units. This d i s t o r t i o n  

is b e l i e v e d  to be r e s p o n s i b l e  for the discrimi nation, by  the 

h a e m  b i n d i n g  site in intact m y o g l o b i n s  and hae moglo bins, 

b e t w e e n  o x y g e n  and car bon monoxide,  a rel at ive i nsta bi lity  

b e i n g  induced in the linear g e o m e t r y  of the carbon mo n o x i d e
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mole cu le , compared w i t h  the m o r e  s t e r i c a l l y  stable bent 

g e o m e t r y  of the oxygen mo 1 e c u 1e 8 5 , 113 .

It has long been known that the physiological function s 

of p r o t e i n s  are not m e r e l y  f u n c t i o n s  of their static crystal 

structure, but are m o d u l a t e d  by  dy namic f l uc tuation s of the 

pr o t e i n s  molecules. Indeed in the case of m y o g l o b i n  such 

fl u c t u a t i o n s  are of p a r t i c u l a r  int erest as they are b e l i e v e d  to 

permit the passage of ox yg e n  b e t w e e n  the p r o t e i n  ex te rior and 

the h a e m  b i n din g site, this ligand e n try channel thro ugh the 

pr o tei n m a t r i x  be ing a p p a r e n t l y  locked in static crystal

s t r u c t u r e s 9 3 , 106.

Individual small f l u c t u a t i o n s  w i t h i n  pr oteins w h i c h  may 

be m o n i t o r e d  by N MR include low to inte rme diate fre q u e n c y  

m o t i o n s  (0-105 sec-* ) such as the "ring flips" of aromatic amino 

acid re sid ue  side chains, w h i c h  m a y  be o b s e r v e d  by chemical 

ex ch an ge phenomena, and h i g h e r  frequency. m o t io ns

(108-10*2 s e c - 1) such as those w h i c h  occur in aliphatic amino 

acid re sidue  side chains, w h i c h  can be d e r i v e d  from nuclear 

r e l a x a t i o n  p r o c e s s e s * *4,115.

It is be l i e v e d  that the internal m o t i o n s  wit hi n g l o bu la r 

p r o teins are correlated, that is that g r oups of ato ms from 

d i f ferent amino acid res id ues m o v e  together, c a u si ng the 

pr o t e i n  to switch fro m  one e q u i l i b r i u m  st r u c t u r e  to another, 

and that these types of local r e a r r a n g e m e n t s  must be

re s p o n s i b l e  for the o p e n i n g  of a ligand en try channel in 

myoglob in s. Evidence for this c o r r e l a t e d  m o t i o n  theory ha s been 

ob t a i n e d  f r o m  c a r b o n — 13 N M R  data f r o m  stud ies of the m o t i o n s  of
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the isoleucin e re si dues in sperm whale cyano

m e t m y o g 1obin* *5,116.

The s p erm  wha le m y o g l o b i n  m o l e c u l e  is a closely packed 

s t r u ct ur e w i t h  seven out of the nine isoleucine residues 

therein b e i n g  located in r e l a t i v e l y  con s t r a i n e d  h e l i x — helix 

contact r e g i o n s * * 7 ,  h o w ever c o m p a r i s o n  of the mo tions of these 

isoleucin e residue s w i t h  their e n v i r o n m e n t s  has shown that the 

greates t motional a m p l it ud es are ass o c i a t e d  with p r e c i s e l y  

those re sidues w h ich are located in the most de ns ely packed  

re gi on s of the m o l e c u l e * *6, such that some co m p l i m e n t a r y  m o tion  

of their n e i g h b o u r i n g  s t r u ctures is implied, and the the ory of 

c o r r e l a t e d  m o t i o n  supported. S t u d i e s  of the dynami cs of labile 

hy d r o g e n  exc ha nge in the h a e m  c a v i t y  have also been emp l o y e d  to 

probe the potential ligand ent ry cha nn els of m y o g l o b i n * *8,119, 

and the exc ha nge rate p r o fil es  of p r o ton s b o u n d  to h a e m  cavity 

histidyl n i t r o g e n  atoms in s p e r m  whale, equine, and canine 

cyano m e t m y o g l o b i n  have been sh own to favour a p e n e t r a t i o n  

model of ligand e n t r y * 19, w h e r e b y  the ligand passe s th rou gh the 

pr o t e i n  m a t r i x  via an i n t e r c o n n e c t i n g  ne two rk  of small, 

discrete, transient cavities, over a local u n f o l d i n g  model.

S i m i l a r l y  the d y n a m i c  c h a r a c t er isatio n,  b y  proton NMR, of 

the ring  f l i ppi ng  ex pe r i e n c e d  by  the p h e n y l a l a n i n e  43 residue 

in s p e r m  w h a l e  cyano m e t m y o g l o b i n  has been u n d e r t a k e n * 2 0 . This 

has sho wn that the a c t i v a t i o n  e n e r g y  req ui re d for phenyl ring 

ro t a t i o n  in this important amino acid residue; whic h is one of 

only two c o m p l e t e l y  invariant amino acid residu es in haem 

ox yg en  b i n d i n g  p r o t e i n s *  21 ; and w h i c h  is in Van der Waals
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contact w ith the distal side of the h a e m  tt s y s t e m *  0 6  ; i s 

consistent w i t h  local co ncerted  structural f l u c t u a t i o n s  of the 

CD helical corner  at w h i c h  it is located, again f a v o u r i n g  a 

p e n e t r a t i o n  model of ligand entry.

In ad d i t i o n  to pro t o n  and carbon- 13 N MR s t u d i e s  of 

my o g l o b i n s  v a r i o u s  in te r e s t i n g  i n vestig at ions u t i l i z i n g  less 

usual nuclei have also b ee n undertaken.

Both m y o g l o b i n s  and h a e m o g l o b i n s  en riched in Iron-57 have 

be e n  studied by Iron— 57 N M R * 2 2 , 1 2 3 ,  and their r e l a x a t i o n  

pa r a m e t e r s  determin ed, whilst  carbon-13, Iron-57 double 

enriche d m y o g l o b i n  has bee n the subject of c a r b o n — 13— Iron— 57 

double reso na nce e x p e r i m e n t s * 2 4 , 1 2 5 ,  with the in tention  of 

c h a r a c t e r i s i n g  changes in the h a e m  iron envir on ment in the 

v a r i o u s  functional forms of di ffe ren t haem oproteins .

Por p h y r i n  has b e e n  su bs t i t u t e d  wit h  t r i f 1u o r o m e t h y 1 

groups, and s t u died  b y  means  of F l u o r i n e — 19 NMR, as has 

m y o g l o b i n  r e c o n s t i t u t e d  w i t h  this porphyrin, a l l owi ng  the study 

of vari ou s h a e m  sites b o t h  in the isolated pros t h e t i c  group, 

and in a f u n c t i o n a l l y  u n p e r t u r b e d  p r o te in  e n v i r o n m e n t * 2 6 .

X e n o n — 129 N M R  has  been emp lo yed in studies on x e n o n  

b i n d i n g  to m y o g l o b i n s  and h a e m o g l o b i n s * 2 7 , 1 2 8 .  The X e n o n — 129 

chemical shifts in a se ries of common solvents, oil, p r o t e i n s  

and cell m e m b r a n e s  h a v e  been compared, as has the rate of 

exchange  of X e n o n  fro m  the aqueous to the or ganic e n v i r o n m e n t s  

in such systems, in order to pr ov ide info rm ation on the 

a n a e st he tic a c tion  of no bl e g a s e s * 2 7 .  The b i n d i n g  of X e n o n  by 

the c y a n o m e t — and c a r b o n m o n o x y — forms of b o t h  m y o g l o b i n  and
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h a e m o g l o b i n  has also b e e n  m o n i t o r e d  by X e n o n — 129 N M R l 28.

Xeno n adducts are of in terest as X e non o c c up ie s a unique 

h y d r o p h o b i c  cavity, the Xen on  hole, w i t h i n  the p r o tein  matrix. 

X e non is hel d in place in this site, w h ic h is located on the 

proximal side of the haem, a b b u t t i n g  the proximal h i s t i d i n e  

residue, p u r e l y  by V an  der W a a l s  intera ctions w i t h  the 

surr o u n d i n g  groups. F u r t h e r m o r e  X e n o n  ap pea rs  to enter the 

p r o t e i n  m o l e c u l e  thr ough a s u r f a c e  "gap" b e t we en the h a e m  

group, and leucine resi d u e s  86 and 89 and to ap proach  the h a e m  

via a unique  entry path re q u i r i n g  little or no rear r a n g e m e n t  of 

the pr otein matrix. This is in direct contrast to the 

pr e v i o u s l y  d i s c u s s e d  entr y channel emplo y e d  by other ligands 

(eg. oxygen, carbon m o n o x i d e  etc).

Phosphorus -3 1 chemical s h i f t s  of trimethyl p h o s p h i n e  

b o und to h a e m o p r o t e i n s  have b e e n  found to be very sen si tive 

prob e s  of the h a e m  e n v i r o n m e n t *  2 9  . In 31 p NMR  st ud ie s of 

trimethyl pho s p h i n e  b o u n d  in v a r i o u s  p o s i t i o n s  to s p e r m  wh ale  

and equine myoglobin , and human, bovine, and rabbit 

haemoglobin, as well as v a r i o u s  model compounds, the 

phosph o r u s - 3 1  chemical shifts h a v e  b e e n  shown to be e x t r e m e l y  

se nsiti ve  to both the p r e sen ce  and the g e n et ic v a r i a n c e  of the 

globin, dis tingui sh ing, for example, b e t w e e n  oc and 3 chains of 

h a e m o g l o b i n s  and se e m i n g  to bea r a direct r e l a t i o n s h i p  to the 

f a c i l i t y  of o x i d a t i o n  of the h a e m o p rotein .

V a r i o u s  m y o g l o b i n s  and o t h e r  h a e m o g l o b i n s  s u b s t i t u t e d  

w i t h  p r o s t h e t i c  g r ou ps c o n t a i n i n g  central m e t a l s  o t he r than 

iron have b e e n  studied. Proton N M R  studies h ave  been em pl oyed
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to inve s t i g a t e  the b i n d i n g  of the proximal hi s t i d i n e  r e s i d u e  to 

the central p o r p h y r i n  metal in c o b a 1tomy o g l o b i n s  and 

haemoglo bi ns, and iron cobalt h y b r i d  s p e c i e s l 3 0 , 1 3 l , wh ilst  

Ca dm i u m - 1 1 3  N M R  stud ies of C a d m i u m  II s u b s t itu te d p o r p h y r i n s  

and C a d m i u m  II m y o g l o b i n  hav e s h own that the C a d m i u m - 1 1 3  

chemical shift, w i t h  a range of ove r QOOppm, affords a h i g h l y

sensitive p r ob e of bot h  the c o o r d i n a t i o n  g e o m e t r y  of the

central metal, and the nature  of the c o o r d i n a t e d  l i g a n d * 3 2 .

R e c e n t l y  O x y g e n — 17 NM R  st udies of c a r b o n m o n o x y  

h a e m o p r o t e i n s  have bee n r e p o r t e d * 3 3 ,  cons t i t u t i n g  the first 

o b s e r v a t i o n  of high r e s o l u t i o n  O x y g e n — 17 N MR spectra of the

c a r b o n m o n o x y  ligands of m e t a l l o p r o t e i n s .

The O x y g e n - 1 7  spectra of e n r i c h e d  carbon m o n o x i d e  ligated 

sperm w h al e myog lo bin, and h u man and rabbit m y o g l o b i n  h av e been 

recorded, and the re su lt s suggest a g r e a t e r  internal mo tional 

freedom of the ligand in h a e m o g l o b i n  than in myoglobin, w h i c h  

may have a b e a r i n g  on the gr e a t e r  a f f i n i t y  of h a e m o g l o b i n  over 

m y o g l o b i n  for carbon mon oxide, r e d u c i n g  the m a g n i t u d e  of the 

s te r i c a l l y  indu ced  in st a b i l i t y  of the linear carbon m o n o x i d e  

mo l e c u l e  d i s c u s s e d  earlier, in the case of hae mogl obin, and

thus i n c r e a s i n g  its ca rb on  m o n o x i d e  a f f i n i t y  wit h  r e sp ec t to 

m y o g l o b i n .

The s t u d y  fu rther shows that a direct linear r e l a t i o n s h i p  

exists b e t w e e n  the O x y g e n - 1 7  chemical shift of the b o un d carbon  

mo n o x i d e  ligand and the carbon m o n o x i d e  b i n d i n g  a f f i n i t y  of the 

prot ein  u n d e r  study.
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C H A P T E R  3

Experimental P r o c e d u r e s

"Finds tongues in trees, 
b o oks in running brooks. 
Se r m o n s  in stones.
and g o o d  in ev er ything

WiI Iiam Shak espeare
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3.1 Sa mp le P r e p a ra tion

Ho rs e skeletal m y o g l o b i n  (Type 1, 95-100%, c r y s t a l i s e d

and lyophilized) was pu r c h a s e d  fr o m  Sigma, and used w i t h o u t

further pur ifi cation.

The p a r a ma gnetic low-spin m e t - c y a n o  c o m pl ex  of m y o g l o b i n  

was pr e p a r e d  by d i s s o l u t i o n  of the lyophylate in Dz O  (7mM),

together w i t h  a trace of p o t a s s i u m  ferri cyanide and a 50%

molar ex cess of p o t a s s i u m  cyanide. The pH v a lu e was ad j u s t e d  to 

8.4 by the use of N a O D  and DC 1 , and a trace of d i o xa ne  was 

added to provide a s e c o ndary  reference, d e s i g n a t e d  67.8 p p m  for 

13 C and 3.7 ppm  for protons.

3.2 Instru me ntati on  and Software.

3.2.1 In st rumen ta ti on and So ftware em p l o y e d

All spectra wer e recorded on e i the r B r u k e r  AM^OO or A M 50 0 

spectro met ers, the A M 3 0 0  o p e r a t i n g  at 300.13 MHz for p r ot ons 

and 75.47 MH z for carbon, and the A M 50 0 at 500.14 MH z for 

pro ton s and 125.75 MHz for carbon. Both s p e c t r o m e t e r s  were 

equip ped  w i t h  A S P E C T  3000 data systems, st an d a r d  t em pe rature 

control units, and O x f o r d  S p e c t r o s p i n  cryomagnets, and ran 

Bruker DISB871 and DISR88 s o f tw are res pectively, and both  

emplo yed  R e d fi el d qu adratur e d e t e c t i o n * 4* . Signals were 

de tec ted u s i n g  a Br uk er  10mm m u l t i n u c l e a r  probehead, w it h 

d e u t e r i u m  lock and tunable X nucleus.

H i g h  qua li ty 10mm A l d ri ch G o l d  label N M R  tubes, suitable 

for high field studies, were use d for all experiments.
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3.2.2 I n s t r u me ntation  C a l i b r a t i o n

For o p t i m u m  s e n s i t i v i t y  the s p e c t r o m e t e r  p r o b e h e a d  was 

tuned and m a t c h e d  for each experi ment, u s i n g  a Bruker 

reflectio n bridge. E x p e r i m e n t s  w e r e  p e r f o r m e d  in the

temperature range 25"C-55'C, the experime ntal t emper at ure being 

de te rmined f rom the chemical shift of the methyl p r o t o n s  of 

isoleucine F G 5 .

3.3 Spectral P a r a m e t e r s

3.3.1 One Di mensi onal S p e c t r a .

One di me nsional spectra w e r e  re corded u s ing a sui ta bl y  

large spectral w i d t h  in order to avoid  the fold ing back  of 

outlying peaks, toget he r wit h  the c o l l e c t i o n  of suffi ci ent data 

points to giv e  good digital r e s o l u t i o n * 4 0 .

Typical pr ot on  spectra, for example, con si sted of at 

least 400 transi en ts coll ected  on 16k data p o i n t s  of 

a p p r o x i m a t e l y  15KHz b a n d w i d t h  at 3 0 0 M H z .

Pr ot on  spectra w e r e  run w i t h  p r e s a t u r a t i o n  of the HOD 

signal in all cases.

3.3.2 Two Di me nsional Spectra.

The digital r e s o l u t i o n  of the two -d imensional exp er iment  

is inhe r e n t l y  po ore r than that found in c o r r e s p o n d i n g  one
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dimensional ex periments  due to time and data storage 

constraints, althoug h this is c o m p e n s a t e d  for by the increase 

in r esol ut io n w h ich arises from the spread of signals into the 

second dimension.

For a typical two dimensional p r o t o n — pr oton shift

co r r elatio n experiment 256 incr ements of ti were em pl oy ed over 

13.5KHz wi t h  1024 data points collec te d in t 2 , whilst a typical 

*H * 3C shift cor rel at ion exp erime nt  might have a spectral w i d t h  

of 13KHz in the d i m e ns io n of * 3 c shifts, and an e v o l ution  

period incremente d in 256 steps of 152p.s wit h a spectral w i d t h  

of 22p pm in the second (proton) dimension. The nu mber of 

transie nts  colle cted for each experiment  was de te r m i n e d  not 

only by the required signal to noise ratio, but also by the

number need ed to complete the phase cycling regime employed. A 

nu mb er  of dummy scans were also inserted be for e the a c q u i s i t i o n  

of the individual FID's in order to ensure that the sy st em  was 

at equilibrium.

Whe re  n e c e ss ary phase sensi tive detect io n was em pl oyed in 

t 1 , using time proportional phase increm en tation (TPPI)*4l 

rather than the absolut e value mode, (see section 3.3.3). This 

not only gives a better signal to noise ratio, but also retains  

va l u a b l e  phase information on the individual cross peaks.

The a p o d i za ti on funct ions emp lo yed varied, but ty pically 

for h o m o n u c l e a r  spectra sine bell fun ctions were  em pl oyed in 

both dimensions, wh ils t simple exponential w i n d o w  fun ction s

were ut i l i z e d  in the case of h e t e r o n u c l e a r  spectra.

U n d e s i r e d  ar tef act s in h o m o n u c l e a r  two dimensional
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spectra were reduced by m e a n s  of the s p e c t rome te rs 

symmet r i z a t i o n  routine, as si gn als w h ich are no n-symmet rical 

about the diagonal are likely to be artefacts. This procedure, 

however, is not app li cable to the h e t e r o n u c l e a r  two dimensional 

spectra, whi ch p o sses s non diagonal sy mm etry and are 

c o n s e q u e n t i a l l y  more prone  to sp urious noise.

Two dimensional spe ctr a are p r e s e n t e d  as co nt our  level 

diagrams. The diagonal in h o m o n u c l e a r  spectra m a y  be co ns idered  

as an app roxi matio n of the one dimens ion al spectrum, w i t h  cross 

peaks rep resen ti ng J - c o u p l e d  partners, w h i l s t  the individual 

peaks represent d i s c r e t e  structural u n its ( CHn ) in the 

h e t e r o n u c l e a r  spectra. Eac h  contour line re pr esents a fa cto r of 

72 d i f f ere nc e in i n t e ns ity from the next level unless othe rwise  

s ta t e d .

3.3.3 Phas e Sensi tiv e D e t e c t i o n  and Pha se C y c l i n g

In order that m o r e  effec ti ve r a d ia ti on over the range of 

f reque nc ie s involved m a y  be effected, it is d e s i ra ble that the 

carrier fr equency  v© be placed at the centre of the spectrum, 

however, this requires a de t e c t o r  set up w h i c h  can d i s t i n g u i s h  

not only a differe nce  in m a g n i t u d e  b e t w e e n  the o s c i l l a t o r  and 

the de t e c t e d  signal, but can also d i s t i n g u i s h  the sign of that 

d i f f er en ce in frequency. This is ac h i e v e d  by q ua dr ature 

d e t ec tion w h e r e b y  two d e t e c t o r s  are employed, one of w h i c h  is 

90* out of phase wi t h  the oscillator. C o n s e q u e n t l y  the sine and 

cosine components of the m a g n e t i s a t i o n  m a y  be s i m u l t a n e o u s l y
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detected. A complex fo uri er tra n s f o r m  then gi ve s the relat ive 

signs of the signals w i t h  respect to the central carrier 

freq uen cy and c o n s e q u e n t l y  only freq u e n c i e s  up to ±F/2 ne e d  to

be c h a r a c t e r i s e d * 40.

The m e t h o d  of q u a d ratu re  d e t e c t i o n  used, in practice, by 

Bruker sp ectr o m e t e r s  is the R e d f i e l d  m e t h o d * 4 1 w h i c h  can be 

regarded as a pseudo qu a d r a t u r e  d e t e c t i o n  method.

Q u a d r a t u r e  d e t e c t i o n  can u n f o r t u n a t e l y  give rise to 

artefacts, known as qu a d r a t u r e  images in the spectrum. These 

take the fo r m  of small images of the ma i n  peak sym metrical 

about the centre of the spectrum, and are due to imperfect 

def in it ion of the re la tive sign of the frequencies.

The se images m a y  be a v e ra ged out by m e a n s  of the cycl ing 

of the rel at iv e phase of the transmitter, w i t h  res pect to the 

detector, over the diff er ent axes such that the u n w anted 

com pon ents of the m a g n e t i s a t i o n  are cancelled.

3.4 A n a l y s i s  of Spectral Data.

An outline of the N M R  m e t h o d o l o g i e s  em p l o y e d  in this work 

is presented, together w i t h  the kind of info rm ation w h i c h  may 

be d e r iv ed  there from. The relativ e a d v a n t a g e s  and 

di s a d v a n t a g e s  of c e r ta in  of the te ch niq ues are also explored.

3.4.1 One Dimensional Spectra.
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Inspection of one di men sional pr oto n and carbon spectra 

(Figs 4.iv and 4.v) shows that d i s t i n c t  spectral reg ions m a y  be 

recognised- Indeed, as o u t l i n e d  previously, much v a l u a b l e  

informat ion m a y  be g l e a n e d  from chemical shift data a l o n e 2 l , 2 6 ,  

p a r t i c u l a r l y  in the case of those res o n a n c e s  of p a r a m a g n e t i c  

species, such as m e t - c y a n o m y o g l o b i n , whi ch  exp e r i e n c e  

significant h y p e rfine shifts due to their p r o x i m i t y  to the 

p a r a m a g n e t i c  centre. Furthermor e, the temper ature d e p e n d e n c e  of 

these par am a g n e t i c a  1 1 y shifted r e s o n a n c e s  m a y  be e m p l o y e d  as 

both an aid to spectral r e s o l u t i o n  and as a source of 

additional data (see section 4.2.1).

The data obta i n a b l e  from a one dimensional * 3 C s p e c t r u m  

m ay be further re fi ned by e d it ing of the sp e c t r u m  a c c o r d i n g  to 

the nu mbe r of a t t ached protons. C a r b o n - 1 3  reson ances a r i sing 

fro m methyl, m e t h y l e n e  and m e t h i n e  gro ups m a y  be separated, by 

m a g n e t i s a t i o n  transfer from their a t t a c h e d  p r o t o n s , - b y  m e ans of 

the DEP T pulse s e q u e n c e * 44. A final, v a r i a b l e  length, pr oton  

pulse, 0, in the seque nc e leads to dif fe rent m a t h e matica l 

d e p e n d e n c i e s  for d i f fe re nt CHn groups, such that the intens it y 

of the CH var ies w i t h  sin 8, CHa w i t h  sin 20 and CHs w i t h  sin 0 

+ sin 30 (see fig 3 . i ), c o n s e q u e n t l y  individual CH, CHa and CHg 

sub spectra m ay  be g e n e r a t e d  by m e a n s  of a p p r o p r i a t e 

c o m b i n a t i o n s  of spectra recorded w i t h  di fferent  values of 0.
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Fig. 3.i

The va r i a t i o n  in i n t en si ty of CHn groups w i t h  0 pulse length. 

3.4.2. Two Dimens ional Spectra.

The h o m o n u c l e a r  shift cor re lation experiment, C O S Y 3 3 ,  i s 

me d i a t e d  by  scalar J  cou p l i n g  w h i c h  is a thro ugh  bond effect, 

transmitted b e t w e e n  nuclei via the ele ct rons of in te r v e n i n g  

bonds, and oc curs th ro ug h the p a i r i n g  of el e c t r o n i c  and n u c l e a r 

spins. The m a g n i t u d e  of this coupling, w h i c h  is a field 

independent parameter, is re lat ed to the type and n u m b e r  of 

inter ven ing bonds, and falls away  rapi dly w i t h  i ncr ea sing bond
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number. The cross peaks represe nt J  coupled pa r t n e r s  w i t h i n  the 

spectrum, allowin g the c h a r a c t e r i s t i c  intra residue J couplin g 

pat te rns of individual amino acid res idues to be m a p p e d  out. An 

example of a COSY s p e c t r u m  is shown in figure 4.ix.

This two-dimensi onal m e t h o d o l o g y  for the ide nt ificati on  

of J coupled part ners has two m a i n  a d v a n t a g e s  over the one 

dimensional al te rnativ e of h o m o n u c l e a r  d o u b l e - r e s o n a n c e  

experiments, na mel y that all p a r t n e r s  in a c o u p l i n g  n e t w o r k  may 

be observ ed  simulta neo usly, and that p o t e n t i a l l y  crowded 

spectral regions in the first d i m e n s i o n  are spread out in the 

second dimension. Thi s  second adv an ta ge also p e r m i t s  the 

tracing of the temp eratu re  d e p e n d e n c i e s  of reso n a n c e s  w h i c h  are 

u n r e s o l v e d  in one dimens ional  spectra.

The standard pulse sequence of the ba sic COSY experi ment 

is given in scheme 3 . i .

90* -ti- 90" -FlD(t2)

Scheme 3 . i .

S t a ndard Pulse Seq ue nce of the COSY E x p e r i m e n t

Simple m o d i f i c a t i o n s  of this pulse se quence  allows 

o p t i m i s a t i o n  for longer range c o u p l i n g  constants.

The insertion of a fixed time delay, x, at the b e g i n n i n g  

of the t 1 and tz pe r i o d s  of the se qu ence e m p h a s i z e s  long range 

coupling const ants b y  a l l ow in g these m a g n e t i s a t i o n  components, 

wh os e intensit ies increase with  sin(TcJx), m o r e  time to evolve
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for m a x i m u m  sensitivity, w h i l s t  s i m u l t a n e o u s l y  s u p p r e s s i n g  the 

diagonal peaksl45. This allows i d e n t i f i c a t i o n  of longer range 

coupling than w o u l d  the st an da rd C OS Y sequence.

S i m i l a r l y  COS Y-45 empl oys a 45* m i x i n g  pulse, rathe r than 

the sta nd ard 90* pulse, w h i c h  r e s ults in a "s treaml in ing" of 

the diagonal, c l a r i f y i n g  some of the more complex r e g i o n s  of

the spectrumi45.

H e t e r o n u c 1 ear shift c o r r e l a t i o n  exp erime nt s a l l o w  the 

co n s i d e r a t i o n  of individual CHn grou ps  as disc re te 

sp e c t r o s c o p i c  units, and co mbi ne  the a dvant ag es of two 

dimensional s p e c t r o s c o p y  w i t h  that of the greate r chemical 

shift d i s p e r s i o n  of the carbo n s p e c t r u m  w i t h  respect to the

proton spectrum.

The te chnique e m p lo yed for the corr e l a t i o n  of p r o t o n  and

carbon-13 sh ifts u t i l i z e s  p o l a r i s a t i o n  transfer via sca lar J 

couplings. T his  gi ve s rise to an additional adv an tage in terms 

of the c a r b o n — 13 dimension, in that a p o l a r i s a t i o n  tr ansfer

from 1H to l 3 C takes place, w i t h  a resultant four fold increase 

in c a r b o n — 13 sensitivity. The p u lse  sequence is shown in scheme 

3 . i i .

1H  90" — 1%— — 1%— X I — 9 0 * — BB

13C 180" 9 0 " - x 2 FlD(t2)

Scheme 3.ii Pulse Se qu ence for l Hi 3 c Shift C o r r e l a t i o n
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It can be seen fro m  e x a m i n a t i o n  of scheme 3 - ii that this 

sequence is rel ated bot h  to the COS Y exper imen t3 3 , and to the 

INEPT experimen t d e s c r i b e d  by M o r r i s  and F r e e m a n * * 6 ,

As is the case w it h the pa rent INEPT experiment, the 

intensity of a signal in the h e t e r o n u c 1 ear shift corr e l a t i o n  

experiment var ie s not only  w it h the length of the final delay, 

T2 , but also w i t h  its m u l t i plici ty , and * 3 c-lH coup ling  

c o n s t a n t .

In the normal case the X2 pe ri o d  is selected as a 

compromise for the v a r i o u s  m u l t i p l i c i t i e s  and J values, at a 

value of around 1/4J, see for ex ample figure 4.vi, alt ho ugh 

o p timu m X2 sel ec ti on is ham p e r e d  by the v a r i a b i l i t y  of J 

va 1u e s .

It is also po s s i b l e  however, by  a ppropri at e choice of 

delay length, to g e n e r a t e  l H* 3 c shift c o r r e l a t i o n  spectra w h ich 

are selective for signal m u l t i pl ic ity, th er eby  c o n f e r r i n g  an 

additional adv an tage on the experiment. Thus by choosin g X2 = 

1/2J a s p e c t r u m  sel e c t i v e  for m e t h i n e  gro ups m a y  be obtained, 

whilst Fig. 4.XV shows a s p e c t r u m  in w h i c h  signals due to 

methyl and m e t h i n e  g r oup s give rise to p o s i t i v e  cross peaks, 

and m e t h y l e n e  grou ps gi ves rise to n e g a t i v e  cross peaks.
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C H A P T E R  4

R e s u l t s  and D i s c u s s i o n

If the doors  of p e r c e p t i o n  wer e cleansed, 
e v e r y t h i n g  w o u l d  ap pear to ma n as it is,

. . . inf ini t e ." f

Wi 1 1i am B 1ake 
The M a r r i a g e  of H e a v e n  and Hell
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4.1 P a r t i c u l a r  Fa ct ors In fl u e n c i n g  the N M R  S p e c t r a  of Proteins.

C e r tain factors, such as the ''ring currents" p r e s e n t  in 

ar oma ti c systems, and the h y p e r f i n e  int er action s due to the 

p r e se nc e of a p a r a m a g n e t i c  ion, w h i c h  influence the chemical 

shifts of individual resonances, are of part i c u l a r  im portance 

in the NMR  spectra of h a e m o p r o t e i n s , and these are d i s c u s s e d  

be 1ow.

4.1.1 Rin g Cu rr ent Ef fects

The ci rc u l a t i o n  of d e l o c a l i s e d  jr-electrons in the plane 

of an ar om atic ring u n d e r  the i n f l uen ce  of an external m a g n e t i c  

field is k n ow n as a ring  c u r r e n t , and pr o d u c e s  a further local 

m a g n e t i c  field. This op poses the e x t e r n a l l y  applied field in 

the areas abov e and b e l o w  the p l a n e  of the ring, but r e i n f o r c e s  

it in all ot he r areas. (Fig 4 . i ).

Shi e 1 ding

D e s h i e 1 din g

Shi e 1 ding

Ri ng  current effects in a b e n zene ring" (Fig 4 . i )
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Q u a n t i t a t i v e  c a l c u l a t i o n s  of the m a g n i t u d e  of the 

s hi e l d i n g  zone about the be n z e n e  r ing have been p e r f o r m e d  by

J o h n s o n  and B o v e y l  5 5  . In the case of pr o t e i n s  ring cu rr ents are

a s s o c i a t e d  with the d e l o c a l i s e d  e l e c t r o n s  arising f rom the

aro mat ic amino acid residues, histidine,  ph eny lalanine, 

t rypto ph an  and tyrosine. A d d i t i o n a l l y  ring currents in pr ote i n s  

m a y  arise due to the pre s e n c e  of ar o m a t i c  prost he tic groups 

such as porphyrins.

The ring current fields a s s o c i a t e d  w i t h  the p o r p h y r i n  

ringslSG are much larger than those a s s o c i a t e d  w i t h  simple 

aro mat ic systems. It is e s t i m a t e d  that the resonance of a 

pro ton nea r the plane of a p h e n y l a l a n i n e  ring for ex ample m ay 

exp e r i e n c e  an upf ie ld shift of up to ar ou nd 2ppm d e p e n d i n g  on 

its exact position, w h i l s t  a p r o t o n  near the plane of a h a e m  

group can expe ri ence an u p f i e l d  shift of in excess of 5 p p m 7 5 .

4.1.2 H y p e r f i n e  Shifts.

The pr es en ce of a p a r a m a g n e t i c  centre can also effect the 

chemical shifts of resonances. The m a g n e t i c  r e s o nances of 

nuclei in p a r a m a g n e t i c  comple xe s o f t e n  s h o w  large shifts from

their c o r r e s p o n d i n g  po s i t i o n s  in d i a m a g n e t i c  complexes. These 

shifts are known as h y p e r f i n e  sh ift s and are often a c c o m p a n i e d  

by p a r a m a g n e t i c  b r o a d e n i n g  of the resonances. H y p e r f i n e  shifts, 

wh i c h  m a y  be as large as several h u n d r e d  parts per million,  are 

caused by int erac tions w i t h  the u n p a i r e d  elec tr ons of 

p a r a m a g n e t i c  species, and arise in two d i f f er ent ways, n a m e l y  

contact and p s e u d o c o n t a c t  or d i p o l a r  shifts.

Co n tac t shifts s o m et imes called "Fermi" or isotropic
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contact interactions, result f r o m  the transfer of finite

amo unts of electr on  spin d e n s i t y  from the un p a i r e d  electr on (s)

of the p a r a m agne ti c sp ecies  to the ob ser ved protons. This

n o r m a l l y  occurs  as a through b o n d  transfer, and the contact

shift s of p r ot on reso n a n c e s  for iso tropic systems are g i v e n  by 

B l o e m b e r g e n s  equatio n (Eqn 4.1), w h e r e  Ai is the contact

Av c i = —Ai 7o S(S+1) V  Eqn 4.1

■yH 3kT

int eract io n for the i th proton, y@ and -yn are the m a g n e t o g y r i c  

ratios of the electron and p r o t o n  respectively, S is the total 

e le ct ronic spin, v is the r e s o n a n c e  f r e q ue ncy of the proton, k 

is the B o l t z m a n n  constant, and T is the absolute temperature.

In the haems and h a e m o p r o te ins contact shifts ar ise  when 

finit e am ounts of el e c t r o n  d e n s i t y  are d e l o cali se d f r o m  the 

iron orbital s into the m-orb it al sy st e m  of the p o r p h y r i n  and 

the axial ligands as in d i c a t e d  in figure 4 . i i . The el e c t r o n 

d e n s i t y  is then fu rt her t r a n s f e r r e d  from  the ar om a t i c  ring 

car bon s to the protons, g i v i n g  rise to contact interactions.

Ps e u d o c o n t a c t  shifts, s o m e t i m e s  kno wn as d i p ola r shifts, 

arise whe n  the elect ro ni c g — te nsor is anisotropic, that is w h e n  

the di polar int eract io n b e t w e e n  the u n p a i r e d  elec tr on spin and 

the nu cleus fails to av er ag e zero.

P s eudo co nt act shifts are r e l at ed  to the val ue of the
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e l e c t r o n i c  g-tensor, w h i c h  is a m e a s u r e  of the field 

e x p e r i e n c e d  by the u n p a i r e d  elec trons .

Fe— I

C H

(Fig 4-ii)

I nt er action s of the 3dy% (3d%z) a t o m i c  orbital of the h a e m  iron 

w i t h  the TT-orbitals of the ligand n i t r o g e n  a t o m s 7 5 .

If cert ai n a s s u m p t i o n s  are m a d e  then the p s e u d o c o n t a c t

s hif ts m a y  be o b t ained from a k n o w l e d g e  of the- m o l e c u l a r

g e o m e t r y  and of the principal v a l u e s  of the ele c t r o n i c  g —

tensor, w h i c h  m a y  be d e r i v e d  f r o m  e l e c t r o n  p a r a m a g n e t i c

r e s o n a n c e  studies, by use of the e q u a t i o n  4.2 75 :-

I v p e i  = - p 2  v S  ( S + 1  )(3cOs2Xj- 1 )_Ĵ  ( gfl +gj ) ( g|| -gj ) 
3kT ri 3 3

...E q n . 4.2

W h e r e  3 is the Bohr magneton, n  is the d i s t a n c e  fro m the h a e m  

iron to the o b s e r v e d  proton, Xi is the angle b e t w e e n  the v e c t o r 

ri and the g axis and gn and gi are the parallel and the 

p e r p e n d i c u l a r  components, respec tivel y,  of the e l e c t r o n i c  g- 

tensor. In a dilute s o l utio n of a p a r a m a g n e t i c  specie s the
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transver se nu clear r e l a x a t i o n  m a y  be t o tally  d o m i n a t e d  by 

coupling be tw een  n u c l e a r  and e l e c t r o n i c  spins, both by  di pole  

dipole m e c h a n i s m s  and by sc alar coupling tran s m i t t e d  via, 

pos s i b l y  transient b o n d s  and line b r o a d e n i n g  will thus result, 

such that, in general, pr ot o n  N M R  spectra are likely to yie ld  

information on p a r a m a g n e t i c  m o l e c u l e s  only if the e l e c t r o n  spin 

relaxatio n time is short, such that the h y p e r f i n e  sh if ts  are 

large compared with the line widths.

4.2 A s s i g n m e n t s  of the H a e m  Reso na nces.

4.2.1 H a e m  Methyl Groups.

The four h a e m  methyl groups, borne  on the p o r p h y r i n  ring 

of h a e mo pro t e ins have long be e n  the subject of N MR studies, 

b e ing u n i q u e l y  sen s i t i v e  to p e r t u r b a t i o n s  of . the h a e m  

electroni c structure.

The m a g n i t u d e s  of their individual h y p e r f i n e  shifts  have 

been shown to depe nd p r i m a r i l y  upo n  spin d e n s i t y  in the 

p a r t i a l l y  filled n o r b i t a l s  of the pyrr ole rin g  s y s t e m * 4 7  and 

studies of model sy st em s in w h i c h  hemin s are c h e lated w i t h  

v a r i o u s  imidazoles of i n c r e a s i n g l y  fixed g e o m e t r y * 4 8  h a v e  shown 

that the increased a s y m m e t r y  of the h a e m  methyl h y p e r f i n e  

shifts  observed  in low spin ferric cyanide com p l e x e s  of 

h a e m o p r o t e ins over that found in the free p r o t o p o r p h y r i n  

compounds  is due to the i ntera ct ion of the pTt or bita ls  of the 

proximal imidazole s y s t e m  and the metal d o r b it als ( tc d% % ,
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dxy). Thi s  in turn leads to a re d i s t r i b u t i o n  of spin d e n s i t y  

w i t h i n  the p o r p h y r i n  system, such that the u n p a i r e d  spin 

de n s i t y  is at right angles to the imidazole p l a n e * 48.

The o r i e n t a t i o n  of the imidazole plane in m y o g l o b i n  is 

shown in F i g u r e  4 . i i i .

CO2H COgH

F i gure  4 . i i i

O r i e n t a t i o n  of the Imidazole Pla ne in M y o g l o b i n  (-------) and

C y t o c h r o m e  c (------ ) as d e s c r i b e d  in R e f e r e n c e  148.

O v e r l a p  w i t h  this orbital should result in p y r r o l e  

s u b s t i t u e n t s  located on an axis orthogonal to this plane 

e x p e r i e n c i n g  the grea te st h y p e r f i n e  shifts, thus c o r r e c t l y  

p r e d i c t i n g  the large shifts d i s p l a y e d  by the 1-methyl and 5- 

methyl g r o u p s  in m e t m y o g l o b i n  cyanide. The in ver sio n of this
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p a t t e r n  of h a e m  methyl h y p e r f i n e  sh ifts has b e e n  used^ to solve 

the structure  of the m i n o r  isomer of myoglo bi n, in w h i c h  the 

h a e m  g r ou p is rotated by 180" about the oc— y m e s o  axis. The NMR 

b e h a v i o u r  of the py rro le  s u b s t i t u e n t s  can c o n s e q u e n t l y  be used 

as a probe for haem-imi  da zo 1 e g e o m e t r y  bot h in known, and in 

less well ch ara c t e r i s e d  h a e m o p r o t e i n s , so it is there fore of

supreme importance that a full and u n a m b i g u o u s  set of 

a s s i g n m e n t s  exist for all four h a e m  methyl groups.

The proton res o n a n c e s  of the h a e m  methyl were  amongs t the

first to be r e c o gn ised in p r o t e i n  N M R  spe ctroscopy, and

a s s i g n m e n t s  were p u b l i s h e d  in 1974 for those three methyl 

g r oups  of sp er m wha le  myoglobin; the 5-, 1-, and 8- methyl

g r o u p s , w h o s e  r e s o nanc es  wh er e sh ifted  d o w n fi el d of the 

d i a m a g n e t i c  e n v e l o p e ? * , and cross a s s i g n m e n t s  into the carbon- 

13 s p e c t r u m  have s u b s e q u e n t l y  been  m ade by m e a n s  of *H * 3 C shift 

c o r r e l a t i o n  spectroscopy, (see Table  2 . i i . ).

The hyper f ine shift e x p e r i e n c e d  by the final h a e m  3-

methyl group, however, is insu fficien t to d i s tanc e it f rom the 

d i a m a g n e t i c  envelope of the pr oton spectrum, (see Figure 4 . iv- 

P r o t o n  N M R  s p e ct ru m of Equine  M e t - M y o g l o b i n  cyanide.) and its 

u n a m b i g u o u s  assignment c o n s e q u e n t l y  re m a i n e d  u n s olved  w h e n  this 

w o r k  was carr ied out, al though two c o n t r a d i c t o r y  as si g n m e n t s  

had been published, the first a s s i g n i n g  the p r oton reson an ce at 

5 . 1 p p m * 0 8  ̂ a nd the se cond a s s igning  the c a r b o n — 13 resonance at 

- 2 8 . 5 p p m  (see Figure 4.v  - Carbon -1 3 N M R  S p e c t r u m  of Equine 

M e t - M y o g l o b i n  cyanide). and c o n s e q u e n t l y  cross a s s igni ng  the 

p r o t o n  resonance, by two-dimensional shift c or relati on
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>;

Figure 4.iv.- Proton NMR spectrum of Equine M e t - M y o g 1obin

cyanide in D2 O, 300MHz, 310K.
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C6 es Cl

-2a23

Figure 4.v. -Section of the Carbon-13 NMR Spectrum of Equine 

Met-M yo globin cyanide in D a O , 300MHz, 31 O K .
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spectroscopy, at -1.7ppml34.

Studies were ther ef ore u n d e r t a k e n  to determin e which,  if 

either, of these two c o n f l i c t i n g  r e s ul ts was the case.

Compari so n of the pr ot o n  and carb on-13  spectra of equine 

m e t m y o g l o b i n  cyanide (Figures 4.iv. and 4.v.) with the two 

dimensional p r o t o n - c a r b o n - 13 shift c o r r e l a t i o n  sp e c t r u m  (Figure 

4.vi.) clea rly shows the p r e s e n c e  of the three signals at the 

app ropri at e chemical shifts for the h a e m  5— , 1-, and 8-methyl 

gr oup s (labelled Ml, M2 and M3 res pect ively).  No cross pea k  is 

o bs er ved to be ma nifes ted, however, by the carbon signal, C - 4 , 

located at — 28ppm, w h e r e a s  a h a e m  methyl group w o u l d  be

exp ec ted to give rise to as st ro n g  cross peak.

By edit ing the natural abu n d a n c e  carbon- 13 s p e c t r u m  

a c c o rd in g to the nu mb e r  of a t t a c h e d  protons, u s in g the m e t h o d  

of Doddrell et all 4 4 , individual su b— sp ec tr a of methyl,  

m e t h y l e n e  and me thi ne  g r o u p s  m a y  be generated.

R e f e re nc e to a c a r b o n — 13 s p e c t r u m  of equ in e m e t - m y o g l o b i n  

cyanide thus edited (Figure 4.vii.) c l e arl y shows that the

carbon signal at - 2 8 p p m  does not arise from a methyl group. A

strong methyl resonan ce is observed, however, at ~ — 14ppm,

equi va lent to signal C-5 in the ca rbon-13 sp e c t r u m  (Figure 

4.V. ) . T h i s  signal ex h i b i t s  a st ro n g  cross peak, labelled M 4 , in 

the p r o t o n - c a r b o n - 13 shift c o r r e l a t i o n  spectrum, w i t h  its 

c o r r e s p o n d i n g  proto n chemical shift located at ~ S.lppm.

Fu r t h e r m o r e  studies of eq uine heart f e r r i c y t o c h r o m e  c59a 

reveal a p a t te rn of cross peaks  in the 1 HI 3 C shift c o r r e l a t i o n  

s p e c t r u m  v e r y  similar to that ob se rved h e r e  for equine
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c y a n o m e t m y o g 1o b i n , in w h ic h the cross peak equivalent to cross 

peak M4 arises from a h a e m  methyl group.

E xa m i n a t i o n  of equat io ns 4.1 and 4.2 illustrate that both 

Avc and Avpc are pro portional to the reciprocal of the abs olute  

temperature. Ring current shifts, h o w e v e r  are intr in s i c a l l y  

t em pe rature  independent, p r o v i d e d  that no tempe rat ure related 

c ha nges in m o l e cu la r c o n f o r m a t i o n  occurl57. A plot of chemical 

shifts  against the reciprocal of the absolute temp er ature 

C1/T(K)], known as a Curie plot, sh oul d therefore give a series 

of straigh t lines, d i s p l a y i n g  zero gradient, in the case of 

ring current shifted resonances, but showing  some temp eratu re  

d e p e n d e n c e  (gradient) in the case of any h y p erfine  shifted 

r e s o n a n c e s .

E q u a t i o n s  4.1 and 4.2 also imply that as 1/T(K)

ap p r o a c h e s  zero the hyp e r f i n e  sh ifts should also approach zero. 

Thus the plots of chemical shift v e r s u s  1/T(K) s h oul d tend 

towards the chemical shifts of the c o r r e s p o n d i n g  r e s o nances in 

the r e l ated dia mag ne tic compounds, w he n e x t r a p o l a t e d  to

infinite temperature (ie 1/T(K) = 0 ) .  It follow s that w h e r e  a

d i f f e r e n c e  in the relative  shifts of a group of r e s o na nces is 

due almos t ex cl u s i v e l y  to d i f f e r i n g  h y p e r f i n e  interactions, as, 

for example, in the case of the four ring m e t h y l s  of a 

h a e m o p r o t e i n , the plots sh oul d con verge towardsa common

d i a m a g n e t i c  shift at infinite tem perature. In practic e however, 

w hi l s t  these phenomena occur, their inc idence appears to be at 

so mew hat lower te mperatu re than that ex pected and, in 

p a r t i c u l a r  in the case of si gnals w h i c h  e xperie nc e large
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p s eudo co nt act shifts, ma y  have e x t r a p o l a t e d  in tercepts which  

tend to ove rshoot their expected d i a m a g n e t i c  chemical shifts.

Wüthrich?5 has sugge sted that such o b s erved d e v i at ions 

from Curie beha viour are due to the fact that in the 

tempe rat ure range of the NMR exp eri me nt the scalar couplin g 

constant (A in equation 4.1) is itself temperat ure dependent, 

whils t La Mar et al 153 explain the effect as b e i n g  due to the 

c o n t r ibut io n to the overall eq uatio n of the p a r a m a g n e t i c  shift 

terms, w h ich  are quadratic with  respect to inverse temperature. 

Large d eviat io ns from the e x p ec te d var ia ble tempe rat ure 

b e h av iour of paramag ne tic shifts m a y  also occur in spec ies in 

whi ch m u l t i p l e  spin states exist in e q u i l i b r i u m ! 54

If the signal M4 is indeed due to the re maining  h aem 

methyl gro up  therefore it should be expec te d to exhibit a 

strong tem perature d e p e ndency  in its chemical shift, and 

furthermore, a plot of chemical shift against inverse 

temp era ture (Curie Plot) should give a straight line whi ch  

e x trap ol at es to the diamagnetic shift at infinite temperature.

Ex am i n a t i o n  of this va r i a b l e  te mp erature be h a v i o u r  

(Figure 4.vi i i . ) shows that the four methyl signals do indeed 

converge towards a dia ma gneti c intercept.

I therefore assign cross peak M4 to the r e m a ining  h a e m-3-  

methyl group. This completes the assi gnmen t of the h a e m  methyl 

groups in both the proton and carbon- 13 spectra. The full 

as signm en ts  are p r e s en te d in Table 4 . i .
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H a e m  Methyl Group 1H Chemical Shift 13 C Chemical Shift

5 2 6 . 07b -59.01=

1 17. 5 4 b -35.43=

8 13.06b -31.94=

3 5 . 09 - 1 3 . 6 4

Tab le 4.1.

Chemical Sh ifts of H a e m  M e t h y l s  of M e t M b C N

a. Shifts in ppm fro m T M S , D 2 O s o l u t i o n  © 31 OK

b. Referenc e 74.

c. Ref er en ce 134.

The spread of the h a e m  methyl proton r esonan ce s r e f lect s 

the asymmet ric nature  of the h a e m  ele ctron ic  structure, and 

therefore the spread of the lite rat ure v a lu es  for s p e r m  wh ale  

c y a n o m e t m y o g l o b i n ,74 , 1 08 was c o m p a r e d  wit h that ob ta ined h e rein  

for equine c y a n o m e t m y o g l o b i n , at the same te mpera ture :-

S p e r m  Wha le 3Me S.lppm, 8Me 13.0ppm, IMe 18.7ppm, SMe 27.4ppm. 

Mean IG.OSppm, Spr e a d  22.3ppm.

Eq ui ne 3Me 5 . 0 9 ppm, 8M e 1 3.4 3p pm,lMe 18.56ppm,5Me 27.4ppm. 

Mea n  16.12ppm, S p re ad  2 2 . 31ppm.

The close c o r r e s pondan ce  of these values  suggests a near 

identical h a e m  e l e c troni c e n v i r o n m e n t  in these two ge ne tic 

v a r i a n t s .
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Spec tra  of model c o m p o u n d s S  1 a , 7 5 , 1 3 4 s h o w  that the <x 

carbons and attache d pr ot ons of the h a e m  6- and 7- p r o p io nate 

groups also ex p e r i e n c e  sign ifican t u p f i e l d  shifts, br i n g i n g 

them into the same spectral re gi on as the h a e m  methyl signals, 

and these w o u l d  be u n l i k e l y  to give rise to stron g cross peaks 

in the 1 Hi 3 C shift corr e l a t i o n  s p e c t r u m  due to the 

ine qui valence  of the di as tereo topi c p r o p i o n a t e  oc m e t h y l e n e  

proton resonances. F u r t h e r m o r e  the a t t ached 6 and 7oc p r o p io nate 

protons have  been r e p o r t e d S S  for s p er m w h al e m y o g l o b i n  as :-

6Hof ~9.2ppm; 6Hof ' ~7.4ppm; 7Hof ~ 1.1 ppm; 7Hof ' — 0 . 5p p m

and I therefore t e n t a t i v e l y  as sign the r e s o na nce at — 28ppm 

(13C), - 1 . 7 p p m  (IH) as the h a e m  7CHa'.

4.2.2 H a e m  Vinyl Groups.

The h i g h l y  sh i f t e d  r es onances  of the h a e m  2-vinyl group, 

which are fully r e s o l v e d  from the d i a m a g n e t i c  env el ope in the 

one dimensional p r o t o n  spectrum, ha v e  b e e n  identi fied and 

a s s i g n e d ^ /  (see T a b l e  2 . i i ) and are d e s i g n a t e d  in F i gu re  4.iv.

as : -

H 2 4  =  2C«H  H4 = 2 C p H t r a n ,  H8 =  2 C p H c i ,
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Tab le 4 . i i

Chemical Shifts of Re s o l v e d  Pr ot on R e s o n a n c e s  in the ID

S p e c t r u m  of Eq uin e C y a n o m e t m y o g 1obin at V a ri ou s Temperatures.

T e m p . (• C) 25 28 30 31 ! 39 45

R e s o n a n c e
HI -9.489 -9.213 -9.090 -9.009 ; -8.740 -8.377 -7.912
H2 -3.758 -3.664 -3.606 -3.584 1-3.468 -3.337 -3.163
H3 -3.322 -3.228 -3.177 -3.163 1-3.061 -2.937 -2.785
H4 -2.589 -2 . 480 -2.422 -2.407 I-2.277 -2.102 -1 . 942
H5 -2.489 -2.298 -2.218 -2.182 j-2.030 -1.833 -1 . 623
H6 -2.030 -1.964 -1.921 -1.913 i-1.833 -1.732 -1.623
H7 -1 . 928 -1.812 -1.754 -1.717 1-1.601 -1.456
H8 -1.616 -1 . 543 -1.500 -1.470 -1.405 -1.282 -1.165
H9 -1.412 -1.354 -1.325 -1.311 -1.238 -1.158 -1.056

HIO -0.679 -0.657 -0.650 -0.650 -0.621 -0.599 -0.548
HI 1 -0.497 -0.483 -0.483 -0.483 -0.475 -0.483 -0.468
HI 2 -0.395 -0.381 -0.366 -0.361 -0 . 352 -0.352 -0.316
H13 -0.308 -0.316 -0.308 -0.316 -0.308 -0.301 -0.279
HI 4 -0.272 -0.265 -0.265 -0.250 -0.228 -0.199
HI 5 (-0.003) -0.156 -0.127 -0.120 -0.069 (-0.011) -0.011
HI 6 -0.003 -0.011 -0.011 -0.003 -0.004 -0.011 -0.004
H17 0 . 069 0.091 0 . 099 0 . 099 0.113 0.120 0.157
H18 0 . 287 0 . 280 0 . 273 0 . 266 0 . 266 0.251 0.251
H19 0 . 338 0 . 353 0 . 345 0 . 338 0 . 345 0 . 360 0 . 367
H20 0 . 600 0.614 0.614 0.614 0.621 0 . 636 0 . 650
H2 1 0 . 767 0 . 774 0 . 774 0 . 767 0.781 0 . 759 0 . 774
H22 27.400 27 . 095 26.877 26.746 26.383 25.860 25.293
H23 18.561 18.372 18 . 256 18.154 17.934 17.609 17.275
H24 17.900 17 . 834 17.791 17.733 17.667 17.544 17.420
H25 1 7.500 17.304 17.181 17.050 16.825 16.432 16.040
H26 13.433 13 . 368 13.317 13.281 13.186 13.041 12.903
H27 1 2 . 554 12.503 1 2 . 402 12.351 12 . 235 1 2.046 1 1 .873
H28 12.416 12.344 12.278 1 2 . 235 12.140 11 . 843 11.305
H29 1 1 . 654 11.530 11.457 11.363 11.232 10.971 10.746
H30 10.731 10.586 10.477 10.375 10.201 9 . 932 9 . 656
H31 (9.279) (9.271) (9.257) (9.235 ) 9 . 279 9 . 279 9 . 293
H32 9 . 279 9.271 9 . 257 9 . 235 9.213 9.148 9.126
H33 8 . 952 8 . 937 8 . 930 8 . 894 8 . 870 8.821 8 . 785
H34 8.661 8 . 690 8 . 669 8 . 669 8 . 625 8.611
H35 8 . 729 (8.937) 8 . 690 8 . 669 8.631 8 . 574 8 . 538

Note. F i gures in b r a cke ts  indicate peaks u n r e s o l v e d  from their 
immediate n e i g h b o u r s  at that temperature.

and the expect ed COSY cross peaks, 2 a H - 2 p H c i s , and 2oH-2PHtrans 

are iden tified as x and y r e s p e c t i v e l y  in the two dimensional
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p r o ton -p ro ton COSY s p e c t r u m  of c y a n o m e t - m y o g 1o b i n . (Figure 

4 . i X ) .

The 4—vinyl groups, however, b e i n g  s i t uated  closer to the 

plane of the proximal imidazole than the 2-vinyl group, 

experie nc es a lesser h y p e r f i n e  shift and its reso nance s are 

u n r e s o l v e d  in the one dimens ional  proton s p e c t r u m  and remain 

u n a s s i g n e d .

Ex am i n a t i o n  of the p r o t o n — p r o t o n  COSY s p e ctrum (Figure 

4.ix) reveals  a pair of cross peaks, similar to those ob s e r v e d  

for the 2—vinyl group d e s i g n a t e d  1 and m, linking a reso na nce 

at 5 . 8 p p m  w ith reson an ces at - 0 . 5 7 p p m  and -1.8ppm, this latter 

resonance b e in g equi valen t to peak H7 in the one dim ensional 

proton (Figure 4.iv). T h ese se e m  the most likely cand id ates for 

the h a e m  vinyl resonances, due to their c h a r a cter is tic co up ling  

pattern, and to the spectral w i n d o w  w h i c h  they occupy. 

Furt h e r m o r e  the chemical shifts of these r e s o n a n c e s  d i s p l a y  a 

ma rk e d  de pende nc e on experimenta l temperature, as w o u l d  be 

expected for s ubs ti tuents of the p o r p h y r i n  ring, (see tables

4 . i i , and 4 . i i i , and Fi gure 4.x).
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Figure 4 . ix

Two dimensional pr ot on - p r o t o n  COSY spectrum of the equine 

skeletal c y a n o m e t - m y o g 1o b i n .
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Tab le 4 . i i i

V a r ia ti on  w i t h  T e m p e r a t u r e  of the Chemical Shifts, in p pm of 

Cross Peaks 1 ,m,x and y in the 1 H COSY S p e c t r u m  of Eq ui ne

Skeletal c y a n o m e t - m y o g 1 o b i n .

T e m p . (•C ) 27 29 30 _____33__ 35
Peaks 5 . 67 5 . 67 5 . 76 5.76 5 . 84
1 and m -1.80 -1 . 80 -1 . 75 -1 .71 -1 . 54

-0 . 57 -0 . 57 -0 . 57 -0 . 57 -0 . 44
Peaks 17.90 17.81 17.72 17 . 72 17.64
X and y -2.51 -2.51 -2 . 42 -2 . 42 -2 . 24

-1 . 54 -1 . 54 -1 . 54 -1 . 54 -1 . 45

T e m p .(•C) 37 39 40 42 47 52
Peaks 
1 and m

5 . 85 
-1 . 54 
— 0 . 44

5 .85 
-1 . 50 
— 0 . 40

5 . 94 
-1 . 28 
-0 . 40

6 . 02 
-1 . 28 
-0.13

6 . 29 
-1.10 
0 . 04

6 . 38 
-0.83 
0.13

Peaks 
X and y

17.72 
-2 . 22 
-1 . 28

17.63 
-2 . 22 
-1.28

17.63 
-2 . 07 
-1 . 36

17.46 
-1.98 
-1 . 36

17.02 
-1 . 80 
-1.01

17.10 
-1 . 63 
-0 . 83

Curie plots of these r e s o n a n c e s  w o u l d  be e x p ec te d to give 

rise to i n t e rc ep ts at their chemical shifts in the 

c o r r e s p o n d i n g  d i a m a g n e t i c  species, and the pr oton chemical 

shifts of the h a e m  vinyl r e s o n a n c e s  are g i v e n  by Da lvit and 

W r i g h t l 4 9 as : —

2Hof ~ 8.43ppm 4Hoc ~ 8.62ppm
2H3ci* ~ 5.69ppm 4Hpcis ~ 6.29ppm

SHPtran* ~ 5.73ppm 4HPtrans ~ 6.61ppm

The Cur ie pl ots for these six r e s o n a n c e s  are g i ve n in 

figure 4.xi., and by com p a r i s o n  of the k n o w n  intercepts I 

assign the four vinyl r e s o nan ce s as follows

4Ha = 5.8ppm; 4HPtrans = -0.6ppm; 4 H 3 c i * = - 1 . 8 p p m  (© 303K)
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showing changes in chemical shift positions on going to 52"C
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4.3 A s s i g n m e n t s  of A m i n o  A c i d  R es on ances.

4.3.1 Proximal H i s t i d i n e  R e s idue

Th e proximal h i s t i d i n e  r e s i d u e  (His F8), which provides 

the axial ligand to the iron cent r e  is com mon to all oxygen 

bi n d i n g  h a e m o p r o t e  i n s , and is one of o n l y  five amino acid 

residue s co nse rved in all natural ge n e t i c  v a r i a n t s  of 

m y o g 1o b i n .15 0

Th e interactio n b e t we en the proximal h i s t id ine and the

h ae m  is pivotal in terms of the dif ferential  r e a c tivi ty  of 

h a e m o p r o t e i n s  towards oxygen and carbon monoxide9 3, as the

proximal h i s t i d i n e  is found to m o v e  towards the h a e m  plane on 

ligand b i n d i n g . 150

The r e s o nances  due to the proximal h i s t idi ne  residue 

should there fore be exp ec ted to expe r i e n c e  con sid erabl e 

hyp e r f i n e  shifts, due to their int imate a p p r o a c h  to the haem.

The pr ot on chemical shift of the CpH' resonance of the

proximal h i s t i d i n e  res idue of c y a n o m e t m y o g l o b i n  has been 

assigned at ~ 11.5 ppml35, c o m p a r e d  w i t h  a diam a g n e t i c  shift in 

carbon m o n  oxyjnyog 1 obin of 1.55 ppml 4 9 , and this re sonance  is 

identified as H29 in the one dim ensiona l p r o t o n  s p e c t r u m  (Fig. 

4 . i v ) .

T he  pr oton p r o t o n  COSY s p e c t r u m  (Fig 4.ix) shows the

presence of a pair of c r o s s — pea ks  (ide nt ified  as v and w) 

linking the resonan ce  d e s i g n a t e d  H29 w i t h  two further
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res on an ces at ~ 7.3 and ~ 6.2 p p m  respectively.

F r o m  the s t r u cture  of the his t i d i n e  residue (Fig. 4.xii) 

it can be seen that cross p e aks w o u l d  be e x p ec ted to be 

m a n i f e s t e d  b e t w e e n  the CpH' and both the CpH and C«H r e s o na nces

Y
^ N H

F i g . 4 . xi i

S t r u c t u r e  of a H i s t i d i n e  Re si du e

thus leading to the as signme nt  of the r eson an ces at 6.2 p p m  and

7.3 p pm  as His F8 C« H and His F8 CpH, or vice versa.

R e f e r e n c e  to Fig. 4.x and Tabl e 4.iv shows that these 

res on an ces d i s p l a y  stro n g  t e m p era tu re de pe n d e n c i e s  as pr e d i c t e d  

by their large h y p e r f i n e  shifts, and Curie plots of chemical 

shift v e r s u s  reciprocal absolute te mperature should be expe ct ed 

to tend towards the c o r r e s p o n d i n g  di am a g n e t i c  values, w h i c h  are 

given by Dalvi t and W r i g h t * 49 as : —

C «H  ~ 2.90ppm; CpH ~ 1.72ppm; CpH* ~ l.SSppm

The Curie plots of these r e s o na nces are given in Figur e 

4.xi i i , and by  com p a r i s o n  of the known diam a g n e t i c  shifts with  

the o b s er ve d in te rce pts I as sig n the re s o n a n c e s  as follows :- 

His F8 CaH  = 7.3ppm; His F8 CpH = 6 . 3pp m  (© 310K)*51
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C y a n o m e t m y o g 1o b i n , P l o tte d Ag ai nst Inverse Ab s o l u t e

Experimenta l Tem perature.
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4.3.3 Isoleucine FG5

Iso leucine re si du e FG5 is located on the proximal side of

the haem, over p y r r o l e  ring 11, w i t h  the m a j o r i t y  of the

residue b e i n g  located w i t h i n  7Â of the iron c e n t r e S 5 , l50 . It is 

b e l ie ve d to pl a y  an important role in the control of ligand 

binding82, and the eq ui valen t residue. Valine  F G 5 , in 

h a e m o g l o b i n  is im p l i c a t e d  in i n t e r — subunit interactions, wit h  a 

v a r ia bl e st eric in te r a c t i o n  b e t w e e n  this residue and the haem 

4—vinyl g r o u p  b e i n g  propos ed  to be the mech anism, on a 

m o l e c u l a r  level, of h a e m o g l o b i n  c o o p e r a t i v i t y . C o n s e q u e n t l y  

c o m p r e h e n s i v e  a s s i g n m e n t s  for this important residue w o u l d  be a 

valuabl e tool in the future NMR st udies  of h a em op rotein s.

Proton a s s i g n m e n t s  for this iso leuc in e residue, whic h 

gives rise to some of the farthest o u t - l y i n g  sign als in the 

pr oton spectrum, have been published, and are given in Table 

S.iii, and c e r t a i n  of these sign als  m a y  be i denti fi ed in the 

p rot on s p e c t r u m  in Fig. 4 . iv as :-

Cs Ha = H2 ; Cy 2 Ha — H3 ; C^iH' = HG ; C ? i H  = HI

and these a s s i g n m e n t s  are confi rm ed by  the pr ese n c e  of the

expe cte d cross-pe ak s, d e s i gn at ed :-

b = H 2 * H G  = lie FG5 CsHa « lie FG5 C?iH' 

c = H 3 # H  @ ~ 0 . 0 5 p p m  = lie FG5 C^aHa ** lie FG5 C pH

98



in the p r o t o n  p r oton  COSY s p e c t r u m  (Fig. 4.ix). NB the HI 

resonan ce  in the one dimensio nal p r o t o n  s p e c t r u m  is off the 

scale of the proton p r o t o n  COSY  s p e c t r u m  as presented.

The proton carbo n- 13 shift c o r r e l a t i o n  s p e ct rum (Fig. 

4.vi) n o w  cl ear ly  shows c r o s s — p e ak s due to the two isoleucine 

FG5 methyl groups, c o r r e l a t i n g  c l e a r l y  to the carbon resonan ce s 

d e s i g n a t e d  C7 and C 13 in the one di mensional  c a rbon — 13 sp ec trum 

(Fig. 4.v). The fact that these two r e s o nances appear, in  

isolation, in such an un iq ue spectral w i n d o w  should m a k e  them 

ideal NMR pr ob e s  of the h a e m  ligand b i n d i n g  site, and 1 assign 

them  as foll ows  :-

lie FG5 CsHa — C7 = 4 . 2 p p m  

lie FG5 C y 1 Ha = Cl 3 = 12.4 p p m  

(© 310K)

w h i l s t  a further, m o r e  tentative as s i g n m e n t  giv es :-

lie FG5 C?H2 = C © 16.4ppm.

4.3.3 Va 1ine El 1

V a l i n e  re sid ue Ell is s i t u a t e d  on the distal side of the 

haem, b e t w e e n  p y r r o l e s  I and IV, w i t h  its point of closest 

ap pr oa ch to the iron centr e b e i n g  the yz methyl group, situat ed 

some 4.14À f r o m  the p a r a m a g n e t i c  iron c e n t r e . 150 Va lin e Ell is 

be l i e v e d  to be im pl icate d in the control of ligand b i n d i n g . 82

99



S u rpri si ng ly, however, c o n s i d e r i n g  its functional imp ortance, 

and the hig h degree  of p a r a m a g n e t i c  shift to w h i c h  it mus t  be 

subject, only one as si gnment had bee n put forward for this

residue, w h e n  this w o r k  was u n d e r t a k e n  n a m e l y  that of the oc

p r o t o n

V a  1 E l l  CotH %  - 2 . 6 1 p p m i 0 9  , 1 5 2

This resonan ce  is i d e n t i f i a b l e  as H5 in the one 

dimensional pr ot on s p e c t r u m  (Fig. 4 . iv) and r e f erence to T a ble

4 . i i d e m o n s t r a t e s  that this res o n a n c e  displ ay s a s t r o n g l y

tempera tu re depen dent chemical shift, as w o u l d  be e x p e c t e d  for

a species in such close p r o x i m i t y  to the haem.

The s t r u ctur e of a V a l i n e  residue is give n in F i g u r e  

4 . X i V : -

M e y i
CH - C H ^  

a Me Y

F i g . 4 . xi V

The S t r u c t u r e  of a V a line R e s i d u e

The c r o s s — peak d e s i g n a t e d  " f " in the p r o t o n  p r o t o n  COS Y  

s p e c t r u m  (Fig. 4.ix) shows the p r e s e n c e  of a c o u p l i n g  b e t w e e n  

H 5 , the Va 1 Ell C«H, and a r e s o n a n c e  at ~ 1.9ppm, i n d i c a t i n g
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that this re s o n a n c e  is due to the V a li ne  Ell 3 proton. A 

fu rther c r o s s — peak, d e s i g n a t e d  "g" is m a n i f e s t e d  b e t w e e n  the 

r es onance at 1.9 p p m  and a r e s o na nce at — 0 . 6 8 p p m  (which can be 

identified as HI 0 in the p r o t o n  spectrum. Fig 4.iv), and 

re fer ence to the s t r u c t u r e  of the v a lin e residue (Fig 4.xiv) 

shows that this res o n a n c e  could, therefore, be due to ei the r to 

the 7 1  or to the 7 2  methyl group. The e q u i valent  c o u p l i n g  to 

the second 7  methyl g r o u p  was not ob s e r v e d  and was as s u m e d  to 

be ob scur ed  by  the diagonal, even in those e x p e r iments in whi ch 

the int en sity  of the diagonal wa s  s u p p re ss ed (COSY 45, COSY LR 

- see chapter 3). S i nc e the V a l i n e  Ell 7 2  methyl g r oup is 

situated closer to the p a r a m a g n e t i c  iron centre than is the 7 1  

methyl grouplSO, i t m i g h t  be exp e c t e d  to e x p e rience a greater 

pa ram a g n e t i c  c o n t r i b u t i o n  to its pr oto n chemical shift, and 

c o n s e q u e n t l y  be r e s o l v e d  from the diagonal in the pr ot on  proton 

COSY spectrum, w h i l s t  the 7 1  methyl g r o u p  i ŝ  obscured. 

C o n s e q u e n t l y  1 ma k e  the f o l l ow in g a s s i gnmen ts  : —

H  © 1.6ppm = Va 1 Ell CpH 

H © - 0 . 6 8 p p m  (HIO) = Va 1 Ell C?2H3 (or less likely C-y l H 3 )

F u r t h e r m o r e  this methyl  gro up can be cl early  ide nt if ied in the 

p rot on c a r b o n — 13 shift cor r e l a t i o n  spectrum, and c o n s e q u e n t l y  

the c a r b o n — 13 a s s i g n m e n t  m ay be m ade  as follows :-

13 C © 1 5 . 7 p p m  = Va 1 Ell C ^ 2H 3 (© 303K)
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4.3.4 O t her Isoleucine Re s i d u e s

The amino acid se qu en ce of equin e skeletal m y o g l o b i n  

(Table 2 . i i ) reveals the p r e s e n c e  of nine isoleucine residues, 

in c l u d i n g  that of iso leuci ne FG5 d i s c u s s e d  in sectio n 4.3.2. 

T h ese nine isole ucines are as f o l l o w s  : —

B 2 ,B l l , E 1 8 , F G 5 , G 2 , G 8 , G 1 2 , G 1 3 , H 1 8  

The 5 methyl carbons of iso le ucine r e s idues  have been shown to 

ap pear in a char ac t e r i s t i c  regi o n  of the carbon-13 s p e ctra of 

proteins, n o r m a l l y  b e t w e e n  a p p r o x i m a t e l y  11 and 1 2 . 5 p p m 2 6 ,  and 

a series of dis crete  r e s o n a n c e s  are c l e ar ly  visibl e in this 

re gion in bot h the c a r b o n — 13 (Fig. 4.v) and the pr oton carbon- 

13 shift co rr e l a t i o n  (Fig 4.vi) spectra. The 5 methyl carbons 

of eight of the nine  spe rm w h a l e  m y o g l o b i n  isoleucine re sidues 

hav e been a s s i g n e d * 5 , and these a s s i g n m e n t s  are given b e l o w  :-

lie B9 © 14.16ppm, lie Bll © 13.17ppm, lie G13 © 12.85ppm,

lie G8 © 12.75ppm, lie G12 © 12.51ppm, lie H I 8 © 11.40ppm,

lie G2 © 9.80ppm, lie El 8 © 9.20ppm.

Si nc e isole ucine B9 is re pl aced by a v a l i n e  residue on goi ng

f r o m  s p e r m  wh al e to equine m y o g l o b i n * 21 ̂ the re m a i n i n g  sharp

ca rb o n  reso na nc e in this region, CIO © 11.2 2 p p m  (300K) mus t be 

due, instead, to the 5 methyl ca rbon of the only isoleucine 

re sidue  found in equi ne myo globin,  w h i c h  is absent in the sperm 

w h a l e  variant, n a m e l y  isoleucine B 2 . 1 therefore a s s i g n  the

c a rbon  reson an ce  d e s i g n a t e d  CIO as :-
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CIO (©11.22ppm, 300K) = Ile B9 C 5 H 3

Proton chemical shifts m a y  be c o r r e l a t e d  to these carbo n shifts 

from the *H * 3 C shift c o r r e l a t i o n  s p e c t r u m  (Fig. 4.v) as follows

C8 = H © 0.45ppm, C9 = H  © l.OOppm, CIO = H © 1.45ppm,

Cll = H © l.GOppm, C 12 = H  © 0.68ppm, C 13 = H © -3.05ppm,

Cl 4 = H © 0.70ppm, Cl 5 = H © l.lOppm

N o w  Cl 3 can be cl ea rly seen to be equi valent to H3 © — 3. 05ppm 

(310K), and this s p e c t r o s c o p i c  unit {C13-H3} has a l r e a d y  been 

u n a m b i g u o u s l y  assigne d to the y methyl group of the isoleucine 

FG5 residue (see se ct ion 4.3.2 above) and the refore it is clear 

that the p u b l is hed a s s i gn me nt of the isoleuc ine  G8 5 methyl 

c a r b o n * 15 i s in error.

E x a m i n a t i o n  of the crystal structure  data re veal s that 

isoleucine G8 is in s u f f i c i e n t l y  close ap pro ac h to the haem 

pocket to experi en ce some d e gr ee of p a r a m a g n e t i c  shift, and it 

is therefore not s u r p r i s i n g  that it does not occur w i t h i n  the 

same range as the other i s o l eucine  5 methyls. 1 therefore 

t en ta tively  assign the lie G8 5 Me  as the reso nance de si g n a t e d  

C16, b e i n g  the next mos t u p f i e l d  sh if te d ca rbon resonance, with 

chemical shifts

* 3 C = 15.1 ppm, *H = 0. 8 p p m  (31 OK)
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s u m m a r i s i n g  this data gives the fo l l o w i n g  a s s i gn me nts : —

1 1 e E18 S Me = H 0 . 4 5 p p m  (310K)

I 1 e G2 5 Me = H © 1.O O ppm

1 1 e B2 5 Me = H © 1.4 5 p p m  " C © 11. 22ppm (300K)

I 1 e H18 S Me - H © 1.6Q pp m

I 1 e G1 2 S Me - H © 0 . 6 8 p p m  "

I 1 e G13 S Me = H © 0 . 7 0 p p m

1 1 e B1 1 S Me = H © 1. 1Oppm

lie G8 S Me = H © O . B O p p m  " C © 15.1 Oppm (300K)

4.4 M u l t i p l i c i t y  D e t e r m i n a t i o n  of Si gnals in the H e t e r o n u c 1 ear 

Shift C o r r e l a t i o n  Exper ime nt.

The al iphat ic region of the *H * 3 C shift, c orr el ation 

s p e c t r u m  is e x t r em el y complex, indeed ref er ence to the amino 

acid sequen ce  of equine skeletal m y o g l o b i n  reveals the presen ce 

of n i n e t y  amino acid side chain methyl groups alone. A 

m e t h o d o l o g y  was th ere fore sought, w h e r e b y  this crowded

spectral region mig ht be s i m p l i f i e d  and resolved.

Th e ef fi cacy of com b i n i n g  the data o b t ained f r o m  carbon- 

13 spectra, edite d a c c o r d i n g  to the n u mb er of attach ed 

p r o t o n s * 44, with the large t e m p e r a t u r e  d e p e nd ence of c a r b o n — 13 

chemical shifts, in order to r e s ol ve and identify m a n y  of the 

methyl g r oup s w i t h i n  a p r o t e i n  s p e c t r u m  has a l r e a d y  been 

d e m o n s t r a t e d S * , u s i n g  hor se c y t o ch ro me c, and this technique
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has here been extend ed to the larger m y o g l o b i n  molecule. (See 

Fig. 4.vii) Additional ly, the pulse sequence  employed  in the 

h e t e r o n u c 1 ear shift c o r r e l a t i o n  expe ri ment is related to the 

"INEPT" (insensitive nuclei enha nc ed by p o l a r i s a t i o n  transfer) 

m e t h o d  of Mo rri s and F r e e m a n * 46  ̂ and c o n s e q u e n t l y  shares  the 

adva nt ag e wit h this method, that subs pectra m a y  be generated, 

by m e an s of a va riable length delay  w i t h i n  the pulse sequence, 

such that spectral u n it s of diff erent m u l t i p l i c i t i e s  exp erien ce  

differential enhancements. (See Ch ap ter 3)

Specifically, by sel ec ti on of a p p r o p r i a t e  delays, proton 

c a r b o n — 13 shift c o r r elation  spectra m a y  be recor de d in which  

me t h i n e  signals are o p t imi se d at the ex pense of both methyl and 

me t h y l e n e  signals, or in w h ich methyl and m e t h i n e  g r oups  are 

en ha nc ed and positive, whilst m e t h y l e n e  gr ou ps are e n h an ced and 

negative. An example of this latter type of opt i m i s e d  s p e ctrum 

is shown in Figure 4. x v .

Com b i n i n g  these techni ques the f o l l o w i n g  co nclusi on s may 

be drawn, and these are su mm ari sed in Fi gure 4.xvi.

All signals in the *H * 3 C shift c o r r e l a t i o n  s p e ctr um

(Figs. 4.vi, 4.xvi) ap p e a r i n g  b e l o w  2 0 pp m in the carbon-13 

dimension, and/or b e l o w  — Ippm in the pr oton d i m e n s i o n  are due

to methyl groups, w h i l s t  in the region ab ov e 4 0 p p m  in the

ca rbon-13 dimensio n the signals are p r e d o m i n a n t l y  due to

m e t h i n e  groups, together with a few  m e t h y l e n e  groups. In the 

most crow ded region of the spectrum, be t w e e n  20 and 4 0 p p m  in 

the c a r b o n — 13 d i m e ns io n a complex c o m b i n a t i o n  of ar ound sixty 

methyl, methylene, and meth ine groups  are found, h o w e v e r  the
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use of edite d spectra suggests that b e t w e e n  25 and 3 0 p p m  in the 

carbon- 13  dim e n s i o n  only five or six methyl groups  are found, 

and no m e t h y l s  are located above 30ppm.

The pair of strong signals centred on 4 0 p p m  ( 1 3 0  as well

as the n e a r b y  small peak arise from m e t h y l e n e  groups, whilst in 

the regio n d e l i n e a t e d  by 2 0 - 3 0 p p m  (13C) and 3 . 5 — 6pp m (IH) four 

signals are located, of w h ic h the signal w i t h  a carbon-13 

chemical shift of 23.2ppm, labelled 48 in F ig 5.xvi, is due to 

a methyl group, the three r e m a i n i n g  si gnals  in this region 

ar i s i n g  fro m m e t h i n e  groups.

A l t o g e t h e r  f o r t y  eight out of the p o s s i b l e  n i n e t y  methyl

gr oups have  been u n a m b i g u o u s l y  ide ntif ie d u s i n g  this method,

and these are id en t i f i e d  in Fig 4.xvi, and their pr oton and 

ca rbon- 13  chemical shifts (measured at 303K) are pre s e n t e d  in 

T a b le 4.v ,

4.5 S u m m a r y  of R e s u l t s

M a n y  s i g n i fi ca nt  NMR a s s i g n m e n t s  for m y o g l o b i n  are 

p r e s e n t e d  in this work, and these are sum m a r i s e d  in Ta ble 4.vi. 

Notably, the full P r o t o n  and c a r b o n — 13 a s s i g n m e n t s  for all four 

H a e m  methyl g r o u p s  are presented, r e s o l v i n g  the previous 

a m b i g u i t y  s u r r o u n d i n g  the a ssi gn ment of the h a e m  3 —methyl 

g r o u p .
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Peak 1H shift 13 c shift Peak 1H shift 13C shift
1

■ ■ ■
4.5 24 -0 . 5 17.9

2 0 . 45 8 . 8 25 -1 . 3 20 . 0
3 1 . 0 10.2 26 -0 . 2 18.9
4 1 . 4 10.7 27 0 . 8 18.6
5 1 . 6 11.2 28 1 . 2 18.8
6 0 . 65 12.0 29 0 . 9 19.0
7 -3 . 1 12.2 30 0.8 19.5
8 0.7 12.4 31 0 . 0 19.8 1
9 1 . 0 12.8 32 1 . 7

1
20.0 :

10 0 . 9 14.9 33 1 . 2 19.9 1
1 1 0 . 3 15.1 34 0 . 9 19.9 1
12 -0 . 1 15.1 35 1 . 3 21.0 j
13 -0 . 6 15.4 36 0.7 20.0 1
1 4 0 . 7 15.6 37 0 . 3 21.3 j
15 0.95 15.9 38 0.9 21.7 I
16 2 . 2 15.3 39 1 . 2 21.8 1
17 -1.9 16.2 40 -0 . 3 22.8 1
18 1 . 4 16.3 41 -0 . 35 23.2 1
19 1 . 9 16. 1 42 0.15 23.5 Î
20 2 . 1 17.1 43 1 . 2 . 24.5 ;
21 1 . 3 16.9 44 1 . 5 24.9 1
22 2 . 6 18 . 3 45 2.15 25.4 1
23 0 . 8 18 . 2 46 1 . 4 25.9 1
24 -0 . 5 17 . 9 47 1 . 4 26 . 3

48 5 . 2 23 . 2

Tab le 4.v

Chemical Shifts of P e ak s Identifie d as Me t h y l s  

in the 1H1 3C Shift C o r r e l a t i o n  S p e c t r u m  of E q u i n e  

C y a n o m e t m y o g l o b i n  at 303K
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A ssi g n m e n t 1H  shift (ppm) 13 C shi ft (ppm)

H a e m  3-methyl 5 . 09a - 1 3 . 64a

H a e m  7 — CH <x ' -1 .7a - 2 8 . Oa

H a e m  4-C<xH 5.8b

H a e m  4 - C P H t r a n s -0.6b

H a e m  4 -C p H c  i s -1.8b

His F8 CaH
i

7 . 3a

■His F8 CpH 6 . 3a

1 I 1e FG5 C5H3 4 . 3 .

lie FG5 C yi H 3 12.4a

lie FG5 CyHa 16.4a
;
iVal Ell CpH 1 . 6a

Val Ell C 7 2 H 3 — 0 . 68a 15.7b

lie El 8 C5H3 0 . 45a

lie G2 C5H3 1 . 00a

lie B2 C5H3 1 . 45a 11.22c

lie H18 C5H3 1 . 60a

lie G12 C5H3 0 . 68a

lie G13 C5H3 0.70a

H e  Bll C5H3 0 . 80a 15.10c

a s h i f t s m e a s u r e d 6 3 1 OK
b — s h i f t s m e a s u r e d e 3 0 3K
c - s h i f t s m e a s u r e d 6 3 0 O K

Table 4.vi

Summary of a s s i gnments r e f erred to in Text
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A d d i t i o n a l l y  full p r o t o n  a ssignments are p r e s e n t e d  for 

the important h a e m  4-vinyl group, w h i c h  e x p e riences a smaller 

degree of p a r a m a g n e t i c  shift than does the 2—vinyl group, and 

which, as a c o n s equence had b e e n  prev i o u s l y  u n a s s i g n e d  in the 

proton spectrum, and an a s s i gnment to the h a e m  7 — pro p i o n a t e 

group is proposed.

A ssi g n m e n t s  in bot h  the p r o t o n  and c a r b o n — 13 s p ectra are 

also presented for several of the most f u n c t i o n a l l y  relevant 

amino acid residues of the molecule, including the u b i q u i t o u s  

and p h y s i o l o g i c a l l y  vital proximal histidine residue, which  

plays an important role in m o d u l a t i n g  the a c t i v i t y  of the haem 

iron centre, and the isoleucine FG5 , and v a l i n e  Ell residues, 

both of w h i c h  are located w i t h i n  the h a e m  pocket of the 

molecule, and are b e l i e v e d  to be intimately involved in protein 

f une t i o n .8 2

1 1 1



C H A P T E R  5

Cone 1 us i ons
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The assignments p r e s e n t e d  in this research, s h o u l d  prove 

a va l u a b l e  basis for future studies on the s t r u c t u r e / f u n c t i o n  

relat i o n s h i p s  not only of equine myoglobin, but also of the 

many other closely related h a e m o p r o t e i n s  for w h ich it can be 

used as a model.

The research has been of value, however, not m e r e l y  in 

terms of the information g l e a n e d  on m y o g l o b i n  itself, but 

e qually as a prototype study for the a p p l i c a t i o n  of c e r t a i n  of 

the N M R  techniques employed herein; w h ich had been p r e v i o u s l y  

belie v e d  to be inapplicable to the study of p a r a m a g n e t i c  

species, or which had p r e v i o u s l y  been e m p loyed s o l e l y  in the 

study of much smaller molecules; to other less well 

c h a r a c t e r i s e d  proteins.

Two-dimensional shift c o r r e l a t e d  s p e c t r o s c o p y  (COSY), for 

example, was o r i g i n a l l y  b e l i e v e d  to be i n a p p l i c a b l e  to 

p a r a m a g n e t i c  species since the line b r o a d e n i n g  and r a p i d  loss 

of coherence caused by p a r a m a g n e t i c - i n d u c e d  r e l a x a t i o n  was 

thought to interfere w i t h  COSY peak detection.

By u s ing p r o t o n — proton COSY spectra to make c e r t a i n  of 

the a s s i g nments d e s c r i b e d  above, as well as by u t i l i s i n g  the 

m a n i f e s t a t i o n  of COSY c r o s s — peaks in spectral w i n d o w s  u n i q u e  to 

the p a r a m a g n e t i c  f orm of myoglobin, in o r der to c h a r a c t e r i s e  

these resonances, this research has d e m o n s t r a t e d  that the COSY 

technique m a y  indeed be p r o f i t a b l y  applied to the h y p e r f i n e  

shifted resonances of p a r a m a g n e t i c  haemoproteins. (See also 

A p p e n d i x  A which details evidence of similar c o n c l u s i o n s 

pu b l i s h e d  by other w o r k e r s  in 1990/1991)
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The u s e f u l n e s s  of s p e c t r o s c o p i c  techniques rarely u s e d  in 

the study of any biological m a c r o m o l e c u l e ;  such as two- 

dimensional h e t e r o n u c 1 ear shift c o r r e l a t i o n  spectroscopy, and 

of both one and t w o -dimensional techniques i n v o lving the 

e d i ting of the natural a b u n d a n c e  c a r b o n — 13 s p e c t r u m  a c c o r d i n g  

to the n u m b e r  of a t t ached protons; to the study of p a r a m a g n e t i c  

h a e m o p r o t e i n s  has also been de m o n s t r a t e d .
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A P P E N D I X  A

More Recent D e v e l o p m e n t s  in the NMR of
Proteins

"The Road goes ever on and on.
Down from the door w h ere it began. 
N o w  far ahead the road has gone. 
And I must f o l l o w  if 1 can. 
P u r s u i n g  it w i t h  eager feet.
Until it m e e t s  some larger way. 
Wh e r e  m a n y  paths and errands m e e t , 
And w i t h e r  then I cannot say."

J.R.R. To 1ke in 
The Lord of the Rings
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The study of p r o te in s and o t h e r  biologi cal  m a c r o m o l e c u l e s  

by  N M R  sp e c t ro scopy co nt inues to be a field of interest. 

R e c e n t l y  the solution  s t r u c t u r e s  of m a n y  protei ns ha v e  been 

a s s i g n e d  and solved us ing the W ü t h r i c h  m e t h o d  of sequential 

assignment, as de s c r i b e d  in C h a p t e r  1. For example The three 

dimensio nal structure of the small pr o t e i n  Comp lement Factor 

5a, a p h a r m a c o l o g i c a l l y  i n t e r e s t i n g  m o l e c u l e  involv ed in 

inflammation , for w h i c h  no crystal data is available, has been 

so lv ed  by  N M R l 5 8  ̂ and the prot o n  s p e c t r u m  of human insulin has 

b ee n a s s i g n e d * 59.

The pr e d i c t e d  growth  of interest in three and four 

dimension al techniques has led to a w e a l t h  of experimental 

strategies. Recent three dim ensi on al m e t h o d o l o g i e s  for 

o b t a i n i n g  amino acid side ch ain a s s i g n m e n t s  in biological 

m a c r o m o l e c u l e s  include those that begin, not by e s t a b l i s h i n g  

1 H — 1 H J  coup 1 ings as did e a r l i e r  me thods*60, l6l , w i t h  the 

r e s u l t i n g  d i s a d v a n t a g e  of poor  resolution,  but by the transfer 

of m a g n e t i s a t i o n  fro m *H to * 3 C w h i c h  resu lts in an increase in

s e n s i t i v i t y . 162,163

The H C C H  approach*62 for e x a m p l e  fo llows this initial 

tr an sf er of m a g n e t i s a t i o n  w i t h  a C O S Y  type m i x i n g  pulse during  

w h i c h  m a g n e t i s a t i o n  is t r a n s f e r r e d  b e t w e e n  * 3 C coupling  

partners, befor e t r a n s f e r r i n g  b ack to at t a c h e d  pr ot on s via a 

r e v e r s e d  INEPT sequence. T h r e e  dime nsional  techniques of this 

type have bee n  used in the s o l u t i o n  of the struct ure of the 

p r o t e i n  i n t e r l e u k i n — Ip.*62,164
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C o n t inued research into computational m e t h o d s  of 

c onverting NOE- d e r i v e d  d i s tance cons t r a i n t s  into s t r u c t u r e s  has 

led to the re-exa m i n a t i o n  and improvement of the m a i n  chain 

directed al g o r i t h m  de s c r i b e d  in C h a p t e r  1 1 6 5, 1 6 6  ̂ and the use 

of the u p dated v e r s i o n  has b e e n  d e m o n s t r a t e d  w ith the protein 

ub i qui t i ni 6 6 .

Work has been carried out w h i c h  analyses proton chemical 

shift data in proteins of k n o w n  c r y s t a l l o g r a p h i c  structure. 

"Structural" chemical shifts w h i c h  depend only on local 

c o n f o rmation have been de r i v e d  for several proteins, by  means 

of s u b t r acting from their o b s e r v e d  shifts the shifts of 

equivalent protons in short r a n d o m  coil p o lypeptides, ring 

current s h i f t s l 6 7 , l 6 8 ,  and c o n t r i b u t i o n s  from peptide 

g r o u p s l G S ,  and useful structural c o r r e l a t i o n s  have b e e n  found. 

For example it has been shown that the Ccx p r o t o n s  of a m i n o  acid 

residues located w i t h i n  a —h e l i c e s  are p r e d o m i n a n t l y  shifted 

upfield, whilst those located in P — pleated sheets exp e r i e n c e  

largely downfield s h i f t s . 1 6 8 , 1 7 0

Isotopic labelling s t r a t e g i e s  permit N M R  a s s i g n m e n t s  to 

be made in i ncreasingly large proteins, for ex a m p l e  by 

e m p loying 2 H  labelling, about 50% of the a s s i g n m e n t s  for the 

25kD TRP repressor p r o t e i n  h a v e  b een o b t a i n e d . 171 jand Le Mast e r  

has recently reviewed the use of d e u t e r i u m  enrichment in the 

N M R  of biological m a c r o m o 1 e c u 1e s l 72 .

Both one and two dimensional 1 3 C — IH h e t e r o n u c 1 ear 

m u l tiple q u a ntum coherence e x p e r i m e n t s  have b een carried out on 

the enzyme chloramphenicol acetyl transferase, into which
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his t i d i n e  residues, s p e c i f i c a l l y  labelled w i t h  l3 C at the ring 

2 carbon h ad been incorporated, and six of the CaH reso n a n c e s  

have b een clearly identified, d e m o n s t r a t i n g  that selective 

isotopic enrichment and m u l t i p l e  q u a n t u m  coherence techniques 

can be u sed to identify individual proton N MR signals in a 

protein w i t h  m o l e c u l a r  mass of 75000.17 3

Both selective and u n i f o r m  labelling of p r o t e i n s  with  

nitrogen-15, and 15N-13C double e n r i chment strategies have been 

employed. The DEPT sequencel** has been e m p loyed to enhance the 

s e n s i t i v i t y  of l^N NMR spectra of u n i f o r m l y  15 N labelled 

proteinsxvi , and by spectral e d i t i n g  the l 5 N spectra of these 

proteins have been d e c o m p o s e d  into subspectra, acc o r d i n g  to the 

number of attached p r o t o n s . 174,175 A d d i t i o n a l l y  the assignment 

of 15 N r e s o nances followed by two dimensional h e t e r o n u c 1 ear

shift c o r r e l a t i o n  e x p e r i m e n t s  has allowed the amide proton

resonance assi g n m e n t s  of p r o t e i n s  for w h i c h  t h e - c o n v e n t i o n a l  

sequential assignment sequence had p r oved i n e f f e c t i v e . 174

The b i n d i n g  sites of large p r o teins have also been

studied, w i t h o u t  the need to obta i n  a s s i g n m e n t s  for the entire 

protein by "editing" the N MR s p e c t r u m  using l 3 C or 15 N labelled 

ligands or i n h i b i t o r s . 158,176

The past two years h ave also seen several d e v e l o p m e n t s

s p e c i f i c a l l y  related to myoglobin.

O x y g e n — 17 and c a r b o n — 13 N M R  studies h ave been carried out 

on several Cl 7O and 1 3 CO ligated h a e m o p r o t e i n s  including human 

and rabbit haemoglobins, h o r s e r a d i s h  p e r o x i d a s e  and w i l d  type 

sperm w h a l e  m y o g l o b i n  and distal point m u t a n t s  t h e r e o f , 177 and
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the 170 and l 3 C chemical s h ifts of the b o und carbon m o n o x i d e  

have been determined, s h o wing m o d u l a t i o n  of the n a ture of the 

F e — C  bond by  different distal r e s i d u e s . 1 7 7  S o l i d - s t a t e  oxygen- 

17 NM R  studies have a l l o w e d  the 17q N MR spectra of 

oxyhaemogl obin and o x y m y o g l o b i n  to be recorded for the first 

time 178 pro v i d i n g  a direct p r o b e  of m e t a l - o x y g e n  interactions.

R e c e n t l y  the c a r b o n — 13 N M R  r e s o nances of the proximal 

histidyl imidazole ring ca r b o n s  of horse d e o x y m y o g l o b i n  and 

d e o x y h a e m o g 1obin have bee n  r e p o r t e d , 179 and the s e n s i t i v i t y  of 

the imidazole ring 1 3 C re s o n a n c e s  to the iron-h i s t i d i n e  bond 

demonstrated.

NMR studies into the i n t e r c a l a t i o n  of the hae m  g r o u p  into 

its pocket have continued. T h r e e  types of interaction h o l d  the 

h a e m  in p l a c e  w i thin the protein, n a m e l y  the i r o n - histidine  

bond, interactions b e t w e e n  the h a e m  n system and h y d r o p h o b i c  

g r oups in the h a e m  pocket, and elect r o s t a t i c  i n t e r a c t i o n s  

b e t w e e n  the h a e m  p r o p i o n a t e  side chains and residues b o r d e r i n g  

the h a e m  cavity, as d e s c r i b e d  in Chapter 2. Lecomte and Cocco 

have carried out NMR i n v e s t i g a t i o n s  into des-iron m y o g l o b i n , 180 

and NOE data suggest that the s t r u c t u r e  of this complex is very 

similar to that of the n a t i v e  holoprotein, w i t h  the 

p r o t o p o r p h y r i n  bound at the same height as the haem, and with  

the same contacts w i t h  re s i d u e s  lining the cavity, implying  

that the p o s i t i o n i n g  of the p o r p h y r i n  is governed s o l e l y  by 

h y d r o p h o b i c  and e l e c t r o s t a t i c  interactions. In a d d i t i o n  the 

distal side of the h a e m  pocket appears largely s t r u c t u r a l l y  

u n p e r t u r b e d  whilst the H i s - F 8  environment remains largely
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intact. A p o m y o g l o b i n  is also u n d e r  i n vestigation to see how

this will compare structurally, and p r e l i m i n a r y  studies have

been p u b l i s h e d . 1 8  1 The a l t e r n a t i v e  180* insertion isomers,

however, are not o b s erved in the d e s — iron complex, even in 

freshly prepared solutions, and it is b e l i e v e d  that the complex 

e q u i l i b r a t e s  too rapidly, in the absence of the iron-His F8 

bond, for this to be o b s e r v e d . 1 8 0

S i m i l a r l y  N MR studies by Dee b  and Peyton on the 

diam a g n e t i c  tin-porphyrin m y o g l o b i n  have shown almost identical 

NOE patte r n s  for both t i n - m y o g 1obin and c a r b o n m o n o x y m y o g 1o b i n , 

whilst 1 1 9 Sn NMR evidences the p r e sence of His F 8 —metal 

coordination, suggesting that the p o r p h y r i n  m a i n t a i n s  the same 

o r i e n t a t i o n  in both complexes, w i t h  v e r y  little apparent 

d e f o r m a t i o n  of the b i n d i n g  s i t e . 1 8 2  F u r t h e r m o r e  proton and tin- 

119 NMR studies of the i nteraction of the t in— p r o t o p o r p h y r i n  

w i t h  a pomyoglobin have d e m o n s t r a t e d  the existence, of a long

lived intermediate, p o s s i b l y  the 180* insertion isomer, which 

w o u l d  support the idea of r a p i d l y  e x c h a n g i n g  por p h y r i n 

insertion isomers in the absence of a His F 8 —metal b o n d . 1 8 3

M y o g l o b i n s  re c o n s t i t u t e d  w i t h  various m o d i f i e d  hemins, 

b e a r i n g  3 , 1 8 4  or 4 1 8 5  p r o p i o n a t e  g r o u p s  (with the rem a i n d e r  of 

the h a e m  sites b e ing o c c upied by  methyl groups) have also been 

studied. The o r i e n tations of these m o d i f i e d  h e mins w i t h i n  the 

pr o t e i n  m a t r i x  were m o n i t o r e d  by  r e l a t i n g  the pos i t i o n s  of the 

h a e m  m e t h y l s  to v a r i o u s  c h a r a c t e r i s t i c a l l y  h y p e r f i n e  shifted 

h a e m  pocket amino acid residues, by N OE methods. It has been 

shown that the h a e m  pocket can a c c o m m o d a t e  a p r o p i o n a t e  at
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v i r t u a l l y  any n o n — n a tive site in the p r o t e i n  matrix, and 

c h a r a c t e r i s t i c  h y p e r f i n e  shifts suggest little p e r t u r b a t i o n  of 

the local pocket structure, a l t h o u g h  in ad d i t i o n  to the native 

p r o p i o n a t e  sites a p a r t i c u l a r  a f f i n i t y  is shown for the native 

t wo— vinyl position, w h e r e  the p r o p i o n a t e  is thought to occupy 

the "xenon hole". A d d i t i o n a l l y  the rotational "hopping" of the 

h a e m  about the iron-His F8 bond, p r e v i o u s l y  des c r i b e d  for des- 

p r o p i o n a t e  m y o g l o b i n s l l l , l l 2 ,  has been shown to occur in these 

c o m p l e x e s , h  and is n o w  b e l i e v e d  to be a general p r o p e r t y  of the 

h a e m  p o c k e t .

The trimethyl p h o s phine d e r i vative of s p erm whale 

m y o g l o b i n  has been studied, and its s p e c t r u m  compared w i t h  that 

of c a r b o n m o n o x y m y o g l o b i n l 86 and the greater steric h i n d r a n c e  in 

the trimethyl pho s p h i n e  der i v a t i v e  has been shown to g ive rise 

to diff e r e n c e s  in c o n f o r m a t i o n  in the hae m  pocket, e s p e c i a l l y  

a f f e c t i n g  those distal residues closest to the h a e m  plane.

Proton NMR has been e m p loyed to d e m o n s t r a t e  changes in 

the characteristic h a e m  methyl chemical shifts, on g o i n g  from 

w i l d  type sperm w h a l e  m y o g l o b i n  to point m u t a n t s  w ith the His- 

F8 residue replaced by  Cys or T y r . 1 8 7  These h a e m  methyl shift 

patte r n s  were c o m pared wit h  those of h a e m  p e r o x i d a s e  enzymes, 

s h o w i n g  that the e l e c t r o n i c  structure of the m u t a n t s  resembles  

that of the c o r r e s p o n d i n g  h a e m  enzymes rather than that of the 

parent myoglobin. Thi s  supports the theory that ligands such as 

p h e n o l a t e  and thiolate are f u n c t i o n a l l y  relevant to catalytic 

activity, electron donation to the iron f a c i l i t a t i n g  

h e t e r o l y t i c  0 - 0  bond c l e a v a g e . 187
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T he chemical shifts of the h a e m  methyl groups of sperm 

w h a l e  c y a n o metmyogl obin have been used to map out the 

p a r a m a g n e t i c  metal centred d i p o l a r  field, using a computer 

a l g o r i t h m  b a s e d  on the mathe m a t i c a l  rela t i o n s h i p  b e t w e e n  the 

metal c e n t r e d  p s e u d o c o n t a c t  shift and the spatial coordinates 

of the n u c l e u s  w i t h  respect to the h a e m . 188

Both the p r o t o n  and the c a r b o n — 13 assignments of the h aem 

methyl g r o u p s , 1 8 9  and h a e m  vinyl g r o u p s , 190 of shark 

c y a n o m e t m y o g 1obin have been published, and the p r e v i o u s l y  

p u b l i s h e d  i H  and l 3 C assi g n m e n t s  for the h a e m  methyl grou p s  of 

s p erm w h a l e  c y a n o m e t m y o g 1 obinl 34 have been r e v i s e d , 1 8 9  the 

ne w l y  p u b l i s h e d  a s s i g n m e n t s  c o r r e s p o n d i n g  w i t h  those pre s e n t e d  

in this w o r k .

T he h y p e r f i n e  shift p a t t e r n  of shark cyan o m e t m y o g l o b i n  

has b e e n  shown to closely resemble that of s p e r m  whale 

c y a n o m e t m y o g l o b i n , w i t h  the h a e m  m e t h y l s  d i s p laying h y p e r f i n e  

shifts i n t e r m e d i a t e  to those of sperm w h ale and Aplysia

limacina c y a n o m e t m y o g l o b i n s . 1 89

T h e  in plane a s y m m e t r y  of the e l e c tronic structure of the 

p o r p h y r i n  r ing has bee n  shown to be dependent upon the angle 

b e t w e e n  the p r o j e c t i o n  of the proximal histidyl imidazole plane 

onto the h a e m  plane, and the Ni i —F e —Ni v vector (<t>)o, and 

c o n s e q u e n t l y  this intermediate spread of h a e m  methyl h y p e r f i n e  

shifts has bee n  inte r p r e t e d  as p r o j e c t i n g  a value of <t> for 

shark m y o g l o b i n  as b e i n g  b e t ween 19* and 29*, being the values 

r e p o r t e d  for s p e r m  w h ale and Ap l y s i a  limacina m y o g l o b i n s  

respect i v e 1 y .l 8 9
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T he o r i e n t a t i o n s  of the h a e m  vinyl groups of s p e r m  whale 

and shark c y a n o m e t m y o g l o b i n s  w i t h  respect to the n s y s t e m  of 

the p o r p h y r i n  have been inferred from their h y p e r f i n e  

s h i f t s , 1 8 9  us i n g  the computational m e thod discussed a b o v e .l 9 l 

These o r i e n t a t i o n s  are of interest since they directly m o d u l a t e  

the e l e c t r o n  w i t h d r a w i n g  a b i l i t y  of the vinyl groups, and 

t herefore the electronic s t r u c t u r e  of the haem, and thus its 

r e a c t i v i t y  are consequent upon them.

It has been d e m o n s t r a t e d  that two-dimensional nuclear 

O v e r h a u s e r  effect s p e c t r o s c o p y  can be applied to p a r a m a g n e t i c  

h a e m o p r o t e i n s  by u s i n g  the X - r a y  crystal c o o r d i n a t e s  to 

interpret c r o s s — p e a k s , 1 9 2 , 1 9 3  and s u b s e quently the two- 

dimensional bond corr e l a t i o n  m e t h o d s  of COSY, double qu a n t u m  

filtered COSY, and two-dimensional h o m o n u c l e a r  H a r t m a n n —Hahn 

spectroscopy, have bee n  s u c c e s s f u l l y  applied to s p e r m  whale 

c y a n o m e t m y o g 1o b i n , 1 9 4  c o n f i r m i n g  the conclusions, «presented in 

this report, that these m e t h o d s  are indeed a p p l i c a b l e  to 

p a r a m a g n e t i c  m e t a 11o p r o t e i n s .

As a cons e q u e n c e  of these n e w  two-dimensional N M R  studies 

several a s s i g n m e n t s  for sperm w h a l e  c y a n o m e t m y o g 1obin h a v e  been 

m a d e , 1 9 2 , 1 9 3 , 1 9 4  certain of w h i c h  i n d e p endently c o n firm 

a s s i g n m e n t s  made in this work, and these are presented in Table 

A.i.

The a p p l i c a b i l i t y  of the techniques of 1 HI H C O S Y  and 

N O E S Y  to p a r a m a g n e t i c  proteins has further b e e n  d e m o n s t r a t e d  by 

the p u b l i c a t i o n  of assi g n m e n t s  derived s o l e l y  from the tandem 

use of these two techniques, for the d o w n f i e l d  resolved protons
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Res i due Spin Chem. Shift!

Leu 29 C?H 3 . 96
C 5 1 H 3 3.81
Cs 2 H 3 5 . 53

Phe 33 Cs H3 8 . 04
Ce Hs 8 . 37
Cj;H 8 . 40

Phe 43 CtiH 17.27
Phe 45 Cs Hs 7.69

CeHs 8 . 05
His 64 CpH 3.81

CpH' 4.41
Thr 67 C«H 2.5

CpH 2 . 69
C'y H 3 -1 . 56

Ala 71 C«H 3 . 46
C 9 H 3 -0.12

Leu 89 C«H 8.3
Cp 1 H 4 . 4
CpzH 3.7
C-y H 5 . 7
Cs 1 H 3 3 . 8
Cs 2 H 3 3 . 1

Ser 92 O-yH 9 .71
His 93 C«H 7 . 3
Ala 94 C.H 6.47

CpH3 2 . 66
His 93 CpH 1 . 32

CpH* -0.48
CsH 11.07

Leu 104 C-yH 0.07
Cs 2 H 3 -1 . 49

lie 107 C'y H 3 0 . 37
T a ble A.i

Some r e c e n t l y  pub l i s h e d  a s s i g n m e n t s  for m y o g 1obinl 92 , l 93 , l 94
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H a e m s u b s t i t u e n t ■■■ ........... 1Spin j Chem. shift*
H a e m m e s o  Hs a 4 . 4

1 P 2 . 09
I y I 5 . 98
1) S 1 4 . 09

H a e m 4-vinyl ! C«H 5 . 7
Cp He i s -1 . 5
C p H t r a n s ' -0 . 4

H a e m 6— p r o p i o n a t e Cp 1 H 1 1 . 7
CpaH ' -0 . 4

T a b l e A .i c o n t .
Some r e c e n t l y  p u b l i s h e d  a s s i g n m e n t s  for m y o g l o b i n l  92 , l 93 , i 94 

$ T a k e n  f r o m  R e f s .  1 9 2 , 1 9 3  a n d  1 9 4  M e a s u r e d  at 3 5 * C  a n d  p H  8 . 6

of equine m e t — azido myoglobin, a m i x e d  spin state molecule, 

which d i s p l a y s  si g n i f i c a n t l y  b e t t e r  spectral res o l u t i o n  than 

does c y a n o m e t m y o g 1o b i n , and w h i c h  pr o v i d e s  a good model system 

for c e r t a i n  physiological forms of h a e m o g l o b i n . 1 9 5
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