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Torsion angles and notations for phosphopantetheine. 

Conformational  s tudy on phosphopantetheine shows that this compound 
has an intrinsic tendency to adopt  a mult i tude of  conformations which contain 
hydrogen bonds involving the sulphydryl, h y d r o x y l ,  carbonyl and amide 
groups. The sulphydryl group may form a hydrogen bond with the C(7') = O 
carbonyl group, the latter being also involved in hydrogen bonding with the 
N(4')-H group. All these hydrogen bondings occur for different conformations 
around the backbone.  The N(7')-H and C(4') '= O groups are not  involved in 
hydrogen bonding. It is also found that a strong interaction occurs between 
N(4')-H and 0-3 '  which is responsible for a rigid conformation around the 
C(3')-C(4') and C(3')-O(3') bonds. As far as the phosphate group is concerned 
the results show that this group may interact with the O(3')-H hydroxyl  group 
to form hydrogen-bonded rings of  different sizes. A six-membered ring formed 
by  hydrogen bonding between O(3')-H and O-1' appears more favorable than 
an eight-membered ring involving an anionic oxygen instead of  an ester oxygen 
related to the phosphate group. 

* On leave from University of Ege, Department  of Physical Chemistry, Bornova, Izmir, Turkey. 
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Introduction 

The solution conformation of coenzyme A (CoA) and its derivatives has 
been the subject of extensive investigations using nuclear magnetic resonance 
spectroscopy (NMR) [1--5]. These studies have indicated the possible con- 
formations of the adenosine and the phosphopantetheine moieties of CoA and 
shown the existence of linear and folded conformations for the entire mole- 
cule. Nevertheless the conformations around some of the bonds (e.g. C(1')- 
C(2'), C(3')-C(4'), C(5')-N, C(6')-C(7'), C(8')-N, C(9')-S) relative to the pante- 
theine part of the CoA have not yet been determined by experiment. No X-ray 
crystal structure of CoA has yet been determined either. 

The aim of this paper is the determination of the possible conformations of 
the phosphoantetheine part of CoA by quantum mechanical calculations, in the 
absence of any consideration of the solvent effect. The torsions around nearly 
all the bonds have been explored. The results obtained are compared with those 
given by the NMR expereriments. 

Procedure 

The method employed in this investigation is the PCILO (Perturbative Con- 
figuration Interaction using Localized Orbitals) method, the details of which 
can be found in the original papers [6--9]. The detailed program may now be 
obtained from Q.C.P.E. (Quantum Chemistry Program Exchange} at the 
Chemistry Department of Indiana University, Bloomington, Ind. U.S.A. 

The structure of phosphopantetheine and the torsion angles which have been 
considered are presented in Fig. 1. A trans configuration has been assumed 
around the peptide bonds, this configuration being the most stable one for the 
peptide group [10]. A gauche conformation has been considered around the 
P-O(I') bond (qb(P-O(l')= 300°), such a conformation being preferred in 
nucleic acids [11]. The terminal hydroxyl of the phosphate group has been 
oriented in a trans configuration with respect to P-O(1') in order to prevent any 
hydrogen bonding of this hydroxyl group with the remaining part of the mole- 
cule, in view of the fact that such a possibility does not exist in the pante- 
theine part of the CoA. 

The conventions adopted for the torsion angles are those given by Sundara- 
lingam [11]. The zero values of the torsion angles correspond to the cis planar 
arrangement of the bonds adjacent to the rotating bond and the positive direc- 
tion is a right-handed rotation when looking.along the rotating bond, the far 
bond rotates clockwise relative to the near bond. The computations relative to 
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Fig .  1.  T o r s i o n  a n g l e s  and nota t ions  for phosphopante the ine .  



238 

H H 

,, ~ S /C,.~-.~C~ ...N~...... /-CH s /-N~%Cy~/C,-.>~C~%'~../N4,-....." /sCH3 

0 © © 
I II 

{a) (b) 

H \ 
%, o -  O-  

N /C @C2'C 3, /~,,~01,C r _/e.~:0 P 

0 HsC CH3 

III 
(c) 

Fig. 2. The  d i f f erent  por t ions  o f  p h o s p h o p a n t e t h e i n e  cons idered  in this  article.  

the conformational energy maps and curves have been carried out  in 30 ° 
increments o f  the angles. 

Because of  the high computational time required to perform a thorough con- 
formational study on phosphopantetheine which has a large size and a large 
number of  rotational bonds, we carried out  this research in four steps as fol- 
lows: in the first three steps we study successively the conformations of  three 
portions o f  the phosphopantetheine (I, II and III) indicated respectively in Fig. 
2a, b and c; in the fourth step we analyze the conformations of  phosphopante- 

T A B L E  I 

S T A N D A R D  B O N D  L E N G T H S  A N D  A N G L E S  A D O P T E D  F O R  T H E  P H O S P H O P A N T E T H E I N E  

The  n o t a t i o n  is ind icated  in Fig. 1. 

B o n d  l engths  ( in A )  V a l e n c e  angles  ( in  degrees)  

C--S  1 .77  S--C---C 1 1 7 . 0 0 0  
C--C 1 .52  C(H2)- - -C(H2)- -N 1 1 1 . 0 0  
C(H2) - -N  1 .46  C(H2)--'C(-=O)--N 1 1 6 . 0 0  
C ( = O ) - - N  1 .32  C - - N - - C  1 2 2 . 0 0  
C ( H 2 ) - - O  1 .44  C(7 '  )---C(6' ) - -C(  5 '  ) 1 1 4 . 0 0  
C ( H ) - - O  1 . 4 8  C ( 4 ' ) - - C ( 3 ' ) - - C ( 2 ' )  1 1 4 . 0 0  
C----O 1.24 C(3')--C(2')--C(1') 109.47 
P--O 1.60 C(H3--C--C(H 3) 109.47 
P---O- 1 .49  C---C--C(H 3) 1 0 9 . 4 7  
S--H 1.34 C(2')--C(I')--O(1') 109.47 
C - - H  1 .09  C---O--P 1 2 1 . 1 0  
N - - H  1 .09  O--P---O 1 0 1 . 3 0  
O - - H  1 .09  O - - P - - O -  1 0 9 . 0 6  

N - - C - - O  1 2 3 . 5 0  
C(4')- - -C(3') - -O(3')  1 0 8 . 0 0  
C--S--H 96.50 
C--O--H 1 0 9 . 4 7  
P- -O- -H 1 0 5 . 0 0  
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theine taking into consideration the local conformations obtained in the 
previous steps. 

Standard values have been used for the geometry of  phosphopantetheine.  
These values are given in Table I. 

Results and Discussion 

(A ) Conformation of portion I of phosphopantetheine 
Conformational  energy maps as a function of ¢P(C(9')-S)and ¢P(N(7')-C(8')) 

have been built for three preselected values of  ¢P(C(8')-C(9')) corresponding 
to staggered orientations of  the two methylene groups: ~p(C(8')-C(9')) = 60 °, 
180 ° and 300 ° . The global and local minima obtained in these maps are indi- 
cated in Table II. The first two stable minima correspond to gauche conforma- 
tions around C(8')-C(9') with the thiol group forming a hydrogen bond with 
the carbonyl group. The remaining minima, which correspond to more 
extended conformations,  are less than 2 or 3 kcal/mol above the global mini- 
mum. The differences in energies between the various minima are thus suffi- 
ciently low to permit the corresponding conformations to occur frequently. 
This conclusion is in agreement with the experimental evidence [1,2] that the 
cysteamine port ion of  CoA has a relatively high mobility. 

(B) Conformation of portion H of phosphopantetheine 
The conformational  energy maps of  port ion II of  phosphopantetheine (Fig. 

2b) as a function of  ¢P(C(6')-C(7')) and ~P(N(4')-C(5')) have been constructed 
for the three staggered conformations around the C(5')-C(6') bond. The global 
and local minima obtained in these conformational  maps are summed up in 
Table III. It can be observed that the gauche conformations around the C(5')- 
C(6') bond are stabilized by the formation of  a hydrogen bond between C(7') = 
O and H-N(4'). The trans conformation around the C(5')-C(6') bond which 
does not  permit the formation of  hydrogen bonds between the carbonyl and 
amino groups corresponds to energies higher by  about  11 kcal/mol. Such a 
preference for gauche conformations over the trans one around the methylene 

T A B L E  II 

C O N F O R M A T I O N A L  E N E R G Y  M I N I M A  O B T A I N E D  F O R  T H E  P O R T I O N  I O F  P H O S P H O P A N T E -  
T H E I N E  

(See  Fig.  2a.)  T h e  relat ive  energ i e s  are i n d i c a t e d  w i t h  r e s p e c t  to the  g loba l  m i n i m u m  t a k e n  as e n e r g y  zero .  

T o r s i o n  angles  E ( k c a l / m o l )  I n t e r a c t i o n s  

d) (C(S ' ) - -C(9 ' ) )  ~P (C(9 ' ) - -S)  (l) (C (8 ' ) - -N)  

60  0 2 7 0  0. S - - H . . . ' O = C  

300  0 90  0.6 S - - H ' " ' O = C  
3 0 0  180  2 1 0  1.7 - -  

60 180 180 1.8 - -  
180  60  180  2.7 - -  
180  300  180  2.7 - -  
180  180  180  2.8 
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T A B L E  II I  

C O N F O R M A T I O N A L  E N E R G Y  MINIMA O B T A I N E D  F O R  T H E  P O R T I O N  II OF P H O S P H O P A N T E -  
T H E I N E  

(See Fig. 2b.)  T he  relat ive energies  are ind ica ted  wi th  respect  to the  global m i n i m u m  t ak en  as energy  zero.  

T o r s i o n  angles E (kca l /mo l )  I n t e r ac t i ons  

~P (C(5 ' ) - -C(6 ' ) )  ~ (C (6 ' ) - -C (7 ' )  ~ (N- -C(5 ' ) )  

60  120 180  0 .0  C(7')----O--..H--N(4') 
300 210 210  0.0 C ( 7 ' ) = O . . . . H - - N ( 4 ' )  
300 270  180  0.6 C ( 7 ' ) : O . - . . H - - N ( 4 ' )  
180 60 180 11.1 - -  
180  300 180 11.1 - -  
180  180  180  11.2 - -  

group is in agreement with the solution conformations established for the ~- 
alanyl moiety of  CoA by Wilson et al. [5] by NMR experiments. These authors 
report  a highly favoured gauche conformation around the C(5')-C(6') bond for 
the aforementioned moiety consistent with a hydrogen bonding hypothesis. On 
the other  hand, the results reported by Lee and Sarma [1,2] indicate that all 
the three staggered rotamers around the C(5')-C(6') bond occur in equal pro- 
portions. 

(C) Conformation of portion III of phosphopantetheine 
It is expected that  the preferred conformations of  this port ion of  phospho- 

pantetheine (Fig. 2c) should depend to a large extent  on the possible interac- 
tions between the peptide, hydroxyl  and phosphate groups. We first analyzed 
the interactions between the peptide and hydroxyl  groups by constructing a 
conformational  energy map as a function of  q5(C(3')-C(4') and q5(C(3')-O(3') 
for an extended conformation of  the remaining part of  the molecule. The 
torsion angles ¢P(C(2')-C(3'), ~P(C(I')-C(2'), qb(O(l ')-C(l ') ,  O(O-P) are thus 
fixed at 180 °, with however qS(P-O(I') = 300 °. The conformational energy map 
obtainned is presented in Fig. 3. It can be seen that it contains only one 
minimum at ¢P(C(3')-O(3'))= 180 ° and ~P(C3')-C(4'))= 240 °. This minimum 
corresponds to a hydrogen bond between the amino and the hydroxyl  groups 
forming a five-membered ring. The relative energy increases rapidly with a 
departure from this global minimum. The conformation corresponding to this 
minimum can thus be considered as more or less rigid within 30 ° variation of 
the torsion angles. We adopted this conformation as the preferred one in the 
remaining part o f  our study. 

We next analyzed the conformational possibilities around the O( l ' ) -C( l ' )  
bond for all the combinations of  staggered arrangements around the C(1')- 
C(2') and C(2')-C(3') bonds. The conformational  energy curves as a function of  
O(O(I ' ) -C(I ' ) )  for all these combinations are presented in Fig. 4. It can be seen 
that the allowed conformations occur  for an angle of  ¢P(O(I')-C(I') between 
90 ° and 270 °. The energies are very high outside these limits indicating steric 
hindrance between the phosphate group and the two methyl or the hydroxyl  
groups. All the minima obtained are situated between qb(O(l ' ) -C(l ' ) )= 120 ° 
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Fig. 3, C o n f o r m a t t o r m l  e n e r g y  m a p  as a f u n c t i o n  o f  £ b ( O ( 3 t ) - O ( 3 F ) )  a n d  q ~ ( C ( 3 t ) - C ( 4 r ) )  f o r  t h e  p o r t i o n  I I I  
o f  p h o s p h o p a n t e t h e i n e  (F ig .  2c ) ,  w i t h  ~P(C(2r) -C(3t ) )  = ~ ( C ( I r ) - C ( 2 1 ) )  : ~ ( O ( i r ) - C ( l l ) )  : ~ ( O - P )  : 1 8 0  ° 
and  ~ ( P - O ( I  r) = 3 0 0  o. T h e  g l o b a l  m i n i m u m  h a s  b e e n  t a k e n  as  e n e r g y  z e r o ,  

Fig.  4. C o n f o r m a t i o n a l  e n e r g y  c u r v e s  a s  a f u n c t i o n  o f  ¢ ( O ( l r ) - C ( 1 ~ ) )  f or  all t h e  c o m b i n a t i o n s  o f  s t a g g e r e d  

c o n f o r m a t i o n s  ( 8 0  ° ,  1 8 0  ° a n d  3 0 0  ° )  a r o u n d  C ( I t ) - C ( 2  I) a n d  C(21)-C(31).  T h e  c u r v e s  are:  . . . . . .  f o r  

• ( C ( l l ) - C ( 2 t ) )  = 8 0  ° ,  • . . . . .  f o r  ¢ ( C ( 1 1 ) - C ( 2 t ) )  = 1 8 0  ° a n d  - -  f o r  ¢ ( C ( l t ) - C ( 2 1 ) )  = 3 0 0  ° ,  t h e  r e m a i n -  

ing  a n g l e s  are  f i x e d  at  ~P(C(3r) -C(4r) )  = 2 4 0  ° ,  ¢ ( C ( 3 t ) - O ( 3 1 ) )  = 1 8 0  ° .  ¢ ( P - O ( l t ) )  = 3 0 0  ° a n d  <b(O-P) = 1 8 0  ° .  
T h e  g l o b a l  m i n i m u m  h a s  b e e n  t a k e n  as  e n e r g y  z e r o .  

and 240 °. The global minimum corresponds to ¢P(O(1')-C(1'))= 180 ° with 
qb(C(I')-C(2')) = 300 ° and ~(C(2')-C(3') = 180 °. All the other minima have a 
relative energy of  more than 4 kcal/mol above the energy minimum. 

The choice o f  staggered conformations corresponding exactly to 60 °, 180 ° 
and 300 ° for q>(C(2')-C(3')) and qb(C(I')-C(2')) could hinder the search of  
specific interactions between the phosphate group and the peptide or hydroxyl 
groups. We have therefore extended the conformational analysis o f  portion III 
(Fig. 2c) by constructing conformational energy maps as a function of  ¢(C(2')- 
C(3')) and q5(C(1')-C(2')) for different values of  qb(P-O(l')) varying from 90 ° 
to 270 ° with a variational increment of  30 °. The remaining torsion angles are 
fixed at the same values as in the preceding study. The conformations cor- 
responding to the different minima are indicated with their relative energies 
.in Table IV. 

The most stable conformations obtained correspond on the one hand to a 
six-membered ring formed by a hydrogen bond between O(3')-H and O(1'}, and 
on the other to an eight-membered ring formed by a hydrogen bond between 
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T A B L E  IV 

C O N F O R M A T I O N A L  E N E R G Y  M I N I M A  O B T A I N E D  F OR T H E  P O R T I O N  III OF P H O S P H O P A N T E  
T H E I N E  

(See Fig. 2c.) Minima ob ta ined  wi th  dP(C(3P)-C(4r)) = 240  °, dP(C(3t)-O(3~)) = 180 °, dP(P-O(I '))  = 300 ° and 
~b(O-p) = 180  °. The  relat ive energies are ind ica ted  wi th  respec t  to the global m i n i m u m  taken  as energy  
z e r o ,  

Tors ion  angles E (kca l /mo l )  In t e rac t ions  

qb (C(2')---C(3')) dp (C(1')---C(2')) (1) (0 (1 ' ) - -C(1 ' ) )  

180 200  180 0 O ( 3 ' ) - - H ' " O ( I ' ) - - P  
180 30 240 0 O ( 3 ' ) - - H - " - O - - P  
180 300  150 1.6 - -  
150 60 210 2.4 - -  

O(3')-H and -O-P. These two conformations correspond to a value of  180 ° for 
~P(C(2')-C(3'), and to values of  300 ° and 30 ° respectively for (P(C(I')-C(2')); 
the (P(O(I ')-C(I '))  torsion angle corresponds to a value of  180 ° in the six- 
membered ring structure,  but  adopts a larger value, of  about  240 ° , in the eight- 
membered ring structure. 

The results presented in this section are in agreement with those reported by 
Lee and Sarma [1,2] for the solution conformations of  the free phosphopan- 
tetheine. These authors suggest, on the basis of  their NMR results, an intra- 
molecular interaction between the double ionized phosphate and the O(3')-H 
group and advance the hypothesis that  the O(3')-H is involved in hydrogen 
bonding with one of  the phosphate oxygens to form an eight-membered ring. 
Our results confirm this hypothesis,  showing however that  the occurence of  a 
structure consisting of  a five-membered ring formed by  hydrogen bonding 
between O(3')-H and O-1' is also highly probable. 

(D ) Conformations of phosphoantetheine 
Finally, we have explored all the conformations of  the phosphopantetheine 

which can be generated by combining the different stable conformations ob- 
tained for portions I, II and III of  this molecule (Fig. 2) in the preceding sec- 
tions. The relative energies of  the mos t  stable conformations of  phospopan- 
tetheine obtained in this way are indicated up to 1.4 kcal/mol in Table V. The 
first two conformations,  which are the preferred ones, correspond to a struc- 
ture which is depicted in Fig. 5. It presents a six-membered ring formed by  

H H ~  / D.~ .Q HsC C. H3 
I c~ 2' I I  \ /  

. / 
\ / " k  II H I I \H(~J I 
/ , . .  n H . . . .  0 . . . . . . . . .  H . . . . . .  "-0..~ . , 0 ~  / O ~ H  

H S ' ' ' ~  H " "  p 
/ \  

O- O- 

Fig. 5. Molecular  s tructure  o f  p h o s p h o p a n t e t h e i n e  corresponding  to  the  c o n f o r m a t i o n s  1 and 2 o f  Table  
V. 
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Fig. 6. Molecular  s t r u c t u r e  o f  p h o s p h o p a n t e t h e i n e  c o r r e s p o n d i n g  to c o n f o r m a t i o n  3 o f  Table  V. 

hydrogen bonding between O(3')-H and O-1', and three other  rings which 
involve the participation of  the O(3')-H, N(4')-H, C(7') = O and S-H groups in 
hydrogen bonding. The next most stable conformation which is 0.8 kcal/mol 
above the preceding ones (No 3 in Table V) is depicted in Fig. 6. This structure 
differs from that indicated in Fig. 5 by .an  eight-membered ring instead of  six 
formed by hydrogen bonding between O(3')-H and one anionic oxygen of  the 
phosphate group. It is worthwile to indicate that  the conformational  s tudy 
performed on protion III o f  phosphopantetheine (Fig. 3c) in the preceding 
section has shown that these two types of  rings have equal probabili ty of  
occurence, and that the consideration of the whole molecule of  phospho- 
pantetheine in the present section gives a different result; the six-membered 
ring being preferred to the eight-membered one. The remaining conformations 
indicated in Table V which have altogether similar structures as those indicated 
in Figs. 5 and 6 should have an appreciable probabili ty of  occurrence. 

The theoretical calculations indicate (see Table V) that  there are two kinds 
of  preferred conformations around O(1')-C(1') corresponding respectively to 
(P(O(I ')-C(I ')  = 180 °. (trans conformation) and (P(O(I')-C(1.)) = 240 °. The 
conformations corresponding to 4p(O(I ' )-C(I ' )= 240 ° present an interaction 
between O(3')-H and the anionic oxygens of  the phosphate group. It seems 
conceivable that the protonat ion of the phosphate group should exclude such 
an interaction described above and consequently the trans conformation should 
be predominant.  Our results seem in agreement with the NMR results on 
ionized phsophopantetheine given by Lee and Sarma [1,2] which indicate 
that  these compounds  adopt  in solution both  trans and gauche conformations 
and that protonation of  the phosphate group increases the population of  the 
trans conformation.  

An interesting feature of  the results is the indication that the proton of  the 
N(4')-H amino group is simultaneously involved in two hydrogen bonding. 
Such a possibility seems not  to be excluded by the quantum mechanical 
calculations. 

Conclusions 

The conformational  s tudy on phosphopantetheine shows that this com- 
pund has an intrinsic tendancy to adopt  a multi tude of  conformations which 
present hydrogen bonds involving the sulphydryl,  hydroxyl ,  carbonyl and 
amide groups. The sulphydryl group may form a hydrogen bond with the C(7') 
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= O carbonyl group, the latter to be also involved in hydrogen bonding with the 
N(4')-H group. All these hydrogen bondings occur for different conformations 
around the backbone.  The N(7')-H and C(4') = O groups are not  involved in 
hydrogen bonding. It is also found that a strong interaction occurs between 
N(4 ' ) -H and 0 (3 ' )  which is responsible for a rigid conformat ion around the 
C(3')-C(4') and O(3')-H bonds. As far as the phosphate group is concerned the 
results show that this group may interact with the O(3')-H hydroxyl  group to 
form hydrogen bonded rings of  different size. A six-membered ring formed by  
hydrogen bonding between O(3')-H and O(1')  appears more favorable than an 
eight membered ring involving an anionic oxygen instead of  an ester oxygen 
related to the phosphate group. 
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