
BIOCHIMICA ET BIOPHYSICA ACTA 153 

BBA 4154 

ELECTRONIC STRUCTURE OF THE =-AMINO ACIDS OF PROTEINS 

I. CHARGE DISTRIBUTIONS AND "PROTON CHEMICAL SHIFTS 

G. DEL RE*, B. PULLMAN AND T. YONEZAWA 

Universit~ de Paris, Institut de Biologie Physico-Chimique, x3 rue Pierre Curie, Paris (France) 

(Received March 26th, 1963) 

S U M M A R Y  , 

The metbod of mo!ecular orbitals of quantum chemistry has been used, in the approxi- 
mation developed by DEL RE,  for the study of the distribution of the electronic 
charges in the ~-amino acids of proteins, in their neutral, dipolar, cationic and 
anionic forms. The results of the calculation are correlated with the chemical shifts 
observed in nuclear magnetic resonance, in different solvents. 

A satisfactory over-all parallelism can be observed between the proton shifts 
(SH) and the o-electronic charges of the hydrogens (QH), as well as between the shifts 
and the charges of the neighbouring carbons (Qc). The results may be best presented 
by the general equation: 8H == - -AQc --BQH + C, the method of least squares 
leading to the values A = 9.9 z, B = 133.93 and C = 9.67 for data relating to alkaline 
and acidic solutions. This indicates in agreement with general theory, that the contri- 
bution of Qc to the proton chemical shift is much smaller than that of QH. 

INTRODUCTION 

The application of quantum theory to biochemistry has been essentially concerned 
with the ~-electron systems of conjugated molecule#. Although this is justified to 
a large extent by the preponderant role played by these systems in the processes 
of life ~, 8, the situation is nevertheless not entirely satisfactory. In fact, it is essentially 
a consequence of the technical difficulties involved in the application of quantum 
chemistry to o-electron systems, Recently, ~lutions to these difficulties have been 
suggested by different authors 4-11. In this paper, the method proposed by one of 
us ~° for the determination of the energy levels and the charge distributions in saturated 
molecules (hydrocarbons and heterocompounds) is used for the study of the electronic 
structure of the ~-amino acids of proteins. 

The method, the details of which were presented previously 1°, may be considered 
as the counterpart, for o-bonds, of the H0CKEL method as used for ~-electrons. 
In fact, it employs the same formalism as the general H0CmXL procedure, but treats 
all the o-bonds as strictly localized units, and, instead of delocalized orbitals, intro- 
duces an inductive effect (in a way similar to that originally proposed by WHELAND 
AND PAULING ls) as the main feature describing the influence of the neighbouring atoms 
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on each particular bond of a given molecule. The method, like the HUCKEL method, 
is a semi-empirical one, and requites therefore the choice of a suitable set of parameters. 
Those suggested in the original paper l° lead +.o charge distri~utions which correspond 
to dipole moments in satisfactory agreement with experiment; they enable also to 
account satisfactorily for a number of physico-chemical properties of molecules (e.g., 
dissociation constants) and for their chemical reactivities. The procedure represents 
thus a satisfactory starting point for the first investigation of the properties of 
saturated biomolecules. 

The choice of ,,-amino acids as the first group of such compounds to be studied 
quantum mechanically, was motivated by their importance in biology and by the 
fact that they form a large series of related substances: it is in such series that a semi- 
empirical method is at its best. 

In the present paper, we shall describe the results concerning the distribution of 
the a-electronic charges in the ~-amino acids, and discuss them in connection with 
the proton chemical shifts, recently measured for these compounds in nuclear magnetic 
resonance studies :a-ls. As will be mentioned in more detail later, these shifts are 
strict!y related to the charges of the hydrogen atoms and of their neighbours. There- 
fore, they constitute excellent experimental data to be used for testing the validity 
of the theoretical calculations of charge dl-stributions. As will be seen, a simple 
relation does indeed provide a good fitting of the experimental shifts with the calcu- 
lated charges. The few instances where any serious disagreement between the two 
sets of data has been found correspond to compounds where an important role is 
played by effects not directly related to a-charges. Among such effects are e.g. those 
due to the ring currents in aromatic molecules. 

An approximate estimate of the corresponding corrections can nevertheless be 
made sometimes (vide infra}. 

THE CALCULATIONS 

As the method used is fully described in ref. IO we shall here make only a few 
remarks concerning the choice of the parameters, and give a numerical example of 
the actual calculations. 

The parameters used in the calculations are of three kinds. The bond parameters, 
exy, correspond strictly to the exchange integrals of the usual HOCKSL method xe. 
The two other parameters (Sx e and 7 x ~ )  are used to determine the Coulomb 
integrals 8x of the various atoms, according to the formula: 

~x = 6 x  ° + 2: 7x~Y) ~Y (x) 
Y ad.J. X 

Here the inductive parameters 7x(~ indicate the fraction of the Coulomb integral 
of Y that has to be included in the Coulomb integral of X, in order to take into 
account the inductive effect of Y on X. 

The numerical values of the parameters are reported in Table I. Most of them 
taken ~om Ref. xo, the only novelties being the parameters for bonds containing 

S ~ : v a l u e  of 8s 0 was taken equal to 8c e, because the electronegativities 
o f ~ r  and carbon are the same; the inductive parameters 7'c~s) and 7s(c) were 
taken e q u ~ t o  7cicl~ and ~'clcc~, in accordm,ce with the rule, introduced in ref. xo, 
that they should be the same for atoms of the same rows of the periodic table. Finally, 
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esc was estimated by extrapolating the data for eco, eCr, and eccl. An entirely 
similar procedure was followed for the SH and SS bonds, the inductive parameters 
being estimated from dipole moments. The parameters for 0-½ were determined, as 
had been done in rcf. IO for the parameters of N+ by an interpolation taking into 
account the change in electronegativity due to the presence of the formal charge. 

T A B L E  I 

PARAMETERS ADOPTED 

Bond C-H C -C C-N C-N+ C-O C-O-½ 

~AB I.OO I.O0 X.O0 1.33 0.95 0.80 
~A(B)  0 - 3 0  o . I o  O.IO O.IO O.IO O.10 
~B(A)  0 . 4 0  O . IC  O.IO O.IO O.IO O.IO 
6A e 0,07 0,07 0.07 0.07 0.07 0.07 
~n e o.oo o.o7 o. 24 o.3 x 0.40 0.33 

Bond N - H  N+- H C-H C-S S -H  S-S 

eAB 0.45 0.60 O.45 0.75 0.70 0.60 
F,~tB) O.3 ° O.30 O.3 ° O.20 O.30 O.IO 
7~(A) c .4o 0-40 0.40 0.40 0.40 o . Io  
6A e 0.24 o .3I  0.4o 0.07 0.07 0,07 
~n e o.oo o.oo o.oo 0.07 o.oo 0.07 

As an example of the calculations, we describe explicitly here the calculation 
for glycine, the simplest amino acid, in its neutral fgrm. 

The Coulomb parameters are determined from a system of equations corre- 
sponding to Eqn. I. With the parameters given in Table I, and the numbering of 
the atems shown in Fig. I, this system takes the explicit form (2). 

Hs~ / 4  

N 

H ~ - - C t - - C ~  

Os__H 5 
Hs  

Fig .  x. N u m b e r i n g  of a t o m s  i n  glycine.  

~H1 - -  0 .40  ~ l  = O.OO 
~Hs - -  0 .40  ¢5ct ----- o .oo  

~cx - -  0 .30  6Ht - -  0 . 3 0  8Hs - -  O . I O  (~N - -  O . I O  ~)C2 = 0.07 

8 ~  - -  O.IO &X - -  O.3O 6Hs - -  O.30 8H4 - -  O.24 

~Ha - -  0 .40  ~N = 0.0O 

~H4 m 0 . 4 0  t~H ~--- O.OO 

~(~2 - - O . I O  ~)C1 - -  O. I O  ¢~tO 1 - - O . I O  (~O 2 = 0 . 0 7  (2)  

~ot  - -  o .xo  6cs = 0 .40  

303 - - o . i o  ~ s  - - 0 . 3 0  ~Hs = 0 .40  

~H5 -- 0.40 ~cs = o . 0 o  
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The values obtained for the nine unknowns are: 

¢$H1 ~--- ~HB ~--- O.O64 

~C1 = O, I 5 9  

¢~N = 0 .337  

~Hs - -  ~ S 4  - -  O. X 35 
~C~ = o . I 7 5  

~o ,  = o .4x8  

6oa = 0 .474  

¢~H5 = O . I90  

(3) 

The atomic charges can now be obtained as follow#e: for each bond XY one 
solves the secular equation: 

[ ~ x - - E  ~x~ ] 
= o (4) 

flxY ~y -- E 

where ~x = ~ + 8xfl; flxY = exyfl; its lower root E B ,  when inserted into the linear 
system of equations: 

(~x - -  E)C1 + flxyC~ = o 
flx~Cl + (~:- -E)C2 = o (5) 

gives the coefficients C x and C~ of the bonding orbital, 

= C~Xx + Csx~ 

(here Xx and Xy are appropriate atomic orbitals of X and Y). The net charge appearing 
on X as a result of the formation of the XY bond is therefore: 

qX(Y) ~ I - - 2  (:12 (6) 

Solving Eqns. 4 and 5 and substituting into Eqn. 6, one gets the final formula: 

qxcY~ = 2exy ~ y _ ~ x ~  (7) 

This formula has been actually used in our calculations. I t  gives, for instance, 
the following contributions to the net charge of N: 

qN(I'13) = - -  O.218 

qN(H4~ = - -  O.218 

qN(Ct) ---- - -  0 .089  

Clearly, the total net charge of an atom is given by:  

Qx -- 2~qx~ (8) 
Y 

In the case of the nitrogen atom of glycine, we get, 

{~N -- - -  0.525 

An entirely similar p roc~ure  gives the results for all the other atoms (see Fig. 2). 
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F I G U R E  2 

Distribution of electronic charges in ~-amino scids (neutral form). 

+0.219 +0.219 
H H H H 

~ ~ ~ k ' /  -0.126 H ~ N  " ~  • -O.126 -°'~271| it"° 
H C C÷0.273 H '" C"  I +0"°47 C.+0.2:'= 

+0.047 +0 .003  ~ 0  H ~ 0  

H -0.456 +~.301 H H _0.4 =37 
+0.040 +0.046 

1 .Glycine 2.Alanine 

H 
+0.301 

+0.219 
H H 

H I i-  -o.126 i H--C--H 0.530 

• o.o3~ !-o.1 ~ 0  
H H H -0.457 

+0.038 +0.046 

3.Valine 

H I 
H H ~C~H 

H !-0.120 , ., (~LO.OL:~B 

I I 
H H 

+0.039 +0,037 

+0.219 
H H 

\ N f  H .-o. 530 

-0.069 !+0.045 

I I 
H 14 

+0.039 +0.046 

4. Leucine 

7H 
÷0.301 

-0.126 

4"0.457 
H 

4" O. 301 

H 
+0.039 

H I 
i -0.119 

H 

~. o 
÷0. 301 -0.456 

+0,219 

°° i - 
H H 14 -0.457 

+0,038 +0.038 +0.046 

5. lsoleucine 

+O.219 
H H 

H ~ i / ,  -0.528 -0.C)126 

i~o~o i.o.o6o 
+0.I~3  + 0 . ~ 8  

6. Serine 

Fig. 2. (z -6) .  

H 
+0.301 

H 
÷0.301 
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7. Threonine. 

+0.218 

~o,o \ i ~ "  l " 
0 C C 

-O~460 H3. 088 I +0.0~7 

I 
H ~ C ~ H  H 

+O.O41 J-O.107 4-0.047 

H 

-0.126 

C ~  O 

- o . ~ . % ,  

-0.127 

H ~ N ~  c 

H / ~ . 5 2 7  I "(1210 

+0.219 O 
-O. 134 

+0.219 
H 'H 

C C 
~-0.057 I,G047 

H 
+0.040 *0.046 

15. Asparagine 

O 
C+G272 

--~.o 
-O.4~7 

LI .o 
~0.301 

H 
+0.301 

H 

\ I N - - C  C ,,,~o.5,a j.o.., l-o.o65 
-PO 219 O PI 

-0.135 *0.039 

+O.219 

N?.~530 -O.127 . " \  . / °  

i: °" 
*0.039 +0°046 

9.Glutamine 

H 
.0,301 

,I.0.1OO 

*0,045 I 0358 H N" -o.127 u 

-0~21 \ H J ~ 0 3 7  
\ +0.045 / ~,%-~--~o, 
Gin,, H f  J "0"069 C~O.O68 
H 

÷O. 039 *0.039 

10. Proline 

H 
4"O.301 

*0.209 
H H \ . /  

-0.127 14 ~-0.510 -0.1 29 

i -0.457 H FI -0.457 
eO.041 +0.046 

11. A~oartic acid 

Fig. 2. (7-xx) 

H 
~0.301 
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H 
4"0.301 -C 

+0.219 

-0.128 I-0.530 -0.127 

-°°" L \ o  -O.458 R 
+0.040 +0.039 4-0.046 

- H  
-0.457 +0.301 

12.  Glutamic acid 
4.o.219 

H H H 30 

" C C C ~  C I C " / I OlO' 2~ I 0 " ~  I 0"07' [ I ~ ' ' l  "0"04~ 

+0.219 H H H 
+0,046 + 0 ~ 3 9  +0,038 +0.039 +0.048 

-0.127 

~"<-o ~ 
-0,457 +0.301 

13. Lysine 

÷0.219 
H H 

+0.2o2 \ ~ 3  
H H H H N 0 -0.127 

N ~ C  C ~ C ~ C  

"~'~ I°°" I-°'" I~°°°° r °'° ~ o  ' /  I -°"°° . . ~ -o.,,~, 
+O.219 ~-0.151 4.0.045 +0.039 +0.039 +0.048 

/ 
H 14.Arg in ine 

+0.087 

H 
+0.301 

4.0.219 
H H \~£ 

H H H o -o.127 

I o o .  I i , / o  
H C C C +0.272 S ~ C ~ C  

.o.o, ro.= -o.o,,, I -oo,, I ~ : l  "~o  
H H R 

+0.050 ~,O,041 +0.046 

H 
-0.457 +0.301 

15. M e t h i o n i n e  

+O.219 
H H 

-0,28 o,,~,!/H 
° \  I 

4.~2,, c 4.o.o~f - ~ o 9  c 

. o /  r I 
+0.30, - 0 . 4 5 6  H H 

t 0 ~ 4 8  +0.048 

S 
+0.003 

H H 

. \ . /  
I I / o  

s \ 
0 

H H 

16. Cys t ine  

Fig .  2. ( x 2 - x 6 )  
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H " S 
+0,064 -0.067 

+O,219 
H H 

i, ~ N  j -0.126 

~=~-i ~°-°-~ 

+0.046 H -0.456 +0.301 
+0.047 

17. Cysteine 

+0.219 
+0.031 +O,031 H ~ H 

\ / ~ " +o.,27 -o o 3 , ~ o . o 3 1  ," j o.~3o o 
/ " I I J 

• o.o~, ' ~ _ _ J - ° ' ~ * ° l  . . . . .  t 

/ ~ +o?o3. +0."0,6 -o~,; +o~3o1 
H H 

18. Phenylalanine 

H 
+O,299 

+O.219 
+G032 +0,03~ H .H 

O -0. 029 C ~  C '0.530 / O  

C~.271 

lg,  Tyrosine 

H 
+0.301 

+0.219 
H H 

+~o~, I ro.~3o -o.12, 
+~,o r / . / o  

C C ~ C  C C+o.272 

-o.4~';'-=&3o, - 0 . 1 3 4 N ~  j N.-O.269 H H 

i 
' ~ ' H  +o.o39 +0.046 

+0.099 +0.091 

H 
+0.043 20. Histidine 

+0.219 
• o.o31 H , ~  / H  

÷0,031 / H ~-0,530 -0.127 
H _1-o.o3~ I I 0 

" ~ c / ~ " ~ _  +o~2, I I / 

;oZi i i-°i " " - -  

. . / ' ~ ' - - , / : ~ '  ~o.o,o .o .o4,  -o.4~, +'-%% 

H H 
"o0*032 "1'0,091 

21, Tryptophan 

Fig. 2. (xT-~z) 
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+0.219 

-°. F 
, 1 

H _o.o11C[ ..,o.o53 T C H 

H H -0.457 +0301 
+0.046 +0.041 

22. ~-alanine 

+O.219 

U"l "1 . . . . . . .  i i.. i--o. .s3o -o.,27o 

C C C C C_+0.272 

H H -0.457 
4"0.039 +0.038 40.039 +0,046 

2 3 .  a -aminova le r ' i c  a c i d  

H +0.301 

4-0.218 
H H 

H -0.128 

I I / 9  
C 0,112~ ~C+ 0,,033 ~C- 0.067 ~' :" 0'06"~2"~ C ~ O  

4 0 . 0 4 0  e 0 . 0 4 4  e 0 . 0 3 9  + 0 . 0 4 0  - 0 . 4 5 8  
H 

*0.301 

24. y,-;aminovaleric acid 

+0 .219  
H H 

~.N / H H H 

-0.012 - 0 ~ 6 8  -0.071 ~O 
H - 0 . 4 5 8  

• 0,0116 ~o.039 *o.038 +0,039 

H 
+O.301 

25. ~-aminonor,+~aline 

Fig. 2. ( 2 2 - 2 5 )  

G-ELECTRON DISTRIBUTIONS 

The calculations of o-electron distributions have bee- carried out for four different 
forms of 25 amino acids of biochemical importance, 2I-Of which are constituents of 
proteins. The forms considered are the uncharged (RNH2C00H), the cation 
(RN+HaC00H), the anion (RNHsC00-),  and the dipolar ion (RN+HsC00 -) forms. 

In some amino acids, e.g. aspartic acid, g!utamic acid, lysine, arginine, lfistidine, 
etc., other ionic structures are undoubtedly present. These structures, however, have 
been omitted from the present investigation. We stress also that as regards the aro- 
matic amino acids, phenylalanine, t~osine, histidine and tr~tophan, only the 
o-electrons of their aromatic rings have been taken into account in the calculations; 
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FIGURE 3 
Distr ibut ion of  electronic charges  in ~-amino acids  (cations). 

H 
+0.055 

H +0,249 H +0.247 

ZI/" o , , ,  ~, \!/~ o +  I / °  i+o,.l /o 
+o.+. i .o4O6 . I +0,302 H . . . .  H +0.041 '-0.457 +0.302 +0.052 +0.055 

1. Glycine 2. Alanine 

H 

l 14 +0.247 
H ~ J i  .14 

H H C H - - ~ . 5 3 3  

I I / 
H c - - c  C 
-0.117~ -0.01, l +O.OIIj4~ 

+~O39 +0.039 +0.052 

3. Valine 

i "\+!+o/,~' H C H H 

Y ~ ~ f 
~ , C C 
HFO'120 ~"0"026 ~-0"097 ~ +0"055 

+0.039" +0.038 +O.040 +0.052 

-0.12~, 

'~0' I I 
-0.457 +0.302 

-0.126 
°d; 

4. Leucine 

H +0~47 

+0.039 % J  H 

i T T i +o''' 
C - - C  C - -  to.+ l-o.o,, r°+ cio, 
H H H_O._~I~I "H +0.052 t"~O39 +0.03B 

/ 
H +O-039 5. lsoleucine 

-0.126 

+0.979 

-0.457 
H 

+0.302 

H "10.30"2 

H +0.24 8 
\ 

H 1 
7 o 
"O.126 

J 
0 C -  C C+~O,2aO "0-41~6 1"I'0+046 I~'0.072 ~ 0  

FI H -0.457 
+0.054 . 4.0+0+34 

6.Sa'ine 

H 
"1"0.302 

Fig. 3. (x-6) 
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H 0 
+0.302 -0.461 

+O.041 

+o~ 

C C 

+0.053 

7. ~ n i n e  

-O.126 

~o 
-0.457 + 

H 
+0.302 

-o.•N 
+0.219 

.J 
+0.219 

H +0.247 

I " +o.~. I 

14 14 
-0.134 +0,041 +0.052 

8. Asparagine 

H +0.247 \ S  
"1"0.211 i T 4-0.133 

-0.135 +0.040 4OJ052 
9.  Glutamine 

-0.126 

~o- --0.45~ e I! +0.302 

"-O.126 #'t 

C~°~i H' 
-0.457 +0.302 

+0.220 

H 

I-I C" GO16 " ~ 4 ( ~  
+o.o51 \ H ~ - /  

.\ *~o.o I.. -o.06o C ~-o.o61 
;4 ~ I - " ' ~  H 

+0040 +0.040 

!0° Proline 

+o.~-.y _oo..C +o`0., 
+G301 -0.457 

*0.042 

H I +0.248 
H I _H \ S  

i ~o.130 

C, +0.050~ 

,P0.052 

-0.126 

-0,4~7 +0,302 

-0 .126 o 
C,~0.279 

~ O ~ H  
-0. 4~7 +0.302 

11. ~prtic acid 

Fig. 3- ( 7 - H )  
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H 
+0,301 

H +0.247 

-0.128 H H ~ / H  1~o.133 -0.126 

~ o  oo, I I / °  c ~ c ~ (  " c+0.2,, 

~ 7. - ' ~ - ' I  ~o 
+0.040 +0.040 +0.052 

H 
-0,457 +0,302 

12. Glutamic acid 

H 
H +0.247 

I " 
-0.126 

. , ,  i r r r , 
--~30 ~ C  / C ~ C /  C ; C 

/ °°"a ~' i  °°'l °°7 ~'°1 ~o 
+0~,o ~, ~ '. ~ ~, 

+0,046 +0.039 +0.038 +(1039 ~0.062 

13. Lysine 

H +0.257 
H H 

H 
-0. 458 +0301 

*0.202 X 

N ' '  

. /  I - "  i-=T--=-T = '  
+0.219 FI H H N-0.254 

I 
H 

+0.190 

-0,126 

I=1 -0.457 +0302 
+(1045 *0.039 *0040 +0.052 

14. At'ginine 

H 

+0.247 

H H H N - -  " I +0133 -0.126 I ~o,. I , ~  / o  
. . . i .~,  . ~ i ~ , i  .°.0 7, . ~ .... ,,. 

H N H H -0.457 +0,302 
+0J052 +0,049 ~0.041 #G052 

1,5. Methionine 

+G2t9 H +0.246 

o,., "%/ "\!/" , -.o\-oT r r l~.,,o-o~ 
¢o.271C . - - - ~ - ~ e C ~ C ~ S  ~ S  ~ C ~  C ~ C ' ~ O . 2 S o  

0.050 -0.09 4-0.004 4--0.003 -G086 +0D55 

- ~ - ~  ~ 1  ! ~ .o.,~.o~o, 
*0.047 +0.045 +G047 .+0.05:3 

16.Cystine 

(Fig. 3. 1z-x6) 
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. I~ + 0 . 2 4 8  H / H \ J  
i I *°'"° ~"'° 

H ~ S .  C ~ C .  • .+o.280 4"O.064 -0,061 r .O~ r  i+0,062 C ~ " J O  
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+ G 0 5 3  
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the difference in hybridization between the carbon atoms in the two parts of these 
molecules has also been neglected. 

The  results of the calculations are shown in Figs. 2-5. The numbers written on 
: units 
: that, 
atom 
and 5 
active 
N+H. 
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FIGURE 4 

Distr ibut ion of electronic charges in ~-amino acids (anions). 
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The following general remarks are significant for the subsequent discussion of 
the correlation between the charges of Figs. 2-5 and the experimental proton chemical 
shifts. 

I. The o-charges around the different carbon atoms of the main chain decrease 
in the order RN+HsCOOH > RN+HsCO0 - :> RNHICOOH • RNHICO0-. 

2. The carbon atom whose net charge is most affected by the ionization of the 
g-amino or of the g-carboxyl group, is, quite naturally, the g-carbon. The other carbon 
atoms are affected less and less by these changes, as their distance from the g-carbon 
atom increases. 
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FIGURE 5 

Distribution of electronic charges in ~-amino acids (dipolar ions). 
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3. The absolute magnitudes of the a-charges of primary, secondary, and tertiary 
carbon atoms decrease in the order primary > secondary > tertiary. 

4. The net charges of the hydrogen atoms fixed on the main chain decrease in the 
same order as those of the carbons: RN+I-IaCOOH > RN+HaCO0 - > RNH~COOH 
> RNH~CO0-. 

PROTON CHEMICAL SHIFT 

Experimental determinations of the proton magnetic resonance spectra of the amino 
acids were carried out by two groups of authors la-:b. The measurements were made 
in anhydrous HsSO 4, in trifluoroacetic acid, and in aqueous and alkaline solutions. 
A quite remarkable solvent shift is observed. 

The interpretation of proton chemical shifts is usually given in terms of the so- 
called magnetic shielding constants, from which they differ by constant amounts 
depending on the reference compounds. General theoretical considerations x° suggest 
t h a t  t h e  magnetic shielding constant of a proton can be treated as resulting from two 
different contributions, a]oe. and ~ ' ,  i.e., 

aa  = aloe. + ~'a' (9} 

where aloe. denotes the local contribution due to the electron cloud around the proton,. 
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and 2a' represents the sum of the contributions arising from the anisotropy effects 
of the neighbouring atoms, and from other influences such as field effects 15. 

As is well known t~, the relationship between the local diamagnetic shielding 
constant and the net charge of the hydrogen atom can be approximated satisfactorily 
by the formula 

ffloc. = n' ( I  -- QIK) (IO) 

where B' is a positive coefficient. Qualitatively, expression Io states that the more 
positive the charge, the smaller the shielding. 

As  to the term Z'a', it  seems reasonable to suppose that the essential part of it 
arises from the contribution ac, aaL of the magnetic anisotropy of the adjacent carbon 
atom. This contribution can be writtenlS: 

, Lux(x--3 cos~Ox) +/~y (* -- 3 cos20y) +/~, (I -- 3 cos~0z)] (1i) 
OC, adj .  = 3R3H 

where iZx, tzv, and tZz denote the components of the magnetic dipole moments induced 
by the paramagnetic current around a carbon atom, H is the external fieM, cos 0x, 

cos 0y, and cos 0z are the direction cosines of the vector R connecting the carbon atom 
to the hydrogen atom under consideration, and R is the magnitude of this vector. 

An LCAO-MO evaluation of ~x, tzy, and iZz has been made by one of us 9, according 
to the procedure proposed by POPLE m. The sign of (rc, adj. has been shown to be 
negative for charges ranging from --o.15 to +o.15, and its absolute value has been 
found to decrease in the order tertiary > secondary > primary carbon. 

A comparison of these results with those indicated in the previous section for 
the evolution of the ,-charges of these carbon atoms, adds furfl-er support to the 
belief that  the approximations which lead to the formula 

~ c ,  a d j .  = - -  C'--A'Qc (,2) 

(where A' and C' are positive constants) are reasonable. We shall not discuss these 
approximations, but will accept Eqn. I2 for our subsequent considerations. It  should 
he noted, by the way, that Eqn. I2 is not to be confused with a similar equation holding 
between the proton chemical shifts of hydrogen atoms attached to aromatic carbon 
atoms, and their charges. 

Combining Eqns. 9, io and IZ, and taking into account the fact that the shielding 
constant o a  differs from the proton chemical shifts, 8, by a constant amount de- 
pending on the reference compound, we can write the general equation 

r5 = --AQc--BQH + C (13) 

where A, B, C, are positive constants. 
The arguments supporting Eqn. 13 are clearly of a qualitative nature, and the 

actual dependence of 8 on the charges of the protons and of their neighbours may very 
well be much more complicated. Nevertheless, especially in view of the smallness of 
the charges in question, we can expect that the linear approximat:'on (Eqn. 13) should 
be rather satisfactory, if the calculated charges are of the good order of magnitude. 

As a preliminary test of Eqns. 1o, IZ and "3, the net charges of the hydrogens 
and those of the adjacent carbon atoms have been plotted against the proton shifts 
in H~SO 4 and NaOH solutions (referred to water). In these conditions the amino 
acids exist essentially as protonated cations and dissociated anions, respectively. 
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A satisfacto~ over-all parallelism can be obsewed between the shifts and Qn's 
(Figs. 6 and 7) as well as between the shifts and the Qc's (Figs. 8 and 9). Moreover, 
the results are in agreement with the general remarks made about the evolution of 
the charge distributions in the previous section. Thus Remarks I and 4 find their 
~ e l s  in the fact that the proton chemical shifts measured in NaOH solutions 
are the largest, and those in H2SO 4 are the smallest (e.g. the proton shifts for the 
CH s of glycine, are -t-x.55 ppm and -t-o.55 ppm, respectively). 
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The trend indicated in Remark 3 is in agreement with the fact that the proton 
chemical shifts of the CH s, CH 2, and CK ~oups are always in tile order CHa > CH 2 
> CH, in three different solvents. Finally, Remark z agrees with the experimental 
fact that the solvent effect is the strongest on the proton, attached to the u-carbon 
atom (it varies by x.2-x.3 ppm over the entire pH range), and that it is the less affected 
by a change in pH, the further from the =-carbon atom is the hydrogen atom to which 

refers, For ins tan t ,  the solvent shift of the methylene group of leucine amounts 
t o  only o.4 ppm. 

The above discussion indicates the existence of the expected correlation between 
the proton chemical shifts of the =-amino acids and the charges calculated theoreti- 
cally at least as an over-all correlation. A further step in the study of this correlation 
can be made by  trying to find the values of the coet~cients A, B, C of Eqn. x3 by 
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the method of least squares, using all but the most exceptional data. This we have 
done for the data relating to alkaline and acidic solutions; the values thus obtained 
are: A--  9.92, B = 133.93, C --  9.67. 

These values are positive, as they should be, and indicate, in agreement with 
general theory, that  the contribution of the carbon charge to the proton che~ca l  
shiR is much s m ~ e r  than that of the charge of the proton concerned. A clear idea 

TABLE II 

SHIFTS IN AQUEOUS SOLUTION AND CALCULATED SHIFTS 

0¢a~¢. ~¢azc, Compomul Group 6°bs.* (RNHICOOH) (RN+HaCO0 -) 

Glycine CH 2 + x.2o + x .35 +0.39 

Alanine CH + 0.94 + x.o 4 +o. 2 x 
CH8 +3.36 +3.41 +3.22 

/~-Alanine CH 2 +2.00 +2.7I  + 2.69 
+ 1.33 + 1.62 +0.59 

Cysteine CH + 0.45 + o. 86 + o. x 6 
CH a + i .48 +2.37 + 2.35 

Threonine CH o + o.o8 --o. I x 
+o.94 +o.81 --o.o 4 

CH8 +3-35 +3.24 +3.23 

Valine CH + l . I  4 +I.O 7 +0.35 
+2.23 +2.79 +2.62 

CHa +3.73 +3.63 '+3.62 

Loucine CH +0.96 + 1.o6 +0.34 
+3.03 +3.1I +2.74 

CH~ +3.03 +3 . i3  +2.95 
CHs +3.63 +3.64 +3.63 

I soleucine CH + 1.46 + I .o 7 + 1.35 
+3-43 +2.81 +2.63 

CH~ +3.43 +3.32 +3.31 
CH s +3.61 +3.63 +3.63 

Lysine CH +0.78 + i.o6 +0.34 
ell2 +3  -O1 +3.I2  +3.12 

+3-20 +3. I9  
+3  .26 +2.94 

+ 1.46 + 1.63 + 1.63 

Arginine CH +0.  71 + x.96 +0.34 
CHI +2.74 +3.I1 +3.zo 

+3.03 
+ 1.31 + 1.86 +I .86 

Proline CH +o.49 + 1.28 +o.7I 
CH2 +2.85 + 3 . I 2  + 2 . 9 3  

+2.94 
+ 1.39 + 1.85 +0.99 

Methionine CH +o.8o + i.o4 +0.22 
CH 2 + I. 59 + 2.75 + 2.68 

+ x. 85 + t.96 
CH8 +2.76 +2.05 +2.05 

" I n  units of ppm referred to water, 
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of the deviations of the experimental data from the linear relationship (Eqn. I3) using 
the above values of the coefficients is given by Fig. lO, where the shifts calculated 
(in units of ppm) from that relation are plotted against the experimental ones, again 
for NaOH and HzSO 4 solutions. In view of the roughness of Eqn. I3, the agreement 
observed can be considered as very satisfactory, especially as the few important 
discrepancies are most probably due to the presence, in the corresponding compounds, 
of particular effects which our simplified theory did not take into account. This is 
indeed the case for such compounds as glutamic acid, aspartic acid, arginine, serine, 
cysteine, tyrosine, phenylalanine, and histidine. Thus, in our simplified treatment, 
not only have we used a linear relationship, but we have included in it, besides the 
charge of the hydrogen atom itself, only the contribution of the neighbouring carbon 
atom. Now although this may be assumed to be a sufficiently good approximation 
in most cases, it is evidently insufficient in ~ome compounds. For instance, in aromatic 
amino acids, as a result of z~-induced currents, the values of C should be reduced by 
o.6-I ppm, when the shifts of protons adjacent to the aromatic rings are calculated. 
It can be seen that the agreement between the observed chemical shifts of the aromatic 
amino acids and the calculated ones would indeed be much improved by such a cor- 
rection. A similar justification could possibly hold for the discrepancies between 
experimental and calculated shifts for methylene groups adjacent to COOH, NH, 
SH, or OH groups, since some of these groups may very well give a paramagnetic 
contribution to the proton shift of the adjacent CH~ (ref. 2o). 

Returning to Eqn. 13, we note that the data for aqueous solutions could not be 
used for the determination of the parameters, because in such conditions the amino 
acids exist as equilibrium mixtures of their dipolar and uncharged forms. In this case 
we have therefore preferred to calculate the expected shifts from the above coefficients 
A, B, C, for both forms, and to compare them with experiment (Table II). With very 
few exceptions, the experimental shifts lie between the calculated values for the un- 
charged and dipolar forms. We expect that a further investigation will enable us 
to give an explicit relationship between the calculated and experimental shifts, on 
one hand, and the equilibrium constants, on the other. 

CONCLUSION 

The above discussion clearly shows that, in spite of the many crude approximations 
of the theoretical treatment the procedure used in the present paper leads to charge 
distributions which permit a fairly quantitative interpretation of the proton chemical 
shifts in the amino acids of proteins. 

As the charge distributions calculated by the procedure used in this paper also 
lead to theoretical dipole moments in satisfactory agreement with experiment we 
feel encouraged to believe that they will be useful for interpreting and predicting 
other physico-chemical properties of amino acids, such as dissociation constants, 
chemical reactivities, etc. Investigations of these problems are carried out presently 
in our laboratory. 

ACKNOWLEDGEMENTS 

This'work was sponsored by grant CY-3o73 of the U.S. Public Health Service (National 
Cancer Institute) and by the Convention No. 6x-FR-I34 of the D~16gation G~n&ale 

la Recherche Scientifique et Technique (Comit~ Cancer et Leuc~mie). 

Biocltim. Biophyz, Acla, 75 (z963) z53-I82 



1"82 O. DEL RE~ B. PULLMAN, T. YONEZAWA 

R R S U M ] ~  

La m6thode des orbitales mol~culaires a 6t6 utilis~e, dans l'approximation d6velopl~e 
par ])EL RS, ~ l'6tude de la distribution des charges ~lectroniques dans les acides 
a-amin6s des prot~ines et cela dans leurs formes neutres et leurs diff~rentes formes 
ionis~es. L ~  r~sultats du calcul sont mis en corr61ation avec les d~placements chimi- 
ques observes en r&onance nuc16aite magn~tique darts diff6rents solvants. 

Un parall~lisme g6n6ral assez satisfaisant est obtenu entre les valeurs des d6place- 
merits chimiques (Sn) et celles des charges ~lectroniques sur les hydrog6nes (QH) ou 
ceres des carbones porteurs de ces hydrog6nes (Qc). Les r~sultats peuvent 6tre re- 
pr6sent& par l'~quation g~n6rale 8H - -  - -  AQc-- BQH -k C, la m6thode des moindres 
carr6s conduisant aux valeurs A -  9,92, B -  x33,93, C = 9,67 pour les donn6es 
relatives aux solutions alkalines et acides. Ce r6sultat montre qu'en accord avec la 
th6orie g~n~rale la contribution de ~ a  ~ la valeur du d6placement chimique est plus 
importante que celle de 0c. 
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