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Proton NMR spectra of glutathione have been analyzed over the whole pH region.

The spectra of the

glutamic acid residue are of the ABCDX type at pHs below 2.5, of the AA’BB’X types in the pH region 2.5—09,
and of the ABCC’X type at pHs higher than 9. For the cysteine part, spectra of the ABC type have been observed at

pHs higher than 8, which change to spectra of the A,B type at pHs lower than 7.

On the basis of these results the

conformation of the glutathione molecule in solution has been discussed in detail.

The NMR technique has been successfully used in the
conformational study of various amino acids.1-® A
similar study of more complex molecules like poly-
peptides is usually complicated by poorly resolved
spectra and a large number of coupled protons.

A fundamental and manifold interest in the recogni-
tion of the chemical, physical, and biological properties
of peptides has occasioned our attempts to establish the
structure of glutathione in solution by means of
NMR.19-1)  Knowledge of the conformation of gluta-
thione should help us in better understanding some
metal-glutathione interaction, which is the further aim
of our study.

Experimental

Materials. The glutathione was purchased from Wako
Pure Chemical Industries, and the D,O, from E. Merck. The
pHs of the solutions were controlled by adding a concentrated
DCI or NaOH solution in D,O, and measured with a Toa
Dempa pH-meter, model HM-5A. The concentration of
glutathione in the solutions was 0.1 M. The chemical shifts
are reported in Hz relative to internal tetramethylammonium
(TMA). The NMR spectra were recorded with a JNM
PS-100 spectrometer operating at 100 MHz.
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Fig. 1. Experimental and calculated spectra of y and §
protons of the glutamic acid residue at pH 0.7.

Analysis of Spectra. Glutamic Acid Residue Spectra: Five
protons of the glutamic-acid part give spectra of the ABCDX
type at pH lower than 2 (Fig. 1), of the AA’BB’X type in
the pH range of 2.51—8.05 (Fig. 2), and of the ABCC’X type
at pH higher than 9 (Fig. 3). Here ABCDX, AA’BB'X,
or ABCC’X refers to the f, f’, y, ¥', « protons (Fig. 4).
In the pH region of 2.5—8.05 the AA’BB’ pattern for the
and y protons was confirmed by the decoupling of the o
proton. An analysis of the spectra observed at a certain pH
was carefully carried out with a set of input data which had
been obtained in the analysis of spectra observed at a slightly
different pH. It has been found that, in order to reproduce
a calculated spectrum which is in good agreement with the
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Fig. 2. Experimental and calculated spectra of ¥y and 8
protons of the glutamic acid residue at pH 4.5.
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Fig. 3. Experimental and calculated spectra of y and 8
protons of the glutamic acid residue in 2 M NaOH.
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Fig. 4. Glutathione molecule and notation of the protons.

TaBLE 1. NMR PARAMETERS OF THE
GLUTAMIC AGID RESIDUE

pH Avlgpl Av, 5}9:[‘]‘9"— \j;rjﬂr’_ J e
2M NaOH 9.75 0 10.5 5.55 6.56
12.8 9.8 0 10.5 5.6 6.6
9.58 3.8 0 9.2 6.45 6.4
9.1 1.6 0 8.8 6.9 6.4
8.05 0 0 8.5 7.15 6.34
7.75 0 0 8.5 7.05 6.30
4.5 0 0 8.4 7.1 6.34
2.95 0 0 8.5 7.2 6.3
2.51 0 0 8.3 7.15 6.39
2.02 2.7 2.55 7.95 7.3 6.55
1.2 5.2 4.65 7.55 7.35 6.52
0.7 5.4 4.9 7.45 7.35 6.55
6 M DCl 6.2 5.1 7.6 7.4 6.54

All the NMR parameters are given in Hz.
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Fig. 5. pH dependence of the protons of glutamic acid
residue relative to TMA.

observed one, the chemical shifts and spin-coupling constants
have to be correct within4+0.2 Hz. J,., was assumed to be
—15.0 Hz, and J,,=J.,»=0, which was confirmed by the
decoupling of the f protons. All the NMR parameters
for the glutamic acid residue over the whole pH region
are given in Table 1 and Fig. 5.

Cysteine and Glycine Residues. The NMR spectra of the
cysteine residue are of the ABC type. Below pH=28, however,
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Fig. 6. Three rotational isomers of cysteine.
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Fig. 7. pH dependence of the glycine protons (a) and
C proton of cysteine (b) relative to TMA.

TABLE 2. NMR PARAMETERS OF THE CYSTEINE RESIDUE

pH Ave_rua  Jas Jac Jec  Awsg

2 M NaOH 105.4 —13.2 7.88 5.12 11.1

12.95 103.3 —13.0 8.1 4.85 11.4

12.8 1056.0 —13.1 7.9 5.00 11.0

12.4 105.1 —13.0 8.1 4.9 11.5

10.9 105.9 —13.1 8.05 4.85 11.2
9.5 116.6 —13.5 7.96 4.9 10.7
9.1 123.7 —13.8 7.8 4.9 8.2
8.8 123.9 —14.1 7.6 5.0 9.0
All the NMR parameters are given in Hz.

the spectra are very poorly resolved and have to be analysed
as the A,B type. In this pH region, J,c=/c=6.3 Hz. Using
the notation “ABC” given in Fig. 6, the NMR parameters are
given in Table 2, where the chemical shift of the A proton is
taken to be in a higher field than that of the B proton. The
PH dependence of the chemical shifts of the C proton of the
cysteine and CH,, protons of the glycine are shown in Fig. 7.
The CH, protons of the glycine give a singlet line due to the
exchange by deuterium of the NH proton of the neighboring
peptide nitrogen,** and there is a small difference in the
chemical shifts of the two protons. To confirm the pH depend-
ence of the chemical shifts, the microscopic ionization constant
(Fig. 8) were calculated using a method described by
Rabensteinl® (Table 3).

Rotational Isomerism. In order to discuss the conformation
of the entire glutathione molecule, the populations of the
rotamers for cysteine and glutamic acid residues were calcu-
lated separately.***

** In the case of the H,O solution, above pH 7.5 the CH,
protons of glycine also give a singlet as a result of the averaging
of conformations due to the fast exchange of peptide protons.
*** The population of rotational isomers was obtained by
following the procedure originally used by Pachler.) The
scope and limitations of this method, especially in the case of
simple amino acids, have been discussed previously.?
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Fig. 8. Microscopic ionization scheme for carboxyl
groups of the glutathione.

TABLE 3. MICROSCOPIC IONIZATION CONSTANTS FOR THE
DISSOCIATION OF THE CARBONYL GROUP

This work Ref. 10
Pk, 2.054-0.1 2.09-40.05
Pk 3.144+0.05 3.124-0.05
Pkay 2.33+0.05 2.33+0.01
Pkia 3.424+0.1 3.364-0.1

Rotamers for Glutamic Acid Residue. In this part of gluta-
thione, nine rotamers have to be considered (Fig. 9). From
the experimental data, J,,=0. Thus, it is not possible to find
the relative conformations of the « and y protons from the J
value. We will calculate the populations of the I, II, and III
rotamers (Fig. 10a) and, independently, the populations of 1,

2, and 3 rotamers (Fig. 10b).
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Fig. 9. Nine rotational isomers of the glutamic acid
residue.
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Fig. 10. The partial rotamers of glutamic acid:
a) for § and y carbons
b) for « and g carbons.
X and Y are the carboxyl and amino groups, respec-
tively.

Rotamers I, 11, and III. We will approximate this unit in
the glutamic residue as a substituted ethane. For the estima-
tion of an average vicinal coupling constant, it may be possible
to use the Abraham and Pachler empirical equation ;19

Ty = 17.96_0.796?:1@ (1)

where E, is the Huggins electronegativity of atoms attached
to the ethyl carbons. From this equation, J,,=7.1. Equa-
tion 1, however, is only a general expression for the relation
between the electronegativity and J,;,, and it seems more
reasonable to use the experimental data for the estimation of
Jawe At pH 0.7, all four J values are almost equal to each
other within the limits of experimental error, and J,,=7.41.
Because there are two different sets of J values, we rewrite:
Jo=Jpr=J" and Jpp=Jp,=J, and, if N=J+]J and

L=_J— J’, we obtain another expression for the J,,;
Jav = 1/3(3/2N+1/2L)
= 1/32J+J") (1"
1/3(Ji+2J,)

and J,,=7.43 Hz if (3/2N+1/2L)=22.3. For further dis-
cussion, J,,=7.4Hz will be used. The vicinal coupling
constants, Js, Js7, Jory, and Jpr,s for this system (Fig. 10a)
are given by the following equations:

Jﬂr =pJ, + ﬁlngG + PmJgG
Jor = p1Jy + e E + i JeE
Jor = 01" + pud, + PmJgG'

Jor = 01Jg" + tud® + pindo
where py, py1, and pyy; are the populations of the I, II, and
III rotamers and J,7, J,%, and J,% are as defined in Fig.
10a. From the Eq. 2 one can see directly that, for any
values of py, py, and pyy, Js,=Jpp. This results is in
agreement with the results of the analysis. Also from these
results, Jg.r=Jpr,s; hence, pyy=p;;.  The fact that the popu-
lations of both rotamers of the gauche form are equal to each
other agrees with the results obtained for simple 1,2-disub-
stituted ethanes.!”'® This appears to justify our assumption
that the -CH,~CH,— unit in glutamic acid can be considered
as a substituted ethane.
Equation 2 may be simplified to this form:

I

@)
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J, = Jﬁr = Jﬁ'r' = 171]» + ZﬁIIJgG
J = jﬂr' = Jﬁ'r = PIJgT + PII(JgG,'*'Jz)

To estimate populations, it is necessary to have the values

of Jo*s Jo® and J (J;">J*> J,% 7).

2)

TaBLE 4. PopuraTions oF THE I, II, AND III ROTAMERS
OF THE GLUTAMIC ACID RESIDUE

pH by bu Apy 3/2N+1)2L
2 M NaOH 0.60 0.20 0.01 21.60
12.8 0.59 0.20 0.01 21.77
9.58 0.48 0.26 0 22.11
9.1 0.42 0.29 0 22.56
8.05 0.40 0.30 0.01 22.78
7.75 0.40 0.30 0 22.53
4.5 0.40 0.30 0.01 22.58
2.95 0.39 0.30 0.01 22.86
2.51 0.39 0.30 0.01 22.58
2.02 0.36 0.32 0.01 22.64
1.2 0.34 0.33 0 22.25
0.7 0.34 0.33 0 22.20
6 M DCl 0.34 0.33 0 22.32

From Table 4 it can be seen that, with an increase in pH,
the J’ value also increases. According to Equations 2’, this
result implies that there is an increase in the population of
a trans isomers (p;). Thus, if the J,T values is sufficiently
higher than that of J,¢ and J,/% the values (3/2N+1/2L)=
(J'+2J) should steadily increase with an increase in p;. In
the present case, these values are almost constant at all pH
values, equal to 22.240.6 Hz. The deviation may be attrib-
uted to the experimental error. However, the deviation of
this range may be caused by a small cahnge in the nature of
the medium, such as the dielectric field in the solution, or the
dissociation of functional groups of the glutathione. J,/7, J,/%,
or /¢ should be constant throughout the pH rang examined.
Therefore, it seems reasonable to put one J, value into Eq.
2’. By combining Egs. 2’ and 3:

b+ 2pp=1 (3)

the following expressions can be obtained:

from J': py = (J' = J)/(Je— Jo)s n
pu = 112(Js—= J)(Ji— Je)s
from J: pr = (Ji+ Je—20)/(Ji— Je)s

#)
bu= (j—Jg)/(Jm"'Jg)-
In order to determine J, and J, in addition to J,,, it is
necessary to assume the J,/J, ratio, for which we will take a
common value of 5.21:%%20 (][] =5.6 for pure ethanel®)
for all a-amino acids. The result is that J,=16.03 Hz and
Je=3.08 Hz. From Egs. 4 and 4’ we can determine two sets
of p; and py; values, using the J’ or J spin-coupling constant.
The very good agreement between the two sets of p; and py;
populations confirms that, at least for a qualitative discussion,
the present assumptions are sufficiently correct. The average
values, p; and py;, and the deviation of p;; from the values
obtained using Figs. 4 and 4’ are given in Table 4.t [,
changes only slightly from about 6.3 Hz in the pH range
2.9—8.05 to about 6.6 Hz for pH values lower than 0.7 and
higher than 11. Using the J, and J, values estimated for
simple amino acids,»?? it is easy to find that, in the region of

t The p values are the average values of the populations
obtained from Egs. 4 and 4.
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pH 2.9—8.05, all three rotamers, 1, 2, and 3 (Fig. 10b), have
the same population. In other pH regions there is some
excess of the 2 and 3 rotamers over the | rotamer, the popula-
tions being 0.36, 0.36, and 0.28. The 2 and 3 rotamers cannot
be distinguished from one another because the observed spec-
trum is of the A, X type. (We can determine only the average
value of [,).

Cysteine Residue. Using J,=2.6 Hz, J,=13.6 Hz, and
Jov="6.3 Hz, the populations of the three a, b, and ¢ rota-
mers (Fig. 6) can be obtained (Table 5). However, it is not
possible to distinguish the A and B protons in this experiment.
Furthermore it is not certain which rotamer, b or ¢, is more
stable. In the pH region where poorly resolved spectra are
observed, J,c=Jpc=6.3 Hz and a=b=c=1/3.

Discussion

Glutamic Acid Residue. The I-1, 2, and 3 rotamers
appear to be stable with respect to the interaction of
the two terminal functional groups of this residue with
the peptide linkage between glutamic and cysteine
parts. In gauche isomers (II, III), the II-1 rotamer
appears to be the least stable because of the electrostatic
interaction of the carboxyl and ammonium group with
the peptide backbone, especially with the carbonyl
group. For a similar reason, the III-2 isomer seems
to be less stable. At pH<2, the total population of the
gauche form is large in comparison to the trans one (I),
and this interaction with the peptide-bond group
induces an observable difference in the populations of
the 1, and 2, and 3 rotamers. It is also likely that there
exists some difference in population of the II-2 and
I1-3 rotamers, and so on, but the fast interconversion
between the two isomers of the gauche form (IT and III)
(e.g., II-2—III-2) makes it impossible to distinguish
them.t

The dissociation of the GOOH group to COO~ which
occurs between pH 0.7—2.95 makes this interaction
stronger because of the excessive negative charge on the
carboxyl group, and some increase in the population
of the trans (I) form has been observed. In the pH range
of 8—11, where the dissociation of the NHg+ group
occurs, an additional negative charge on the glutamic
terminal causes an other increase in the population of
the trans (I) isomer, for the same reason. The rotamers
stable at pH values higher than 11 are I-1, 2, and 3, and
the gauche forms, II-2 and III-3. The least stable
should be 1I-1 and III-1.

At pHs below 2.5 and pHs higher than 9, the unequal
populations of the 1, 2, and 3 rotamers distinguish the
chemical shifts of § and g, while at pHs below 2.5 the
chemical shifts for y and 9’ protons can be differentiated.
The interaction of the carboxyl and the ammonium
groups with the y and y’ protons is more effective in the
gauche form of the unit considered, and at high pHs
probably a smaller population of this form causes Ay,
to equal 0. To explain this, more accurate populations
of the particular rotamers, II-1—III-3, have to be
known.

Cysteine. Below pH 8, a=b=c¢=1/3. When the

tt In this case, a more complex intercoversion between the
1, 2, 3 and I, II, III rotamers should be considered.
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TABLE 5. POPULATIONS OF THE CYSTEINE
RESIDUE ROTAMERS

pH a b(or ¢c) ¢ (or b)

2 M NaOH 0.29 0.48 0.23
12.95 0.29 0.50 0.21
12.8 0.30 0.48 - 0.22
12.4 0.29 0.50 0.21
10.9 0.30 0.49 0.21
9.5 0.30 0.49 0.21
9.1 0.31 0.48 0.21
8.8 0.32 0.46 0.22

<8 a=b=c=0.33

SH group dissociates to S—, the spectra are better
resolved (ABC type) and a more detailed population of
the three rotamers (a, b, and ¢) can be found (Table 5,
Fig. 6). The smallest change of the population is
observed for the a rotamer, where the population is
decreased from 0.33 to about 0.29. This result means
that the most stable rotamer after the dissociation of the
SH group is the one in which the position of S is trans
to the cysteine peptide nitrogen or the carbonyl peptide
group.

From all these considerations it seems that a peptide
linkage between glutamic acid and cysteine, and the
interaction of the carbonyl group in the peptide linkage
with the changes in the functional groups of the glutamic
residue are important for the conformational equilibrium
in solution. Thus, the most stable conformer after the
complete dissociation of the peptide molecule is the one
in which the COO- and NH, groups of the glutamic
acid residue are far from the peptide backbone of the
glutathione.

We wish to thank Dr. Yoji Arata, Dr. Hidehiro
Ishizuka and Dr. Akira Yamasaki for their helpful
discussion and help during the analysis of the NMR
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spectra.
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