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Natural Abundance Nitrogen-15 Nuclear Magnetic Resonance Spectro-
scopy. Medium Effects on the Nitrogen-15 Chemical Shifts of Small

Peptides

By Daniela Gattegno, Geoffrey E. Hawkes, and Edward W. Randall,* Department of Chemistry, Queen Mary

College, Mile End Road, London E1 4NS

Medium effects upon the N chemical shifts of some small peptides are reported, to allow the relative importance of
solvent, pH, and sequence effects to be delineated. A change in the pH of a solution of carnosine (B-alanylhistidine)
from 0.4 to 11.0 causes the His 5N resonance to shift downfield by 8.5 p.p.m. Changing the solvent from dimethyl
sulphoxide {DMSO) to trifluoroacetic acid (TFA) causes downfield shifts of ca. 4 p.p.m. for the peptide nitrogen
resonances of some N-acetyldipeptides, and explains why the 15N shift observed for polyglycine in TFA solution is

to low field of that predicted earlier for a glycine residue of a peptide in DM SO solution.

The magnitude of these pH

and solvent effects is such that they may mask any sequence effects upon peptide 13N shifts, which are reported to be

1—4 p.p.m. for dipeptides in aqueous solution.

MAGNETIC resonance spectra of the 15N nucleus are being
used increasingly in the study of peptides.t® Two im-
portant features of these studies are the conclusions of
Roberts and his co-workers ® and conclusions from this
laboratory.? The former group found that the chemical
shifts of the peptide N nuclei in simple dipeptides
(aqueous solutions; pH range 5.0—6.1) were slightly
sensitive to the nature of both C-terminal and N-terminal
units. Thus it is formally possible that sequence infor-
mation may be obtained by 15N n.m.r., a non-destructive
method. Our studies,* however, indicated that there
was no detectable sequence information from 15N chemi-
cal shifts of N-acetyldipeptides, at least in dimethyl
sulphoxide (DMSO) solution. Accordingly we have
undertaken a study of medium effects (including both
solvent and pH effects) upon peptide 15N chemical shifts
for some simple model systems, to clarify the situation.
Assignment of BN Resonances.—The first stage in the
investigation of peptides by 1°N n.m.r. is the assignment
of the resonances to specific amino-acid units. We shall
assume initially that sequence effects upon the 15N shifts
are small and that in the absence of any differential effects
upon the amide nitrogens in the peptide (caused by solv-
ation, hydrogen bonding, or conformation changes), the
relative 1°N shifts of the amide nitrogens are controlled
mainly by the nature of the amino-acid unit itself.
Previously published N chemical shifts of amino-
acids,! N-formyl amino-acids,10 N-acetyl amino-acids,?
and amino-acid methyl ester hydrochlorides %11 allow
estimation of the effect of substitution at the amino-acid
a-carbon atom upon the 15N shifts. In the manner
previously adopted 11! we assume an additivity relation-
ship for these substituent effects similar to that of Grant
and Paul1? for 13C chemical shifts. The approach is
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exemplified by the difference in 15N shifts for the N-acetyl
derivatives of glycine and alanine,* which are 89.4 and
104.4 p.p.m. respectively. This change is taken to be
due to a methyl substituent which is B to the nitrogen
atom in the latter:

Me

MeCO-NH-CH,-CO,H —» MeCO-NH-CH-CO,H
89.4 p.p.m.* 104.4 p.p.m.*

* Data from ref. 4; 1M-solutions in DMSO; chemical shifts to
low field of NH,¥¥NOj (see footnote a, Table 2).

Therefore, ABy = +15.0 p.p.m. (with the convention
such that the 5N resonance from the alanine derivative
is at lower field). Extension of this treatment to valine,
leucine, and isoleucine derivatives, in which saturated
carbon substituents are introduced at positions y and 3§
to nitrogen, yields Ayy = —3.8 and A3y = +0.6 p.p.m.
The data® for the phenylalanine, serine, and cysteine
derivatives give the y effects for the substituents Ph, OH,
SH. A similar analysis may be performed for the other
amino-acid derivatives mentioned above. The substi-
tuent effects are collected in Table 1, together with ap-
propriate 13C parameters where available from the
literature. The correlation between N and 13C chemi-
cal shift substituent parameters is good, in both magni-
tude and direction (upfield or downfield). Similar com-
parisons between 3N and 13C chemical shift substituent
parameters have been made by Lichter,!3 and Warren
and Roberts 1 for 15N shifts in saturated amines; by
Gibbons and his co-workers ! for 1®N-enriched amino-
acids; and by Pregosin et al.1%11 for some of the amino-
acid methyl ester hydrochlorides.

With the substituent parameters shown in Table 1, it is
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then possible to predict relative 1°N shifts for the amide
nitrogens in a peptide chain by using the following ap-
proximations. (i) Sequence effects may be neglected to
a first-order approximation. In contrast to our observ-
ations, Roberts and co-workers ? found sequence shifts in

TABLE 1

15N Chemical shift substituent parameters ¢ for some
amino-acid derivatives

Methyl

ester

Hydro- [*N]JAmino-

chlorides * N-Formyl ? N-Acetyl? acids ¢ 13C

ABx(C) 4130 4150 4150 4129  +9.4¢
Ayx(C) —2.3 —3.5 —3.8 —3.5 —2.5¢
A3x(C) -+0.6 +0.6 +0.5 +1.2 40479
Ayx(Imid)e —0.8
Ayy(Ph) —2.1 —4.3 —3.5 —3.7 —3.07
Ayn(OH) —6.2 —6.0¢
Ayx(SH) —3.6 —5.4
Ayx(CO;Me) —3.7 —2.8¢
Ayx(CO,H) —32 —27¢
A3x(SMe) +4-0.5 —0.6

8 Values in p.p.m.; positive values indicate downfield effect.
5 Values extracted from data in ref. 4. ¢Data from ref. 1.
4 Data from T. Pehk and E. Lippmaa, Org. Magnetic Resonance,
1971, 8, 679. °©The imidazole substituent; wvalue obtained
from the histidine derivative. fData from J. B. Stothers,
‘ Carbon-13 NMR Spectroscopy,” Academic Press, New York
and London, 1972.

dipeptides, but these were 4 p.p.m. orless. This assump-
tion may not be valid to the second order, and is the sub-
ject of continuing studies. (ii) There is no large differen-
tial effect at the amide nitrogens. The main published
work on this point concerns the cyclic peptides Gramici-
din S 34 and alumichrome.” Each of these peptides may
have one or two N—H bonds projected towards the centre
of the ring (with specific intramolecular C=O - - - H-N
hydrogen bonding 1%16), with the remainder more sub-
ject to intermolecular or solvent interactions. Differen-
tial solvent effects of 4 p.p.m. in Gramicidin S and 5
p.p-m. in alumichrome have been observed. For non-
cyclic systems we report here (see below) that a differen-
tial solvent effect on the amide nitrogen chemical shifts of
some N-acetyldipeptides has been observed for the sol-
vents DMSO and trifluoroacetic acid (TFA). (iii) There
are no differential conformation effects at the amide
nitrogens. In this context we have observed 410 a 15N
shift difference of 1.6 p.p.m. between the cis- and frans-
forms of N-formylproline in DMSO solution.

PH Dependence of the 15N Chemical Shifts.—The model
compounds diglycine (pK 3.14 and 8.25) and triglycine
(pK 3.23 and 8.09) were selected as the starting point for
this study. The 15N chemical shifts are summarised in
Table 2. From the data on diglycine it can be seen that
protonation of the carboxylate group (variation of pH in
the range 7.4—0.5) causes the peptide nitrogen resonance
to shift upfield by 6.2 4+ 0.6 p.p.m. There is little effect
upon the shift of the amino-group (pK 8.25) in this pH

15 A, Stern, W. A. Gibbons, and L. C. Craig, Proc. Nat. Acad.
Sei., U.S.A., 1968, 61, 734.
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1399.
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range. The peptide nitrogen resonances of triglycine
(which are closely spaced at pH 0.5), are well resolved at
pH 8.0. At this higher pH the assignment of the reson-
ances is readily made by comparison with the data for
diglycine:

HaltI -CH,—-CO-NH-CH,~CO-NH-CH,~-CO,~
88.6 948 p.p.m.

For the protonated form of triglycine (pH 0.5) the pep-
tide nitrogen assignments are not so sure, however.
Since the peptide nitrogen resonance of diglycine moves
upfield by 6.2 4~ 0.6 p.p.m. upon protonation of the
carboxylate function, then at pH 0.5 the peptide nitro-
gen resonance of the C-terminal glycine residue is to
be expected at 94.8 — (6.2 4- 0.6) p.p.m., ¢.e. in the re-
gion 88.0—89.2 p.p.m. Thus our assignment at pH 0.5
is:
HsltI—CHZ—CO—NH—CHz—CO—NH—CHz—COZH
87.5 88.9 p.pm.

The data in Table 2 show that the amino-resonances of
di- and tri-glycine are observed only at the more acidic

pH values. This phenomenon will be shown to occur
TABLE 2
15N Chemical shifts @ for di- and tri-glycine
pH Peptide Amino
0.5 88.3 6.7
5.8 94.5 6.2 Diglycine
7.4 94.5 b
0.5 87.6 88.9 6.7 . .
8.0 88.6 94.8 5} Trigiycine

2In p.p.m. (+0.3) downfield from !NH,*+ resonance of
5M-15NH,INO, in 2N-HNO, (see ref. 20 for this choice). The
BN reference employed by Roberts and his co-workers 538
is external 1M-D18NO,, whereas our external reference is as
above. Comparison of our data on diglycine with those of
Roberts and his co-workers ® (pH 5.8) indicates that the two
scales are related by the equation 3(**NH,*) = (355.0 + 0.1) —
3(D1NO,). Positive shifts relative to ammonium ion are
downfield; those from nitric acid are upfield. @ Resonances
not observed (see text).

(see below) with carnosine (a dipeptide) and glutathione
(a tripeptide). Other workers %18 have noted that the
intensity of the proton-decoupled !N resonance in
glycine is strongly pH dependent. They have attributed
this either 17 to scalar relaxation of 15N induced by chemi-
cal exchange modulation of the 1®N-H scalar coupling,
or 18 to spin-rotation relaxation for 13N. Each of these
relaxation mechanisms should affect the N-{*H} nu-
clear Overhauser enhancement (NOE) and thus the 15N
signal intensity. However, Irving and Lapidot ¢ have
recently demonstrated that these pH dependent 15N signal
intensities in glycine and in diglycine are certainly due to
the presence of paramagnetic impurities (mainly Cu?*).
Such contamination of the samples was presumably the
reason for our difficulties in observing amino-resonances
in aqueous solution at allbut acidic pH values. However,

17 R. A. Cooper, R. L. Lichter, and J. D. Roberts, J. Amer.
Chem. Soc., 1973, 95, 3724.

18 T, K. Leipert and J. H. Noggle, J. Amer. Chem. Soc., 1975,
97, 269.
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we have not experienced any unusual difficulty in ob-
serving amide nitrogen resonances at any of the pH
values employed.

The natural abundance 15N spectra (chemical shifts
summarised in Table 3) of glutathione (y-glutamyl-
cysteinylglycine) in both oxidised and reduced (pK 2.12,

TABLE 3
15N Chemical shifts @ for glutathione
Oxidised form (—S—S~) Reduced form (SH)

';)H Cys Gly Glu-NHgt pH Cys  Gly Glu-NH,*
0.4 1022 90.7 19.5 0.4 102.2 90.7 19.0
4.0 102.8 94.2 21.1 24 1022 91.3 19.5
7.3 102.8 96.1 214 7.5 103.0 96.6 b
12.0 103.6 96.6 b 12.56 106.5 96.6 12.0

% See footnote a, Table 2. & Resonance not observed (see
text).

3.59, 8.75, and 9.65) forms illustrate the effect of remote
as well as proximate ionisation upon peptide nitrogen
chemical shifts (see Figure 1). The pH dependence of

W wwwwmwmrwﬂwww

1 1 i ¥ 1 L

T
100
15 +
1 ( NH; ) (p.p.m)
Ficure 1 Natural abundance !N spectrum of glutathione
(oxidised form) at pH 4.0, H noise decoupled; ca. 200 000
free induction decays accumulated in 22 h. The signals are

inverted by the 1N-{*H} NOE. Sample concentration 1.1 in
H,0

the 13C chemical shifts has been studied recently by
Feeney ¢t all® The two lower field resonances are due
to the cysteine (or cystine) and glycine amide nitrogens,

-0,C-CH-CH,~CH,~CO-NH-CH-CO-NH-CH,~CO,"
+NH, CH,

SH
Glutathione (reduced form)

and the higher field of these two is due to glycine. This
may be readily deduced from the substituent parameters
in Table 1. The third, highest field, resonance is due to

the Glu «-NH,,

Comparison of the chemical shifts in Table 3 for the
oxidised (dithio) and reduced (SH) forms at pH 0.4
shows that replacement of the SH grouping by the -S5-5~
bridge has no effect upon the amide nitrogen shifts. This
is in accord with the similarity in 1N chemical shifts of
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cysteine and cystine methyl ester hydrochlorides.%10
In the oxidised form of glutathione there are three ionis-
able groups, Glu -CO,H, Glu «-NH;*, and Gly «-CO,H.
The Gly-15N signal is moved strongly downfield (5.9
p.p-m.) by the ionisation of Gly-CO,H to Gly-CO,~,
whereas the cystine 15N shift varies but little (1.4 p.p.m.)
over the whole pH range 0.4—12. In the reduced form,
glutathione has the additional ionisable group Cys-SH
(pK 9.65). The effect of the ionisation of this group,
Cys-SH to Cys-S—, is to impart a downfield shift of 4.3
p.p-m. to the Cys 15N resonance (see the data at pH 0.4
and 12.5). In addition this ionisation imparts a small
upfield shift to the Gly 15N resonance (¢f. data at pH 7.5
and 12.5). That the 15N shifts are downfield both for
the Gly nitrogen for the Gly «-CO,H ionisation and for
the Cys nitrogen for the Cys-SH ionisation is not sur-
prising, since each ionisation involves a proton at a posi-
tion y to the nitrogen of interest (i.e. is effectively a §-
substituent effect due to the proton). The Glu «-NH,*
a 8 b4 ‘é
-HN-CH,-C(:0)-OH -HN H—%H2—SH
e Y

resonance moves upfield by 7.0 p.p.m. upon deproton-
ation (data at pH 0.4 and 12.5), and this agrees in direc-
tion with the 15N shift of 12.5 p.p.m. in glycine between
pH 6.6 and 13.6 as reported by Roberts and his co-
workers.1?

The pH dependent 15N chemical shifts of carnosine (-
alanylhistidine, pK 2.64, 6.87, and 9.51) are shown in
Table 4. Over the pH range investigated (0.35—11) the

TABLE 4

15N Chemical shifts ¢ in carnosine

Imidazole . .
pH —_— Peptide Amine
0.4 155.3 152.2 101.8 12.0
4.5 b b 105.5 11.5
8.0 b b 108.9 10.7

10.8 b b 109.9 b
11.0 b b 110.3 b

@ See footnote a, Table 2.
text).

® Resonances not observed (see

amide 1N resonance moves downfield by 8.5 p.p.m. with
increasing pH. In addition to the effects of ionisation
of the carboxyl-group, this shift will include a contribu-
tion from the deprotonation of the imidazole ring (pK
6.83). The imidazole substituent is y to the amide nitro-
gen, the same relative position as the SH group is to the
cysteine amide nitrogen in the reduced form of gluta-
thione.

Here again at the higher pH values employed the
amino-resonance was not observed, and indeed the imid-
azole nitrogen signals were only observed at the most
acid pH (0.35).

Solvent Dependence of SN Chemical Shifts.—An import-
ant feature of solution studies on peptides is the helix- to-
random-coil conformational conversion in certain homo-
polypeptides which may be induced by changes in the

19 J, Feeney, P. Partington, and G. C. K. Roberts, J. Magnetic
Resonance, 1974, 13, 268.
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solvent system. We have obtained the 1N spectrum of
polyglycine in TFA solution (random-coil form). TheH-
decoupled natural abundance 1°N spectrum is shown in
Figure 2. The single resonance peak is inverted by the

100 60
g (15 NHZ)(p.p.m)

FicUurE 2 Natural abundance 1*N spectrum of polyglycine, *H
noise decoupled; ca. 140 000 free induction decays accumulated
in 16 h. The signal is inverted by the *N-{'H} NOE. The
sample was a solution of 125 mg of polyglycine in 1ml of TFA

ILN-{1H} NOE, which means 34 that the effective corre-
lation time for reorientation of the amide N-1H bond
vector is <6 x 10 s. TFor longer correlation times an
upright signal should be obtained. The chemical
shift measured for this resonance was 88.3 p.p.m. Inan
earlier publication 4 we predicted the N chemical shift
of glycine in a peptide chain to be 84 4 0.5 p.p.m. (in
DMSO solution). For alumichrome, Llinas et al.? ob-
served a shift of 3.7 p.p.m. to lower field for certain amide
nitrogens on changing the solvent from DMSO to 2,2,2-
trifluoroethanol, a protic acid solvent. This observation
was ascribed to preferential stabilisation of structure (III)
by the more acidic solvent. Our data on polyglycine are

0 N °N

/ \  / -/
\\C—N\‘—-‘—: /C= \' == C=N
/ H H H*

(n {In

entirely consistent with this, the glycine 1°N shift being
ca. 4 p.p.m. to lower field in TFA solution in comparison
with that predicted for DMSO solution.

To further investigate the effect of solvent upon amide
nitrogen chemical shifts we have recorded the SN
spectra of some acetyl amino-acids and small peptides
(Table 5; see also Figure 3). The effect of changing sol-
vent from DMSO to TFA is to shift the !N resonance
strongly downfield for AcGly and AcLeu (9.9 and 11.5
p-p-m., respectively). In both the solvents DMSO and
TFA the lower field resonance from AcLeuGly must be
due to Leu. Both the Leu and Gly resonances shift
downfield on changing from DMSO to TFA; by 10.5
(Leu) and 4.3 p.p.m. (Gly). This differential downfield
shift for the acetylated nitrogen and the nitrogen of the
C-terminal residue is maintained for AcGly'Gly2: 9.8
(Gly') and 3.8 p.p.m. (Gly?). For AcGly'Gly2Gly® the

J.C.S. Perkin I

magnitudes of the solvent-induced shifts are 10.0 (Gly?)
and 3.3 p.p.m. (Gly? and Gly3). The 15N shift here of
Gly? (87.3 p.p.m. in TFA) is very similar to that for poly-
glycine in TFA (88.3 p.p.m.).

TABLE 5
15N Chemical shifts # for some N-acetyl amino-acids and
peptides
Compound & Solvent
AcGly TFA 99.3
DMSO ¢ 89.4
AcLeu MeOH 103.6
TFA 113.2
DMSO*® 101.7
AcGly!Gly? H,0 92.9 (Gly?) 88.4
TFA 98.9 (Gly?) 87.8
DMSO ¢ 89.1 (Gly!)  84.0
AcLeuGly TFA 112.7 (Leu) 88.9
DMSO¢ 102.2 (Leu) 84.6
AcGly'Gly®Gly? TFA 97.7 (Glyl)  87.3 (Gly?, Gly?)
DMSO¢ 89.7 (Gly!)  84.0 (Gly?, Gly3)

3 See footnote a, Table 2. °? Concentrations 0.8—1.1M.

¢ Values from ref. 4.

bt
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Ficure 3 Natural abundance ®N spectrum of N-acetylglycyl-
glycine, 'H noise decoupled; ca. 50 000 free induction decays
accumulated in 5.5 h. The signals are inverted by the
BLN-{'H} NOE. Sample concentration 1.1m in TFA

The 15N shifts for the C-terminal Gly residues of AcLeu-
Gly and AcGlyGly in DMSO solution are, within our
error limits, the same, and do not reflect any sequence
information. However, for the solutions in TFA we
observe the C-terminal Gly 15N signal at 1.5 p.p.m. to
lower field for AcLeuGly. This shift difference is larger
than our error limits (40.6 p.p.m. for the spectra com-
pared) and must be due to the difference in the other
amino-acid residue (AcLeu ¢f. AcGly). For the dipep-
tides LeuGly (pH 5.4) and GlyGly (pH 5.1) Roberts and
his co-workers® found the amide 15N signal to be 3.3
p-p-m. to lower field for the leucyl peptide. The origin
of these sequence shifts is not clear, but it appears that
they are solvent dependent.

Conclusion.—In favourable cases it is possible to assign
the 15N resonances from small open chain peptides to
specific amino-acid residues by consideration of the
substituent effects for the derivatives shown in Table 1.
The range of 15N shifts for these derivatives is 7 p.p.m.
if we exclude glycine and proline, or 22 p.p.m. if we in-
clude these two. This range is expected to hold for the
same amino-acid residues in peptides. It seems clear
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that sequence effects upon the 1N shifts will be small
(0—4 p.p-m.) and dependent upon the solvent employed.
The effect of changing the pH in the range 0—12 has been
shown to influence the amide 13N chemical shifts by as
much as 8.5 p.p.m. for the His nitrogen of carnosine.
Ionisations occurring at a centre very remote (=6 bonds)
from the amide nitrogen of interest do not have a signifi-
cant effect upon the 15N shift as shown by the similarity
of 15N shifts for Gly? of Gly'Gly?Gly*OH (pH 0.5) and
Gly!'Gly2Gly®O~ (pH 8.0). Where such ionisation shifts
do occur they may be significantly larger than the re-
ported 5 sequence shifts. In addition these ionisation
shifts may be larger than the substituent shifts which, to
a first-order approximation, determine the 1N chemical
shift of a given amino-acid residue in a peptide chain.
Thus considerable caution is required in assigning 15N
resonances from a peptide to specific residues.

The differential effects upon the 13N chemical shifts
of N-acetyl peptides produced by the solvent change from
DMSO to TFA may assist in the assignment of the N-
acetyl resonance.

EXPERIMENTAL

15N Spectra were obtained with a Bruker HFX-13 n.m.r.
spectrometer with a field strength of 2.141 T and a BN
frequency of 9.12 MHz. The Fourier transform technique
was used with a pulse angle of about 30° and no delay be-
tween pulses. The free induction decays were stored as
4 098 data points by using a Fabritek 1074 CAT instrument.
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Transformations were conducted with a PDP8/I computer
with phase correction, but without exponential filtering on
the free induction decay. Real, frequency domain spectra
(5 kHz width) were produced in 2 048 data points.

Proton-noise decoupling was produced with the Bruker
BSV 3B unit, and the Bruker 2H time-shared lock unit
was employed. Between 50 000 and 200 000 free induction
decays were accumulated for each sample, since the samples
contained only the natural abundance of *N; 10 mm o.d.
tubes were used with the lock sample of D,O contained in a
concentric 5 mm tube. The ammonium nitrate reference
was contained in a 5 mm tube, with the D,O lock sample in a
concentric 10 mm tube.20

pH Measurements were made with a Corning-Eel 7 pH
meter. pH Values were adjusted by using HCl and NaOH
solutions; the values quoted for the peptides were taken from
ref. 21.

All samples used were either commercial or prepared by
standard methods. The sample of polyglycine was ob-
tained from Miles Laboratories Inc., and the concentration
employed (125 mg in 1 ml of TFA) was equivalent to ca.
2M in the glycine residue. All other samples were run as
0.8—1.2m-solutions.
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