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SUMMARY

Brown, J. P., TERENIUS, L., FEENEY, J. & BURGEN, A. S. V. (1975) A structure-activity

study by nuclear magnetic resonance of peptide interactions with vancomycin. Mol.
Pharmacol., 11, 126-132.

The interaction of vancomycin with peptides related to acetyl-p-alanyl-p-alanine
has been examined by measuring the chemical shifts of all measurable protons on
the peptide when they form complexes with vancomycin. The objective was to test
whether alterations of the structures of neighboring groups are reflected in the
interactions of an unchanged index group. In general this is so, the COOH-terminal
alanine group showing least perturbation and the NH,-terminal acetyl group
showing the largest changes. The lability of the chemical shifts is a reasonable
indicator of the contribution of the parts of the molecule to the over-all binding
energy of the complex. When the structure of the ligand is changed, its topological
relationship to the binding site changes so as to achieve a free-energy minimum. This
makes linear addition of group free-energy components only an approximation.

INTRODUCTION

Structure-activity studies attempt to re-
late an alteration of binding affinity or
some other, more indirect parameter of
binding to a change in chemical structure.
For instance, in a homologous series where
there is replacement of a nonionizable
proton by a methyl group, the changes in
binding will be attributed to dispersion
forces, hydrophobicity, or steric interac-
tions. Usually the assumption is made in
all but the last case that the additional
forces introduced can be added to those
existing in the parent compound. There
may be cases in which this is at least
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partially true; however, in general it is
probable that structural alterations of the
ligand will lead to greater or smaller
changes in the spatial relationship of the
ligand and its binding sites as a result of
optimization of all available interactions.
Furthermore, if the ligand and binding site
are not rigid, the binding might involve
conformational changes which are also the
consequence of the thermodynamic drive
to the minimum energy state, and these
also perturb any simple linear addition of
free energy terms.

We have shown previously (1) that when
the simple peptide N-acetyl-p-alanyl-b-
alanine binds to the antibiotic vancomycin
large chemical shifts occur in the proton
resonances of the three methyl groups of
the ligand. Nieto and Perkins (2), in an
extensive study of the binding of small
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peptides to vancomycin, established the
structural criteria that determine the
strength of the binding. It seemed to us
that measurements of the chemical shifts
which accompany the binding of these
analogues might throw considerable light
on the questions discussed above, since in
many instances the chemical shifts reflect
the environments of the protons and can be
used to monitor small conformational
changes.

EXPERIMENTAL PROCEDURE

The peptides were acetylated by the
method described previously (1). Most
peptides were purchased from Sigma
Chemical Company or Cyclo Chemical
Corporation. Three of the peptides (acetyl-
p-Ala-bp-Glu, diacetyl-L-Lys-p-Ala-p-Leu,
and diacetyl-L-Lys-p-Ala-p-Tyr) were the
generous gifts of Drs. H. R. Perkins and M.
Nieto. The purity of all the peptides was
checked by NMR measurements. Van-
comycin hydrochloride was kindly supplied
by Lilly Research Centre, Ltd., England.
The NMR experiments were carried out
using a Varian XL 100-15 NMR spectrome-
ter operating at 100 MHz as described
previously (1). For examining the a-pro-
tons in the alanyl peptides the C-methyl
region was irradiated at a power sufficient
to decouple the a-proton quartet to a sin-
gle absorption band (see Fig. 1). All experi-
ments were carried out in D,0 buffered to
pD 5.5 (meter reading) in 0.05 M deuter-
oacetate buffer solution, and measure-
ments were made at 34.5°.

Proton assignments were made from
comparison of the observed chemical shifts
with the shifts of model amino acids and
peptides and, where necessary, from exam-
ining the effects of ionization on the chemi-
cal shifts. Chemical shifts were measured
at different concentrations of vancomycin
and the peptides; from these the binding
constants and bound chemical shifts were
obtained as described in the previous paper
(1). The 'H chemical shifts are reported in
Hertz measured at 100 MHz.

In our discussion of the results, the
residues are numbered from the COOH
terminus; the a-protons have the suffixes
“a” for the L-amino acid and “b” for the
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Fic. 1. 'H spectrum at 100 MHz of a-CH protons
decoupled from their adjacent CH, group in acetyl-D-
Ala-D-Ala (3 mm). [DSS is the reference, sodium 4,4-
dimethyl-4-silapentane sulphonate. ]

p-amino acid. These could not be assigned
in glycyl peptides and are arbitrarily called
“a” and “b” by analogy with the corre-
sponding alanyl peptides.

In all the complexes studied there was
rapid exchange on the NMR time scale
between the free peptide and peptide
bound to vancomycin.

Origins of bound chemical shifts. The
peptide bound chemical shifts result from
interactions with groups in vancomycin
(intermolecular) and from conformational
changes within the molecule (intramolecu-
lar).

The intermolecular contribution to the
bound chemical shift arises from the pep-
tide groups coming into close proximity to
anisotropic shielding groups, such as aro-
matic rings (ring current effects), or to
charge groups (electric field effects). It has
been established that there are five aro-
matic rings in vancomycin® which consti-
tute over one quarter of the total structure.
It is likely that in the binding site the
peptide is in close proximity to one or more
of these rings. Since even a single aromatic
ring current system can produce large
shifts (-2 to +4 ppm, depending on the
distance and orientation from the proton)

* K. Smith and D. H. Williams, personal commu-
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the potential of the five ring systems for
producing shifts is considerable (4). Where
shifts of greater than 1 ppm are produced,
none of the other sources of shielding to be
discussed is large enough to be held respon-
sible. Electric field effects on the shielding
could result from the charges of the NH,-
terminal N-methylleucine or the amino
group of vancosamine. Such shielding
would be expected when the peptide car-
boxylate group binds to the charged N-
methylleucine fragment of vancomycin. If
we assume that the shieldings of the pep-
tide protons are influenced in a manner
similar to that produced by protonation of
the carboxylate anion, then the maximum
effect predicted on the a-protons is a down-
field shift of approximately 0.25 ppm (25
Hz at 100 MHz), while the a-CH, [as in
Ala(1)] would be affected to less than 0.05
ppm (5 Hz at 100 MHz). Our analysis of
pH effects on the complex of acetyl-p-
Ala-p-Ala with vancomycin shows a
trivial pH effect on the shielding of the
two alanine methyl groups.

The intramolecular shielding effects
arise from the fact that the proton shifts of
the peptide are dependent on its conforma-
tion; the free peptide in solution exists as a
mixture of rapidly interconverting con-
formers, and the observed chemical shifts
correspond to the weighted average of the
shifts of the various conformers present in
solution. When the peptide forms a com-
plex with vancomyecin it is probably bound
in a single conformation because of the
constraints imposed by the binding. This
conformational selection could lead to a
chemical shift on binding. In glycine-con-
taining cyclic peptides (3) the glycyl a-
methylene protons have chemical shift dif-
ferences of up to 0.2 ppm (20 Hz at 100
MHz2z); this provides some indication of the
magnitude of the shielding effects from this
source. The chemical shift difference be-
tween methyl protons of N,N-dimethyl-
formamide enables one to estimate that
the shift difference between a-protons
that are either eclipsed by or trans to the
carbonyl group in a glycine peptide will
be about 0.3 ppm (30 Hz at 100 MHz).
The effects on a-methyl protons will be
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much smaller than this, and probably less
than 0.1 ppm.

These three contributions to the chemi-
cal shifts in the bound state are all capable
of being influenced by the orientation of
the peptide with respect to the binding site
on the receptor. Where the relative posi-
tions of groups are conserved the shifts will
be unaltered. On the other hand, a change
in the bound shift provides unequivocal
evidence that the spatial relationships
have been disturbed.

RESULTS

The results obtained for six peptides for
which it was possible to obtain reliable
bound chemical shifts of all the nonex-
changeable protons are summarized in
Table 1 and are considered in detail below.

Acetyl-D-Ala- D-Ala. The pattern of
shifts observed shows that the binding site
provides a very complex magnetic environ-
ment for the peptide. CH,(1a) is strongly
shifted upfield by 57 Hz; yet H(1b), which
is only distant by about 2.7 + 0.9 A, has a
shift of 4 Hz, so that the local field gradient
is approximately 20 Hz/A. A similar situa-
tion exists with the second residue,
CH,(2a), which is shifted upfield by 20Hz,
whereas H(2b) is shifted downfield by 23
Hz; the field gradient here is thus approxi-
mately 16 Hz/A. Both these residues
should serve as very sensitive indicators for
spatial relationships. The CH,(3) group is
shifted least of the three methyls.

Acetyl- L-Ala- D-Ala. No detectable bind-
ing was found between the peptide acetyl-
p-Ala-L-Ala and vancomycin, in confirma-
tion of the findings of Nieto and Perkins
(2). However, acetyl-L-Ala-p-Ala does
bind, although the binding energy is re-
duced by 2.3 kcal/mole compared with
acetyl-p-Ala-p-Ala. The bound shift of
CH,(1a) is not significantly changed com-
pared with that of the reference compound,
but the bound shift of H(1b) is now —7 Hz,
a downfield shift of 11 Hz. CH4(2b) shows
no shift, nor does CH,(3), but H(2a) is
shifted upfield by 20 Hz, a value similar to
that found for CHy(2a) in acetyl-p-Ala-
p-Ala.

These results suggest that the CH,(1a)
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TasLE 1
Association constants and bound chemical shifts (at 100 MHz) of protons in peptides bound to vancomycin

Upfield shifts are positive. Errors are +5%.

Peptide K Bound chemical shifts®
Residue 1a Residue 1b Residue 2a Residue 2b :!es;
ue 3:
CH, H CH, H CH, H CH, H CH,
M! H:z H: Hz Hz H:

Acetyl-p-Ala-p-Ala 14,000 +57 +4 +20 -23 +9
Acetyl-L-Ala-p-Ala 300 +60 -1 +20 0 0
Acetyl-Gly-p-Ala 6,000 +55 +7 +31 -46 +18
Acetyl-p-Ala-Gly 1,100 +132 -7 420 -45 +5
Acetyl-Gly-Gly 130 +180 -33 +47 -80 +26

Acetyl-p-Ala 150 +56 -14 +5°

‘A = Alroe - Abound‘
® Acetylmethyl.

group has not altered its orientation with
respect to the vancomycin binding site.
The change in H(lb) shift value may
reflect a different position of this proton; it
could also be accounted for by a change in
the conformation of the peptide required to
allow Ala(1) to interact in the face of steric
repulsion caused by the a-methyl group of
Ala(2). The absence of a shift for CH,4(3)
and CH;(2b) on binding must be due to
these groups being far away (>5A) from
any of the aromatic groups in vancomycin.
The +20-Hz shift of H(2a) could be due to
its presence in a position similar to the av-
erage position of the three protons in the
CH(2a) of acetyl-p-Ala-D-Ala, but it could
also arise from a conformational change in
the peptide. In acetyl-Gly-p-Ala, however,
where a sterically forced conformation is
unlikely, H(2a) shows a similar shift, sug-
gesting that the first explanation may be
correct.

It appears, then, that the insertion of the
L-alanyl residue has little effect on the
interaction of the terminal alanine residue
1 but that the acetyl group is no longer able
to interact as a result of the inability of
Ala(2) to fit the site.

Acetyl-Gly-D-Ala. In the free peptide
the glycine methylene protons are acciden-
tally equivalent and give rise to a single
resonance; however, in the complex this
becomes an AB quartet. In some of the
ligand-vancomycin complexes the outer

lines are not detectable and only the two
strong inner lines of the AB system are
seen. An AB system has been reported for
some free glycine peptides and has been
attributed to hindered rotation about the
N—C, bond and to the anisotropic shield-
ing effects of the carbonyl group. The
reported geminal coupling constants are
close to 17 Hz (4-6). The shifts of the
glycine resonances in bound acetyl-Gly-b-
Ala have been analyzed assuming J = 17
Hz.

In bound acetyl-Gly-p-Ala the shifts for
CH,(1a) and H(1b) are not changed from
those in the acetyl-p-Ala-p-Ala complex.
However, the shifts of H(2b) and CH,(3)
are doubled, and that of H(2a) is larger
than the value measured for acetyl-L-
Ala-p-Ala.

These results could be explained most
simply if the lack of the CH,(2) group
allowed the backbone of the acetyl glycyl-2
to move nearer the aromatic rings. It is
clear that neither the acetyl group nor the
backbone of residue 2 can be in the same
position as in the bound reference com-
pound.

Acetyl-D-Ala-Gly. In this peptide in the
free state the glycyl methylene protons
give a single resonance that becomes an
AB quartet on binding. In residue 2 the
shielding of CH,(2a) is identical with that
in the reference, but H(2b) is shifted down-
field by another 22 Hz. CH4(3), on the ot-
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her hand, is decreased from +9 to +5 Hz.
The H(1b) proton has a negative shift, and
H(1a) shows a large upfield shift that can
only come from the proton being in a
stronger ring current field than the methyl
protons of Ala(l) in the reference. The
large shielding difference between H(1b)
and H(la) almost certainly implies that
the glycyl moiety is bound in a rigid
conformation. The chemical shift changes
with respect to the reference compound in
residues 2 and 3 show that the substitution
of glycyl in position 1 affects the geometry
of these residues with respect to the bind-
ing site.

Acetyl-Gly-Gly. In this case all the reso-
nances are strongly shifted with respect to
those in the reference. The glycyl methyl-
ene protons give AB quartets (Fig. 2), and
the CH4(3) has a bound shift of +26 Hz.
H(la) is shifted even further upfield than
in bound acetyl-p-Ala-Gly, and H(1b) is
shifted downfield by 37 Hz. Correspond-
ingly large shifts are also found with H(2a)
and H(2b). This experiment makes it clear

a GLY 1 GLY 2

4.0 3.5

ppn: from DSS
Fi6. 2. 'H spectrum at 100 MHz of acetyl-Gly-Gly
in 10 mu solution at pH 6.0 (a) and 5 mM solution at
pH 6.0 (b) in the presence of 1.25 mM vancomycin
The glycyl methylene protons are now nonequiva-
lent and give two AB quartets.
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that the field in the binding site is strongly
anisotropic, corresponding to 120 Hz/A for
residue 1 and 72 Hz/A for residue 2. The
radical change in shifts of H(1b) and H(2b)
compared with the reference compound
shows that the orientation of the peptide
must be quite different from that in the
acetyl-n-Ala-p-Ala complex. Energy min-
imization gives a binding energy of only
—2.9 kcal/mole, compared with —5.7 kcal/
mole for acetyl-p-Ala-p-Ala. The interac-
tion energy of the two methyl groups must
thus be in excess of —2.8 kcal/mole.

Acetyl-D-alanine. This acetylated amino
acid binds as well as acetyl-Gly-Gly. The
shift of the CH,(la) is the same as for
acetyl-p-Ala-p-Ala, but H(1b) is shifted
downfield by 18 Hz. Thus, while the
CH,(1a) binds at the same site as in the
reference compound, the H(1b) position is
influenced by a change in the peptide
backbone allowed by the shortness of the
ligand.

Table 2 gives data on seven peptides
which have been studied in less detail.

D-Ala-D-Ala. Within the physiological
pH range it was not possible to detect bind-
ing of this peptide. Since the positively
charged NH;* group of residue 2 might
have prevented binding, we examined the
reaction at pH 10, where the amino group
is not protonated. Binding was demon-
strated, and the binding constant (200 M~?)
was one-eighth of that for acetyl-n-Ala-p-
Ala at this pH (1600 M-!). Nevertheless
the shifts of both CH,(1) and CH4(2) were
somewhat lower than for acetyl-np-Ala-b-
Ala, for which we have shown (1) that the
bound shifts at pH 10 are no different from
those at pH 5.5.

Acetyl-D-Ala-D-Glu and acetyl-D-Ala-D-
Thr. Both these peptides are bound much
more weakly than acetyl-p-Ala-p-Ala, pre-
sumably because the bulky side chains in
residue 1 prevent a satisfactory fit with the
sterically demanding subsite of the recep-
tor. In neither case is the shift of CH,4(2)
much changed, but CH,(3) is larger in both
instances and thus must reflect the dis-
placement of the peptide backbone.

Acetyl-D-Ala-D-Ala-D-Ala and D-Ala-D-
Ala-D-Ala. The addition of a further p-ala-
nyl residue has only a small effect on the
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TABLE 2
Association constants and bound chemical shifts (at 100 MHz) of protons in peptides bound to vancomycin

Upfield shifts are positive.

Peptide K Bound chemical shifts®
Residue1 Residue2 Residue3 Others
M Hz Hz Hz H2
Acetyl-p-Ala-p-Ala 14,000 57+3 201 861
(aMe) (aMe) (AcMe)
p-Ala-p-Ala (pH 10) 200 32+3 91
(aMe) (aMe)
Acetyl-p-Ala-p-Glu 600 26 +1 25+ 1
(aMe) (AcMe)
Acetyl-p-Ala-p-Thr 380 18 +1 15
(aMe) (AcMe)
p-Ala-p-Ala-p-Ala 1,800 57 19 -3
(aMe) (aMe) (aMe)
Acetyl-p-Ala-p-Ala-p-Ala 10,000 55 15+5 10+2 -7 + 0.5 (AcMe)
(aMe) (aMe) (aMe)
Diacetyl-L-Lys-p-Ala-p-Leu 2,700 304 -23+05 10 («AcMe)
(aMe) (BCH,) -7 (eAcMe)
(‘YCH:) - 12 (6CH|)
Diacetyl-L-Lys-p-Ala-D-Tyr 3,000 -43 B+1 7 + 0.5 (adAcMe)
(8CH,) (aMe) -6 x 0.5 (¢AcMe)

‘4 = Afree - Aboumh

stability of the complex. The shifts of
residues 1 and 2 are not significantly af-
fected, showing that they bind in the same
manner as in the reference complex. The
acetylmethyl protons are shifted down-
field, and the acetyl group is evidently still
near an aromatic ring in vancomycin. Just
as with the dipeptide, a free amino group
depresses binding very markedly, although
the shifts of CH4(1) and CH,4(2) remain
unchanged.

DISCUSSION

This system has proved to be useful for
illustrating the problems involved in as-
suming, in structure-activity studies, that
when one group in a ligand is changed, the
topological relationship between the other
groups and the receptor site is unaltered.

In this system it is clear that the position
of binding of the methyl group of Ala(1)
shows very little variation with structure of
other residues, and presumably this group
is located within a pocket in the receptor
site in which little relative motion is per-
mitted. The good fit of this part of the
interaction is also indicated by the large

effects on the energy of interaction pro-
duced by modifying this group. On the
other hand, the position of the a(1)H
probably varies more. The shift of the
methyl of residue 2 is less constant and is
affected by substitution, particularly in
residue 1. This methyl group also appears
to contribute less to the binding energy. It
is likely that the position in the binding
site for which it has affinity fits less well
than that for residue 1. The shift of the
N-acetylmethyl is very labile and can be
affected by changes in residue 1 or 2. It is
likely that the N-acetylmethyl residue may
act as a sensitive indicator of quite small
changes in the position and conformation
of the peptide backbone.

Since intermolecular forces are highly
sensitive to the distance between interact-
ing atoms, the changes in the topology of
the ligand when a group substitution is
made must contribute to the net change of
free energy of the complex. This cannot be
attributed simply to the interactive energy
of the index group. The results also suggest
that a group which makes a large contribu-
tion to the interaction (e.g., the a-methyl of
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residue 1) will be less subject to perturba-
tion by substitutions than one whose con-
tribution is small (e.g., the N-acetyl
group). Provided that an indicator group
can be shown to be in an anisotropic
shielding field, the lability of its chemical
shift in response to structural alterations
can be used to assess its contribution to
the stability of the complex.

CONCLUSIONS

A study of the chemical shifts of the
nonexchangeable protons on acetyl-p-
Ala-p-Ala when bound to vancomycin has
shown that characteristic bound shifts can
be found for each proton. The bound shifts
are dominated by shielding contributions
from intermolecular interactions with
groups in the highly inhomogeneous bind-
ing site of the vancomycin, with smaller
contributions resulting from intramolec-
ular changes in peptide conformation.
Modification of acetyl-p-Ala-p-Ala leads to
changes in the shifts for the replaced amino
acids, and frequently for adjacent groups
(in some cases up to 2 residues away). By
noting the bound chemical shifts which
remain constant despite modifications at
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other residues in the peptide it is possible
to define the parts of the molecule which
bind in a similar position in the complex
for different peptides.

It is concluded that the spatial relation-
ship of the peptide to the vancomycin
binding site depends on optimization of the
binding of the whole peptide and connot be
regarded as a linear addition of compo-
nents.
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