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Structure Elucidation of the Glycopeptide Antibiotic Complex A40926
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The structure of the two factors of the novel glycopeptide antibiotic A40926 have been determined using
a combination of FAB-MS, GC-MS and 'H n.m.r. studies. A40926 is a member of the vancomycin family
of antibiotics and is structurally related to teicoplanin, A35512B and aridicin.

A40926 Is a complex of glycopeptides produced by the
Actinomadura strain ATCC 39726, from which factors A and B
are the major recoverable species.! The A40926 complex is
purified from the fermentation broth by precipitation at acidic
pH followed by affinity chromatography on Sepharose-D-
alanyl-p-alanine.? Affinity to peptides terminating in D-alanyl-
D-alanine is characteristic of the vancomycin family of anti-
biotics.® The single pure factors are obtained by reverse phase
chromatography of the complex.!

A40926 Is of particular clinical interest because, in addition to
having in vitro activity against Gram positive aerobic and
anaerobic pathogens almost identical with that of teicoplanin, it
possesses activity against Neisseria gonorrhoeae, a Gram
negative coccus which is responsible for gonorrhea.! It is the
first member of the vancomycin family to show such activity.

The structures of the two factors of A40926 have been
determined using a combination of 'H n.m.r. spectroscopy, fast
atom bombardment mass spectrometry (FAB-MS), chemical
degradation and gas chromatography-mass spectrometry (GC-
MS). One and two dimensional 'H n.m.r. techniques were
employed including 2-D correlated spectroscopy (COSY) and
nuclear Overhauser effect (n.O.e.) spectroscopy (NOESY). The
strategy used was a modification of that employed previously in
the structure elucidation of teicoplanin* in this laboratory. The
vancomycin family have a good deal of structural homology,
especially in the peptide portion, which is of great assistance in
structural studies. Consequently, considerable reference and
comparison will be made to the structures of vancomycin,®
ristocetin,® and teicoplanin.*7+8

Results and Discussion

Analysis by paper chromatography of the products of hydro-
lysis of both factors in 2M-H,SO, revealed the presence
of mannose and a second, unidentified, reducing sugar.
Potentiometric data obtained in the mixed solvent methyl-
cellosolve—water (4:1) indicated the presence of two free
carboxyl groups in the factors.

The molecular weights of factors A and B were determined
to be 1716 and 1 730 daltons respectively by FAB-MS. The
isotope pattern of each molecular ion was characteristic of a
ristocetin-type peptide with two chlorine substituents.®

Preliminary 'H n.m.r. studies indicated that, in addition to an
aglycone, a long chain fatty acyl group and probably two sugars
(by integration) were present. The aglycone appeared to be
similar to those found in ristocetin and teicoplanin. Con-
sequently, the fragment ions observed by FAB-MS may be
assigned as shown in Table 1 with both the mannose and the
second sugar (which will be referred to as the ‘acid sugar’ as it
contains one of the carboxyl groups, see later) being terminal.
The molecular weight of the aglycone portion is thus 1211
daltons.

Table 1. Molecular ions and fragment ions observed in the positive ion
FAB-MS spectra of A40926 factors A and B

Mass loss
Factor A Factor B from MH*  Ion

1717 1731 0 MH*

1683 1697 34 Cl replaced by H in MH*
1687 44 MH* - CO,

1555 1 569 162 MH* — mannose

1374 343 MH™* — acid sugar A®
1374 357 MH* — acid sugar B*

¢ Acid sugar A = acid sugar of factor A; acid sugar B = acid sugar of
factor B.

It can be concluded from the FAB-MS results that the
molecular weight difference between factors A and B (14
daltons) exists in the acid sugar. This is because the [M H* -acid
sugar]™ ions of both factors have the same molecular weight.

The arguments defining the structure of the aglycone and the
sugars will be detailed for one factor, factor B, and the
differences occurring in factor A discussed later. The numbering
system used is depicted in Figure 1, and is that employed
previously for teicoplanin.* In this text, the numbering system
will be used to describe a single proton except where stated
otherwise.

Structure of the Aglycone—The aglycone portion of A40926
was characterised by 'H nm.r. The 'H n.m.r. spectrum of
A40926-B in (CD,),SO possessed broad lines at room
temperature which sharpened upon heating of the solution.
However, during heating, new resonances were discernible
above ca.40 °C, indicative of decomposition. To avoid this
problem, two solvent systems were used, in which both factors
of A40926 gave sharp 'H n.m.r. resonances at room temperature
without decomposition. These were 1:1 (CD,),SO-CD,Cl, +
0.29% CF;CO,D and 5:2 D,0-CD,CN. A spectrum of factor B
in the former solvent is reproduced in Figure 2.

Double quantum filtered phase sensitive COSY (DQFCOSY)
spectra of A40926-B in solvents A and B allowed the assignment
of seven aromatic spin systems, including one at anomalously
high field which is characteristic of ring 4 of the vancomycin
family.> The aromatic systems consisted of one 1,4-disubsti-
tuted, three 1,2,4-trisubstituted, and three 1,2,3,5-tetrasub-
stituted rings. Couplings close to the diagonal were not
unambiguously discernible in the absence of the double
quantum filter. Other immediately observable spin systems
included five NH-«CH, one NH-xCH-BCH ,, one anomeric-CH,
and one anomeric-CH-NH systems.

Assignment of the protons of the peptide backbone and their
relationship to the aromatic rings was achieved by using n.O.e.s,
obtained from a phase sensitive NOESY experiment, in com-
bination with the above scalar coupling information. An N-
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Figure 1. Structure of A40926, showing the proton nomenclature: factor A (la) and factor B (1b)

methyl group on the N-terminus, identified by its characteristic
downfield shift on the addition of acid, was a convenient starting
point from which to base the assignments. It has an n.O.e. to 1f
from which ring 1 can be assigned. The ring 3 assignments can
be found from the ring 1 assignments using the n.O.e. between
1band 3f. The N-methyl group also shows an n.O.e. to x1, which
in turn shows an n.O.e. to w2. Scalar coupling leads through x2
to z2 and z2’ (which were misassigned in teicoplanin *) which
have n.O.e.s to 2f and 2b respectively. The ring 4 assignments
can be made following the ring 2 assignments using the n.Oe.
between 2c and 4b.

The n.O.e. between 4f and x5 leads into the ‘n.O.e. nest’
(involving protons x5, 5b, x6, z6, 6b, and w7) which is
characteristic of the carboxy terminus of the vancomycin family
(see e.g. ref. 5). Hence rings 5 and 6 can be assigned. Ring 7 can
be assigned using a slowly building n.O.e. between w7 and 7f.
Thus the identity of all the aromatic spin systems may be
derived from the methyl group of the N-terminus. N.O.Es
between w2, w3, and w4 complete the assignment of the NH-

* Previously misassigned in reference 4; J. P. Waltho and D. H. Williams,
unpublished results.

«CH systems. Further n.O.e.s support the above assignment,
which is listed in Table 2.

The only one remaining ambiguity about the two dimen-
sional structure of the aglycone portion was the position of the
chlorine substituent of ring 3. There are two pieces of evidence
to support the structure shown in Figure 1.

Firstly, the proton x3 in A40926-B is ca. 0.7 p.p.m. downfield
of the analogous protons in ristocetin and teicoplanin. It is
therefore of almost identical chemical shift with x3 in A35512-
B!° (8 594 p.p.m) which has been shown by degradation
studies to have a chlorine in the 3b position.!

Secondly, model n.O.e. studies support the same conclusion.
Proton 3f is meta-coupled to a single proton, ie. a proton at
position 3b or 3d (the other position being occupied by a
chlorine atom). Examination of molecular models shows that a
proton at position 3d has no near carbon-bound proton
neighbours and so a fast building n.O.e. would not be expected.
In contrast, a proton at position 3b should have a large n.O.e. to
x3. Teicoplanin A3-2 (T-A3-2) possesses a proton at both
positions 3b and 3d,*” and so is a good model from which to
distinguish between the two possible isomers of ring 3 in
A40926-B. The 'H n.m.r. spectrum of T-A3-2 in 5:2 D,O-
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Table 2. Chemical shifts and coupling constants of the carbon-bound protons of the aglycone portion of A40926 factor B* compared with analogous
data for teicoplanin (T-A3-2),* ristocetin A,° and A35512B*°

Proton®¢

x1
x2
x3
x4
x5
x6
x7
z2

3

5.37
4.84
6.09
5.49
4.41
4.08
4.50
2.88
332
5.06
6.67
6.96
7.12
1.07
7.03
6.93
7.74
6.71
6.39
5.76
5.04
7.06
6.71
6.71
7.64
7.19
1.39
6.75
6.44
2.45

A40926

oo 00 00 00 OO
P Q000 2oL
v » » C Q0w wv wwv®n

T-A-3-2
—_—
1) J

4.6 s
497 ddd
5.34 10.4
5.60 8.2
4.30 5
4.13 12
446 6.1
2.84 13.5¢
3.31 dd?
5.30 s
6.67 s
7.11 8.3
6.92 8.3
7.26 nc
nc nc
7.18 8
7.60 8
6.39 s
6.29 s
5.57 s
5.10 s
7.05 s
6.65 8.4
6.70 8.4
7.84 s
7.21 8.4
7.27 8.1
6.36 s
6.29 s
nc nc

Ristocetin A

—
) J

483 s
5.09 dd
5.25 10
5.65 82
473 6.5
4.38 12
455 5
nc nc
nc nc
5.17
6.59
7.18
7.03
7.12
7.29
7.25
7.86
nc
6.42
5.85
5.38
7.26
6.77
6.84
7.55
7.20
7.41
6.85
6.32
nc

NNoooog«Soon w »n B oo oo n »

=3
o

A35512B

—_—

8

5.50
5.10
5.94
5.56
4.59
4.31
4.39
nc
nc
5.10
6.63
7.14
7.26
7.10
7.14
7.07
7.96
6.66
6.54
5.84
5.18
7.26
6.72
6.74
7.50
7.15
7.41
6.44
6.06
nc

J

10.5

11
5.5

nc

nc

nc

2 Spectra were recorded under the same conditions as in Figure 2; s = singlet or J < 3 Hz, (d)dd = (doublet of) doublet of doublets, o =
overlapping (second order) spin system, nc = not comparable. * The nomenclature is that indicated in Figure 1 and was previously introduced
for teicoplanin.* €3 in p.p.m.; J in Hz. ¢ See footnote on page 2104, left-hand column,

-

1
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4

Figure 2. 400-MHz 'H n.m.r. spectrum of A40926 factor B at 290 K in 1:1 (CD,;),SO-CD,Cl, + 0.2% CF;CO,D
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CD;CN was assigned by COSY and NOESY experiments. As
expected, the proton at 3b showed a strong n.O.e. to x3, whereas
the proton at 3d showed no n.O.e.s. The absence of an n.O.e. in
A40926-B under identical conditions from the proton mera-
coupled to 3fis evidence that the chlorine atom occupies the 3b
position and ring 3 has protons at positions 3d and 3f, as
observed in A35512-B.!°

It may be argued that the second point above is dependent
on A40926-B adopting a conformation very similar to that of
T-A3-2. Considering n.O.e. data from throughout the molecule,
this indeed appears to be the case. However, irrespective of this,
in A40926-B and T-A3-2, every phenyl glycine-derived residue
with two protons ortho to the «CH linkage shows an n.O.e.
between the «CH and one of the ortho protons. The proton 3f in
A40926-B does not show an n.O.e. to x3 and so a proton at 3b
would be expected to do so.

The pattern of n.O.e.s observed in A40926-B is very similar to
those observed in teicoplanin *7-® and ristocetin,® except where
obvious structural differences occur. Indeed the similarity is
such that, in combination with & and 3J, values (see Table 2),
it can be concluded confidently that the stereochemistry of all
the constituent amino acids is the same as that reported for
teicoplanin and ristocetin.

In summary, the 'H n.m.r. spectrum of A40926-B is consistent
with a teicoplanin-type aglycone with an N-terminal methyl
group and a chlorine at position 3b and not position 2c (see the
aglycone portion of the structure reproduced in Figure 1).

Structure and Linkage Sites of the Sugars—As mentioned
above, each A40926 factor contains two sugars, mannose and an
acid sugar, the latter being at this point uncharacterised. The
non-exchangeable protons of both sugars may be assigned in
the 'H n.m.r. spectra of A40926-B, using the aforementioned
DQFCOSY and NOESY spectra. The anomeric proton of
mannose has been named ‘M1°, with the proton bonded to the
adjacent carbon, ‘M2’, and so on around the ring to the geminal
protons ‘M6’ and ‘M6’. The nomencalture of the acid sugar is
given in Figure 1.

In combination with the above FAB-MS results, the identity
of one sugar unit as mannose may be confirmed by the values of
the 3Jyy coupling constants around the ring (e.g. M1-M2 and
M2-M3 have 3/ < 3 Hz). A strong n.O.e. between the
anomeric proton M1 and the aglycone proton at 7d (and not
between the anomeric proton and 7f) indicates that mannose is
glycosidically linked to the phenolic oxygen at position 7c, as
observed in teicoplanin and ristocetin. The presence of an
n.O.e. between the protons at M1 and M2, but not between
those at M1 and M3, is evidence that mannose is present as the «
anomer * (D stereochemistry is assumed, by analogy to teico-
planin*” and ristocetin 5-12),

The second sugar is made up of two parts, a pyranose ring
and a fatty acyl group. The anomeric proton G1, assigned on
account of its chemical shift (5.36 p.p.m.), possesses a 9.7 Hz
coupling with G2, indicative of a trans-diaxial relationship
between them. Proton G2 has a 7.2 Hz coupling with an amide
NH (G2NH) and a ca. 8 Hz coupling with G3. Proton G4 is
linked to G2, and proton G5 to G1 and G3 by fast building
n.O.e.s, and so it is proposed that all the pyranose CH protons
are axial. Hence, the pyranose has the same stereochemistry
around the ring as glucose.

An n.O.e. between G2NH and F2 links the fatty acyl chain to
the sugar amide nitrogen. The chemical shift of F1 (2.00 p.p.m.)
is consistent with such an acylation. The precise nature of the
fatty acyl chain was determined by GC-MS using the method of

* NOESY spectra were run on teicoplanin A3-2 and ristocetin A under
identical solvent conditions with those used for A40926.
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Barna ez al.* Acid hydrolysis of A40926-B using a two-phase
system (2M-HCl-n-hexane), followed by esterification of the
resulting carboxylic acid with diazomethane and derivatisation
with pyrrolidine, produced a single fatty acid N-pyrrolidide by
GC. A Molecular ion (M ™) at m/z 253 indicated that the fatty
acyl group was a derivative of dodecanoic acid. A fragment ion
at M — 15, noion at M — 29, but subsequent fragment ions at
14 am.u. intervals reducing in mass from M — 43, is
characteristic of a linear long-chain fatty acid with an iso
terminus.'* Further evidence for an isoterminus to the fatty acyl
group is present in the 'H n.m.r. spectrum where there is a six
proton high-field methyl doublet with a *Jy,; coupling of 6.5 Hz.

The masses of the fragment ions observed by FAB-MS
indicate that the molecular weight of the pyranose portion of the
acid sugar is 16 a.m.u. greater than that of a glucosamine
derivative. This is consistent with the second carboxy group
(identified above using potentiometric titrations) constituting
part of the pyranose system. Again assuming D-stereochemistry
for the sugar, the 'H n.m.r. data are characteristic of the
anomer of a 2-amino-2-deoxyglucuronic acid derivative, where
the 2-amino group is acylated with isododecanoic acid.

The site of linkage of the acid sugar to the aglycone was more
difficult to define by 'H n.m.r. than that of mannose. No large
n.O.e. was observed between the anomeric proton G1 and the
aglycone. Such a situation would be expected only if the acid
sugar were linked to the para phenolic oxygen of ring 4 (position
4d). Careful irradiation of G1 and the aromatic proton 2e
showed that they possessed a mutual slow building n.O.e. The
site of linkage of the acid sugar is therefore proposed to be at the
position 4d.

In summary, the aglycone of A40926-B has two sugars glyco-
sidically linked to it. One is x-D-mannopyranose linked via
position 7c and the other is consistent with 2-deoxy-2-[(1-
0x0-10-methylundecyl)amino]-B-p-glucopyranosiduronic acid
linked via position 4d. The derived structure (1b) of A40926-B is
reproduced in Figure 1.

Structure of Factor A—Factor A of A40926 was analysed in
an identical way with that for factor B above. From the FAB-
MS results (Table 1) it was known that the difference between
the factors (in terms of the molecular weight at least) lay within
the acid sugar. '"H N.m.r. studies confirmed that the aglycone
portions, and the linkage of mannose, in both factors are
identical. Analysis of the fatty acid group N-pyrrolidide by
GC-MS confirmed that the fatty acid group was 14 am.u less in
molecular weight in factor A than factor B. Moreover, the
fragmentation of the molecular ion in EI-GCMS was character-
istic of a non-branched fatty acyl chain.'® That is, the mass
spectrum showed a molecular ion (M **), alower intensity ion at
M — 15, and high intensity ions at M — 29, M — 43, M — 57,
etc. Again the molecular weight of the pyranose ring of the acid
sugar was indicative of the presence of a free carboxy group. 'H
N.m.r. confirmed that all the pyranose CH protons are axial and
that the linkage to the aglycone is via position 4d. It is therefore
proposed that the acid sugar in A40926-A is 2-deoxy-2-[(1-
oxoundecyl)amino]-B-D-glucopyranosiduronic acid. Hence, the
proposed structure for A40926-A is (1a), shown in Figure 1.

The proposed structures for the factors of A40926 are similar,
though not identical, to the aridicin family of glycopeptide
antibiotics reported recently.!*

Experimental

FAB-MS mass spectra were recorded on a Kratos MS-50
instrument fitted with a standard FAB source and a high-field
magnet. The sample (ca. 10 nmol) was dispersed in a few
microlitres of a matrix (typically 1:1 a-thioglycerol—diglycerol)
and bombarded with a 6—9 keV beam of Xe atoms. GC-MS
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was performed using a column of SE-54 and a programmed
temperature rise (100—280 °C) in a Finnigan 4000 instrument.
Mass spectra were recorded at 1-s intervals using EI (70 eV)
ionisation.

'H N.m.r. spectra were recorded on Bruker AMS500 and
WM400 spectrometers equipped with Aspect 3000 and 2000
computers respectively. Solutions of A40926 were approx-
imately 15mm in 1:1 (CD,),SO-CD,Cl, with 0.29 (v/v)
CF,CO,D or 5:2 D,0-CD;CN. Before dissolution in the last-
named solvent system, samples were dissolved in D,O and
lyophilised to replace the exchangeable protons. Quadrature
detection was used throughout with spectral widths typically
5000 or 4 000 Hz, depending on the spectrometer used. Smaller
spectral-width COSY and NOESY experiments were run to
reduce the sampling time whilst retaining resolution. The built-
in electronic filter was set to the desired spectral width to
minimise ‘folded” peaks in f,. Spectra needed to be analysed
with some care but ‘folded’ crosspeaks could, if necessary, be
identified by re-recording the spectrum with a small change in
the spectral width.

COSY, DQFCOSY and NOESY spectra were run in the
phase sensitive mode using time-proportional-phase-incre-
mentation in f,. The carrier was placed in the centre of the
spectrum. In general for DQFCOSY and NOESY experiments
covering ca. 10 p.p.m., 1 024 or 512 2K spectra were recorded,
each consisting of 16 or 32 scans. These figures were corre-
spondingly smaller for the smaller spectral-width experiments.
The relaxation delay was approximately twice the longest ¢,
value and each 2D spectrum took about 12 hours to record.
Data sets were multiplied by Lorentzian—gaussian functions
and zero filled once in f, before Fourier transformation.

Identification of the Fatty Acid Group.—A40926-B (5 mg) was
hydrolysed in aqueous HC1 (2M; 10 ml) under n-hexane at 80 °C
overnight. The cooled mixture was separated and the hexane
layer was washed with H,O (5 ml) and dried. Excess of ethereal
diazomethane was added (5 min) and then removed under a
slow stream of dry N,. The methyl esters were analysed by GC
and GC-MS. Factor A was treated similarly.

Solutions of diazomethane in diethyl ether were prepared
from Diazald-KOH.

A sample of the methyl ester (20 pg) was heated in
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pyrrolidine~-AcOH (10:1; 0.5 ml) for 40 min at 100°C in a
sealed vessel. The cooled mixture was extracted with n-hexane
(2 x 2 ml) and the combined extracts were washed with dilute
HCI1(0.1M;2 x 500 ul) and H,O (500 pl), dried and analysed by
GC and GC-MS.
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