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Spectroscopic evidence suggests the presence of a highly strained ether ring
(Fig. 1) (possibly an epoxide) in the Clz-subunit of the previously determined partial
structure 2a (Fig. 2) of the major neocarzinostatin chromophore (NCS-Chrom A) which
completes assignment of all the oxygens in the molecule. The main product from
mercaptan treatment suggests opening of the ether ring involving the addition of one
molecule of mercaptan as well as reduction of the C,,-substructure, whereas a parallel
two-step reduction occurs on NaBH, treatment. Bo%% reactions occur with rearrange-
ment of the C,,-substructure and the implication for the mechanism of action of
NCS-Chrom A in DNA strand scission activity is discussed. The evidence suggests a
downward revision of the molecular formula for NCS-Chrom A as well as minor
components B and C by two protons.

We recently proposed (1,2) partial structure 2a (Fig. 2) for the major biologically
active non-protein chromophore, NCS-Chrom AI(CasH35N012’ MW 661) of the anti-
tumor protein antibiotic neocarzinostatin (NCS) (3,4), consisting of cyclic carbonate
(1,3-dioxolan-2-one), 2-hydroxy-5-methoxy-7-methyl-1-naphthoate and 2,6-dideoxy-2-

methylaminogalactose moieties linked to an incompletely defined Clz-substructural unit.

IAbbreviations: NCS, neocarzinostatin; NCS-Chrom A, B and C, neocarzinostatin
non-protein chromophore components A, B and C; HPLC, high pressure liquid chroma-
tography; MS, mass spectra; HRMS, high resolution mass spectra; El, electron impact;
FD, field desorption; FAB, fast atom bombardment; MW, molecular weight; TMS,

-Si03H BSTFA, bis-trimethylsilyl-trifluoroacetamide; NMR, nuclear magnetic

8;
resonance; (ppm), chemical shift in parts per million; J(Hz), coupling constant in
. . . . - . . 1,2,3
Hertz; J gem’ geminal coupling constant; J vie’ vieinal coupling constant; Jd 13C -IH’

one-, two- and three-bond 130-1H coupling constants; s, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet; APT, attached proton test; SFORD, single-frequency off-

resonance decoupling.
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Minor components NCS-Chrom B 2b (C34H37N0u, MW 635) and C 2¢ (Ca5HagNO, g,
MW 693) (Fig. 2) were found to be solvolysis products of A involving opening of the
cyelic carbonate ring (5). The molecular formulae were derived by HRMS of the
trimethylsilylated derivatives of the mercaptan reaction products, either CHasH or
HSCHZCOZCHs, on the assumption that no reduction accompanies the addition (2). No
vaporisable product for MS analysis either by electron impact (EI) or field desorption
(FD) was obtained in the absence of mercaptan treatment.

We now have strong 1H and 1?'C NMR as well as further MS (FAB) evidence
to suggest that addition as well as reduction is implicated in the reaction of NCS-Chrom
A with mercaptan, necessitating a downward revision of the molecular formula for
NCS-Chrom A by two hydrogens and similarly for B and C. Furthermore, we wish to
elaborate on the reactive moiety in the Clz-subunit, the main source of instability of
the chromophore (1,4,6) and its modification by mercaptan and sodium borohydride,
reagents required for the chromophore's ability to cause DNA damage in vitro (4,7,8,9).
In particular, we present evidence in support of a strained ether ring (Fig. 1), possibly
an epoxide, in addition to the earlier assigned oxygen functions.

MATERIALS AND METHODS

NCS (clinical ampules, Kayaku Antiboties, Tokyo, containing 1.3 mg NCS per
ampule, 90 and 10%, respectively, of NCS-Chrom A and B) was stored frozen in 0.015M
sodium acetate, pH 5. Deuteromethylthioglycolate (DSCH,CO,CH,) was prepared by
diluting HSCH,CO CHgq to 0.5M in CH,OD at RT, at least %2 hours before using. The
chromophore wWas gﬁ(tracted with 0.1M gcetic acid in methanol from drug after dialysis
against 0.1M acetic acid followed by lyophilization. For the reactions with deuterated
reagents, the salt-free NCS was lyophilized from CD COZD in DZO’ and the chromophore
extracted uéith 0.1M CD,CO,D in CH,OD. The dialysis, extraction and reactions were
done at 4°C in the. dark. "NCS-Chrom A and B, and the reaction products with
NaBH 4/NaBD 4 and mereceptan, were separated by HPLC on a Waters u Bondapak C1
column (3.9 mm x 30 em) (1) in 0.01M ammonium acetate, pH 4, with a gradient o%

WAL o on
CO —0— CHi |0 —f" 3 3
CH, 4 OH o HY 3 oH
>_'13 CHy on
o

OCH 3

Figure 1. Newly proposed partial structure of NCS-Chrom A incorporating the
remaining oxygen function in the Clz-subunit as an ether ring (possibly
an epoxide).
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50 and 80% methanol (4,10,11). The reaction of NCS-Chrom in 0.1M acetie acid with
solid NaBH, was followed by HPLC, observing the loss of the original chromophore
(retention time, 63 min) and generation of the major product (retention time, 42 min)
(11). A similar product from NCS-Chrom B elutes at 41 min. The methylthioglycolate
produet was prepared by addition of the thioglycolate to an acidic methanol suspension
of NCS. Excess thioglycolate was removed by concentration under reduced pressure
and lyophilization. The reaction products were extracted with methanol and separated
by HPLC. The major mercaptan product of NCS-Chrom A elutes at 46.5 min (11).
An identical mercaptan product was isolated from the reaction of mercaptan with a
protein-free chromophore extract in acetic acid in methanol. The HPLC profile of
the mercaptan reaction products is very similar to that of the NaBH, reaction produets,
with a significant minor peak, 8.5 min, identified by MS as the naphthoic acid of
NCS-Chrom (11). An estimated 30% yield of the major NeBH 4 OF Mmercaptan product
was isolated by HPLC. The fractions separated by HPLC were collected on ice, the
methanol removed by evaporation under reduced pressure, the sample frozen and
lyophilized.  The lyophilized samples were redissolved in a minimum volume of
appropriate protonated or deuterated solvents for MS or NMR.

1y NMR spectra of the NaBH 4/NaBD and mercaptan p{gducts were obtained
in CD COZD at 25°C on a Varian SC—306 specirometer. C NMR spectra of
NCS-C?\rom (90% A, 10% B) (and a confirmatory 'H NMR spectrum (see Table 1)),
were obtained on a Bruker WM-250 instrument at 0°C in a 10 mm tube. The sample
was obtained by extraction of 200 mg dialyzed clinical NCS with CD,CO,D (20 ml),
eoncentration to 2 ml and dilution to 2.5 ml with CD,OD. EI-MS data were obtained
on a Finnigan MAT-212 mass spectrometer after trimeghylsilylation with BSTFA in dry
pyridine (see Table 2). FAB spectra were obtained on a Varian model 731 instrument
fitted with an Ion Tech saddle field gun operating at 8 Kv/0.1 ma. The samples were
dissolved in a glycerol gmatrix containing p-toluenesulfonic acid on a sample probe of
our own design with 70" angle of incidence for the ion beam.

RESULTS AND DISCUSSION
We previously showed that trimethylsilylation after mereaptan treatment of

NCS-Chrom A gives a tetra~TMS derivative implicating four exchangeable protons, none
of which were at the time assumed to be formed in the mercaptan trestment (2).
Two of these are associated with the sugar ring (the sterically hindered secondary
amine is not silylated), and one each for the naphthoate and Clz-substructure (see 23,
Fig. 2). This leaves six carbon-bound protons in the C, o7subunit, only five of which

13¢ NMR data

have so far been observed in 1y NMR spectra. We now have obtained
on the unstable chromophore in CD3C02D:CD30D (4:1) at 0°C which confirms the
carbon count of 35 and a non-active proton count of 29 from both 'gated as well as
APT spectra (12). All of the protonated carbons (Table 1) were readily assigned on the
basis of SFORD experiments and comparison with chemical shift data of model
compounds (13,14). Assignments of the quaternary carbons of the naphthoic acid ring
were made by comparison of chemical shift and two- and three-bond 13C—lH coupling
constant data with those of methyl salicylate and naphthalene derivatives (14), allowing
the remaining five methine and eight quaternary carbons to be assigned to the

C,,~subunit and the carbonyl carbon of the cyelic carbonate.

12
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Table 1. 'H and 13C NMR Assignments of NCS-Chrom A in CD,C0,D-CD,OD
— (4:1) at 0°C -

Assignment 1y ¢ ppm)a’b B¢ ppm) _1-_1130 IHb 3,3—'-]13(: IHb
$5'-CH, 1.26 d (6.5) 164 ¢ , 127 sharp s
N7-CH 2.64 s " 20 obgc
s2-NCh, 3.02 s 3.1 o 145 sharp s
M 4.17 d (L1) 55.0 d, 197 sharp s
N5-OCH, 3.83 s 55.6 g |, 145 sharp s
s 3.72 dd (3.5,10.5) 59.2 4% " 147 v.br.m
M - ( ) 63.6 s g - v.br.m
CC-CH 4.55 ad (5, 9 155
2 4.76 dd (8, 9) 68.0 "g 160 s

S3' 4.26 dd (2.5, 10.5) 68.0 dg 143 br.m
S5 4.10 q (6.5) 68.9 dg 141 br.s
s4' 3.90 4 (2.5) 72.2 d d’ 148 br.s
CC-CH 4.93 dd (5, 8) 76.0 dg 162 sharp s
M 5.12 br.s 81.3 dd 151 br.m
M 6.24 br.s 82.7 d 157 br.m
M - 87.3 s - br.s
gl‘ - 90.5 sf,h - br.s

1 5.77 d (3.5) 95.3 d 169 br.s
M - 97.6 s; - d (4.5)
1;4:1 - 99.7 s d - br.m

8 7.81 d (2) 104.2 d 161 d (4)
M - 105.9 S¢ - br.s
M 5.82 br.s 106.5 d_ ; 172 d (@)
N3 7.02 d (9) 116.4 d&, 165 sharp s
N§ 6.90 d (2) 17.7 & 161 v.br.m
N1 - 124.1 s™ - br.m
M - 129.9 s - br.m
N4 8.10 d (9 134.0 did 159 sharp
N8e - 135.0 s; - sharp d (7)
N7 - 138.3 g - br.m
M 6.82 br.s 139.6 ~174 br.s
CC-C=0 - 155.9 5 - v.br.m
N5 - 160.4 s - br.m
M - 160.7 s; . - br.s
N2 - 164.5 s - sharp d (11)
Nl-COzR - 172.6 s - sharp s

Chemical shifts ( ¢) are given in ppm downfield of internal tetramethylsilane.
Abbreviations: N = naphthoate, S = aminosugar, M = C1 -subunit, CC = cyclic
carbonate, s = singlet, d = doublet, ¢ = quartet, m = miltiplet, v = very,
a br = 1broad, obsc = obscured
The "H NMR chemical shifts for NCS-Chrom A in CD3C02D in Table 1 of Ref. 2
b should be displaced by 0.09 ppm.

Coupling constants are given in Hz
obscured by the CD COZD methyl peak
fassig'ned unequivocally on the basis of SFORD
&L€  Cannot be distinguished on the basis of SFORD
assigned by comparison with 2-amino-2-deoxy-galactose hydrochloride (13)
assigned by comparison with naphthalene derivatives (14)
assigned by comparison with methyl salicylate .
assigned by comparison with the value (155.9 ppm, CD4CO,D) in propylene
carbonate

k

Noteworthy is the methine at 55.0 ppm, correlating with the proton doublet

130_

(J-=1 Hz) at 6 4.17, which is characterized by an unusually large 1y coupling

constant of 197 Hz. This is strongly suggestive of s strained epoxide on the basis of
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Table 2. Critical HRMS data on trimetlaylsilyl derivatives of NaBH 4 reduction
product of NCS-Chrom A and B

Assignment A B
M C35H37N012.TMS4 C34H39N011.TM56
(Found 951) (Found 1069.4916)

(Cale 1069.4895)

M-CHy C3qH3yNO 9. TMSy 5/3  Cy3H3gNOy . TMS; o)

(Found 936.3643) (Found 1054)
(Cale 936.3662)

M-C13HI2O4.TMS1 C221-125N08.'I‘MS3 C21H27N07.TM55
(Found 647.2744) (Found 765.3785)
(Cale 647.2766) (Cale 765.3764)

M-C,7H14N03.TMS2 C281'12309.TMS2 C27H2508.TMS4

(Found 631.2168) (Found 749.3198)
(Cale 631.2184) (Cealc 749.3182)

a The composition of each fragment ion is given with the observed and calculated
high resolution mass values in brackets. The mass ions at m/z 951 and 1054
were too weak to be measured. The number of trimethylsilyl groups was verified
by comparison with perdeutero-TMS derivatives.

chemical shift (15,16) and by comparison of the 1y of the normal value of 178

13-~.1
C-"H
Hz for the methine in styrene epoxide (§53.3 ppm) and a value of 199 Hz for the

strained epoxide 3 (857.8 ppm). Although an oxetane ring cannot be completely ruled
out for lack of suitable data, further discussion will be made in terms of an epoxide.

This interpretation accounts for the last oxygen atom of the chromophore and suggests

H
C!'l3
ArCO _0_{ Clzl'l‘ OR'
OH OH
OR
2a, NCS-Chrom A 2, R=H » NC8-Chrom B

2¢, R = COCH,, NCS-Chrom C

Figure 2. Previously proposed (1) partial structures of the major (NCS-Chrom A)
and minor (NCS-Chrom B and C) active chromophores of NCS.
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c()2Cl-l3

co 2Cl'l 3

Figure 3.

a revision of the elemental composition of C35H35N012 (MW 661) to C35H33NO12
(MW 659), consistent with the number of non-exchangeable protons in the NMR spectra.
Contrary to the earlier tentative assumption (2), treatment with a mercaptan therefore
appears to generate a hydroxy group.

We were able to investigate this hypothesis further by examination of the
chromophore directly by Fast Atom Bombardment (FAB), a technique recently acquired
in our laboratories (17). Under protonating conditions, positive-ion FAB of a sample
of chromophore freshly extracted from elinical NCS resulted in a strong peak at m/z
660 for NCS-Chrom A and a smaller one at m/z 634 corresponding to the 10% minor
NCS-Chrom B component (1). These values, indicative of molecular weights of 659
and 633 for NCS-Chrom A and B, respectively, are strongly supportive of the NMR
data.

Sodium borohydride reduction produet. This reaction is of interest as the requirement

for mercaptan in the in vitro DNA scission activity of NCS-Chrom A can be replaced
by NaBH 4 8 was reported for native NCS (7). Changes in the absorption and
fluorescence spectral properties resulting from borohydride treatment are similar to
those observed for mercaptan and have been discussed elsewhere (11). HPLC analysis
of the reaction products NCS-Chrom A with NaBH 4 (11) shows an intensely fluorescent
major peak eluting at 42 min, showing a strong ion at m/z 664 by FAB under protonating
conditions. The product accepts four TMS groups resulting in molecular ions by EI-MS
of m/z 951 (ZH-TMS analog: m/z 987). As indicated in Table 2, strong ions appearing
at m/z 647 (H-TMS analog: m/z 674) and m/z 631 (H-TMS analog: m/z 649) correspond

to the loss of the naphthoic acid fragment as 013H120 4-TMS,; and aminosugar moiety
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as C7H1 4N03.TM82, respectively. Loss of the sugar fragment was not observed for
the mercaptan-treated product (2). Similar to the mercaptan speectra are the presence
of characteristic ions for the naphthoic acid residue at m/z 287 and 214 and for the
aminosugar moiety at m/z 320, 304, 175 and 145. The corresponding NBBD4 product
shows a strong ion three mass units higher at m/z 667 by FAB which is supported by
EI-MS of the trimethylsilylated derivative having strong peaks at m/z 954 (M+), 939
(M+-Me), 650 and 634 (ZH-TMS analogs: m/z 990, 975, 677 and 652, respectively). The
naphthoate and aminosugar fragments are therefore unmodified which is supported by
unchanged fragment ions at m/z 287 and 214 (naphthoate) and m/z 320, 304, 175 and
145 (aminosugar).

The addition of three carbon-bound protons to the Clz-substructure of NCS-Chrom
A by NaBH 4 Wes corroborated by 'H NMR comparison with that of A. Correlation
between the Clz-subunit protons in the two spectra is difficult but it is clear that
the three new resonances at 56.01 br.s, 7.66s and 6.97d (5.5) are absent in the spectrum
of the NaBD 4 broduct. All resonances of the nephthoate (18), the aminosugar and the

cyclic carbonate moieties remain relatively unchanged.

From the addition of three carbon-bound protons to the Clz-substructure of
NCS-Chrom A in the reaction with NaBH4 and confirmed by NaB‘D4, it is inferred
that (a2 minimum of) four protons are added and that the MW must be 659 (or smaller).
Reduction of a double or triple bond and opening of the ether ring generating one
silylatable OH function, is consistent with the addition of four protons and a MW of
659 in agreement with the NMR and FAB data on the intact chromophore.

Analogous EI-MS data were obtained on the NeaBH4/NaBD4 products of NCS-
Chrom B. Both products accept six TMS groups resulting in molecular ions of m/z
1069/1072 (2H-TMS analog: m/z 1123/1126). Loss of the naphthoic acid fragment as
Cy3H 90,4 TMS, and aminosugar as C,H, ,NO,.TMS, is indicated by strong peaks at
m/z 765/768 (2H—TMS analog: m/z 810/813) and m/z 749/752 (ZH—TMS analog: m/z
785/788), respectively (see Table 2). Characteristic ions for the naphthoic acid residue
at m/z 287 and 214 and for the aminosugar moiety at m/z 320, 304, 175 and 145 are
also present. The data support a MW of 633 instead of 635 (1) for NCS-Chrom B

corresponding to the molecular formula C3 4H35N011.
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Methylthioglycolate product of NCS-Chrom A. Comparison of the 1H NMR spectra

of the major products from NaBH4 and HSCHZCOZCH3 treatment of NCS-Chrom A
in methanol show a remarkable similarity. The resonances of the naphthoate, aminosugar
and cyclic carbonate moieties remain relatively unchanged (18) whereas two extra
resonances are observed in the § 4.0-8.5 region by comparison with NCS-Chrom A
spectra. These findings are in contrast to those of Sheridan and Gupta (19) who suggest
modification of the naphthoic acid ring. Al five protons of the Clz-subunit in
NCS-Chrom A occur as broad singlets whereas the mercaptan and borohydride spectra
are characterized by two sharp singlets at ¢7.52/7.42 and 7.83/7.66 and two sharp
doublets (J=5.5 Hz) at 86.42/6.35 and 7.01/6.97 which are coupled. In the corresponding
NaBD 4 spectrum, the sharp singlet at ¢7.66 and doublet at ¢ 6.97 are missing whereas
the other doublet appears as a singlet as expected. The deuterothioglycolate spectrum
shows the singlet at §7.83 and doublet at §7.01 at reduced intensity and a new MeO
singlet at §3.78 (the methylene absorption of the introduced reagent is obscured
near § 3.06). The integrated intensity of this MeO signal relative to the other three
methyl groups in the same spectral region, is unequivocally shown in the solvent system
CD3002D:C$D6 (3:1) to be 1:1:1:1. The 14 NMR evidence therefore suggests the
addition of one molecule of thioglycolate and two protons to the Clz-substructure,
supporting a MW of 659 for NCS-Chrom A. In sgreement with these findings are the
previously reported (2) EI-MS data on the thioglycolate reaction product of NCS-Chrom
A which resulted in ions at m/z 1055 and 951 corresponding to the compositions

- + + -
(excluding TMS groups) C38H41N014S (M) and C NOIZ(M S = CHCOZCH

35H37 3»

respectively (20).

The proposal of an ether ring in the Clz-subunit of NCS-Chrom A (as well as
B and C) completes the assignment of all oxygens in the molecule (Fig. 1). In particular,
we find no evidence for the presence of an aliphatic aromatic diacyl peroxide as
previously proposed by Edo et al (21,22). Furthermore, no evidence of 18g incorporation
was obtained by MS analysis of chromophore extracted from NCS protein and treated

with merceptan in the presence of 180 Opening of the ether ring with generation

9°
of a hydroxyl group and reduction of a double or triple bond readily account for the

stoichiometry of the reactions with mercaptan and sodium borohydride. However, the
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1H NMR chemical shifts and couplings, especially of the protons newly introduced into

the C,,-substructure, strongly suggest that a rearrangement accompanies the

12
reduction/addition process (23). While the in vitro DNA seission activity of methanol-
extracted NCS-Chrom is highly dependent on the presence of a mercaptan (4,7), the
chromophore is rapidly inactivated by the mereaptan in the absence of DNA {(6). The
two-step reduction/addition reaction of NCS-Chrom A, implicating a total of three
molecules of mercaptan, suggests a partial reduction or addition product, possibly with
rearrangement, as the 'active' species, conceivably an activated eyclic ether. That
reduction occurs first leaving the ether ring intact, would be consistent with the finding
of Povirk and Goldberg (manuseript in preparation) that two molecules of mercaptan
are utilized per molecule of NCS-Chrom A in the presence of DNA. Subsequent
opening of the ether ring with another molecule of mereaptan, with or without
rearrangement, in the absence of DNA, thus may lead to inactivation (25). Although
mechanistically not equivalent, reductive activation involving a three-membered ring
has precedence in the interaction of mitomyecins with DNA where, after reduction,

irreversible loss of activity upon opening of the aziridine ring has been observed (26).
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5,8 Hz.(see footnote 13 in Ref. 1). ge

Reductlon of a disubstituted triple bond to a double bond, as the chemical shifts
§ the newly introduced protons suggest, appears attractlve and is supported by
C NMR signals in the 80-100 ppm (24) range. The results indicate, however,

that they are not adjacent as would be expected by simple 1,2-addition. Re-

arrangement is implicated regardless of whether 1,2~ or perhaps 1,4-addition of

a conjugated chromophore occurs.

Levy, G.C., Lichter, R.L. and Nelson, G.L. (1980) "Carbon-13 Nuclear Magnetic

Resonance Spectroscopy", Wiley-Interscience, New York, 2nd edition, p. 92.

The unusual stability of the chromophore towards acid could be due in part to

steric hindrance of the epoxide, even though highly strained, which may be

alleviated in the activation step by mercaptan or sodium borohydride. Also,

acid-catalyzed epoxide solvolysis in a second protonation of the molecule after

protonation of the secondary amine function of the methylaminogalactose ring,

may not be energetically favorable.

Iyer, V.N. and Szybalski (1964) Science 145, 55-58.
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