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Neocarzinostatin Chromophore: Purification of the Major Active Form 
and Characterization of Its Spectral and Biological Properties? 

Mary A. Napier, Barton Holmquist, Daniel J. Strydom, and Irving H. Goldberg* 

ABSTRACT: The nonprotein chromophore of neocarzinostatin 
(NCS-Chrom), which possesses the full biological activity of 
native NCS, can be separated by high-performance liquid 
chromatography into two components, A and B, with 90% and 
1096, respectively, of the total UV-absorption and in vitro DNA 
scission activity. Each component possesses in vitro DNA 
scission activity equal to NCS, as does a third component, C, 
which is present only when NCS is extracted with nonacidic 
methanol and appears to be derived from A. NCS-Chrom A 
possesses in vivo activity equal to NCS; however, B and C have 
about 5% and 80%, respectively, of the activity of NCS for 
inhibition of HeLa cell growth. NCS-Chrom A possesses 
characteristic absorption, fluorescence, circular dichroism 
(CD), and magnetic circular dichroism (MCD) spectra. The 
spectral properties of B and C are similar to those of A. These 
spectral properties cannot be attributed solely to the presence 
of the known naphthoate component of NCS but are due to 
the presence of an additional conjugated component (as yet 
unidentified) in the chromophore. NCS-Chrom D, an inactive 
minor component of NCS-Chrom preparations, can be gen- 
erated by hydrolysis of each of the three active components 

Neocarzinostatin (NCS),~ an antitumor antibiotic, causes 
single-strand breaks in linear duplex or superhelical DNA in 
vitro in an oxygen-dependent reaction which is greatly stim- 
ulated by mercaptans. NCS also causes DNA strand scission 
in vivo, and considerable evidence exists indicating that DNA 
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at pH 8. It possesses a very different CD spectrum and, in 
contrast to NCS-Chrom, possesses no MCD, indicating a 
major change in or loss of the naphthoic acid residue. 
NCS-Chrom D is the 490-nm fluorescent product generated 
when NCS-Chrom spontaneously looses biological activity in 
aqueoous pH 8 buffers. It is the source of the 490-nm 
fluorescence in clinical NCS. The optical activity of the bi- 
ologically active NCS-Chrom accounts for the Cotton effects 
previously observed for native NCS. Changes in both the 
absorption and circular dichroism spectra of NCS-Chrom A 
(and B and C) occur on binding to apo-NCS, generating 
spectra identical with those of native NCS and providing 
stoichiometry of the association process. Complex formation 
between NCS-Chrom and DNA is also detected by CD, with 
the maximal effect being observed at low molar ratios of 
NCS-Chrom to DNA. Furthermore, hypochromicity between 
290 and 330 nm and a bathochromic shift centered near 365 
nm occur upon binding of NCS-Chrom to apo-NCS and to 
DNA, raising the possibility that similar modifications in the 
electronic structure of the NCS-Chrom result from both in- 
teractions. 

damage is the primary result of its activity in vivo [reviewed 
in Goldberg et al. (1 98 l)]. 

We have shown that NCS contains a methanol-soluble, 
nonprotein chromophoric component (Napier et al., 1979) in 
addition to the sequenced acidic protein (M, 10700) (Mei- 
enhofer et al., 1972). The isolated chromophore, possessing 
the full biological activity of NCS (Kappen et al., 1980a; and 
data reported here), exhibits a characteristic absorption 
spectrum between 300 and 400 nm and an intense blue 

I Abbreviations used: NCS, neocarzinostatin; NCS-Chrom, non- 
protein chromophoric component extracted from NCS; apo-NCS, protein 
component of NCS; HPLC, high-performance liquid chromatography; 
MCD, magnetic circular dichroism; CD, circular dichroism. 
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fluorescence emission at 420 nm when excited at 340 nm. The 
isolated chromophore is chemically labile but is stable at pH 
1 4  (Kappen et al., 1980a; Albers-Schonberg et al., 1980; 
Kappen & Goldberg, 1980), facilitating the purification by 
reverse-phase HPLC (Kappen et al., 1980a; Napier et al., 
1980a). The presence of this extractable, active chromophore 
in NCS has recently been confirmed by others (Ohtsuki & 
Ishida, 1980; Suzuki et al., 1980). The NCS chromophore 
(NCS-Chrom), with an elemental composition C35H35N012 
(M,  661), contains 2,6-dideoxy-2-(methylamino)galactose and 
2-hydroxy-5-methoxy-7-methylnaphthoate covalently linked 
to a highly unsaturated CI5Hl0O4 unit (Albers-Schonberg et 
al., 1980) which possesses a five-membered cyclic carbonate 
ring (1,3-dioxolan-2-one) (Napier et al., 1981). Derivatives 
of the naphthoic acid have been isolated (Ed0 et al., 1980). 
The chromophore-free protein (apo-NCS) possesses none of 
the biological activities of NCS (Kappen et al., 1980a; Napier 
et al., 1980b; Ohtsuki & Ishida, 1980; Suzuki et al., 1980) 
but stabilizes the labile chromophore and appears to control 
its release for interaction with its target DNA (Kappen et al., 
1980a; Napier et al., 1980b; Kappen & Goldberg, 1980; Povirk 
& Goldberg, 1980). 

In our ongoing study of the mechanism of NCS action, we 
have now purified the active chromophore, characterized a 
number of its spectral properties, and employed these prop- 
erties to study the association of the chromophore both to 
apo-NCS, regenerating native NCS, and to DNA. 

Materials and Methods 
NCS (clinical form) was stored frozen in 0.015 M sodium 

acetate buffer, pH 5. Sonicated calf thymus DNA (150 base 
pairs long) and [methyl-3H]thymine-DNA (0.24 mM, 2.0 X 
lo4 cpm/mmol) from Chinese hamster ovary (CHO) cells 
(3H-labeled CHO DNA) (Povirk & Goldberg, 1980) were a 
generous gift of L. F. Povirk. All chemicals were of reagent 
grade. Absorption spectra were recorded on a Cary 118 or 
2 19 spectrophotometer, and uncorrected fluorescence spectra 
were obtained on a Perkin-Elmer 5 12 or MPF-3 spectrofluo- 
rometer. All spectra were recorded at 4 OC and with a path 
length of 1 crn unless otherwise noted. MCD spectra were 
measured at ambient temperature on a Cary Model 61 CD 
instrument equipped with a Varian Model V4145 supercon- 
ducting solenoid at a field strength of 40 kG. The slit width 
was adjusted to permit spectral dispersion of 2 nm or less. CD 
spectra were measured under identical experimental conditions 
as those for MCD but in the absence of the magnetic field. 
Metal analyses were performed on a Perkin-Elmer Model 5000 
by standard methods. HPLC was performed with a Waters 
Associates Model A2C/GPC-204 chromatograph equipped 
with a Model 660 solvent-flow programmer, a pBondapak CIS 
column (3.9 mm X 30 cm), a 254-nm absorption detector, and 
a Schoeffel Model SF 970 fluorescence detector (340-nm 
excitation with a 418-nm emission cutoff filter). Care was 
taken to avoid exposure to light for all manipulations prior to 
spectral measurements. 

Preparation of NCS-Chrom and Apo-NCS. NCS-Chrom 
was extracted from lyophilized clinical NCS with 0.1 M acetic 
acid in methanol at 4 OC (Albers-Schonberg et al., 1980), 
leaving a virtually chromophore-free protein. The extracted 
chromophore and the residual protein were stored at -20 O C .  

The concentrations of NCS-Chrom and apo-NCS were cal- 
culated on the basis of the absorbance, using c340nm = 8000 
and c278m = 14 OOO, respectively, as determined for native NCS 
(Napier et al., 1979). 

Chromatography of NCS-Chrom. The methanol-soluble 
NCS-Chrom was injected onto the HPLC column in a small 

V O L .  2 0 ,  N O .  1 9 ,  1 9 8 1  5603 

volume (50-100 pL) and eluted at ambient temperature into 
cold amber tubes in dim light with a concave gradient of 
increasing percent solvent B (methanol containing 0.5% water 
and 0.01 M ammonium acetate, pH 4) in solvent A (20% 
aqueous methanol containing 0.01 M ammonium acetate, pH 
4). Fractions were stored at -20 OC in the dark in the elution 
buffer. No change was observed in the number or the relative 
amounts of components by flushing the elution buffers with 
argon or by cooling the solvents and column to 4 OC. 

Bioactivity Assays. Inhibition of cell growth, of in vivo 
DNA synthesis, and of DNA strand scission in HeLa cells was 
measured as reported (Beerman & Goldberg, 1977). The 
assays for drug-induced scission of [methyl-3H] thymine-la- 
beled supercoiled pMB9 DNA have been published (Beerman 
et al., 1977; Kappen et al., 1980a). Growth inhibition of 
Escherichia coli TA85rfa by the drug has been described 
(Napier et al., 1980b). NCS-Chrom-induced release of 
[3H]thymine from 3H-labeled CHO DNA in vitro was de- 
termined as reported (Povirk & Goldberg, 1980). 

Metal Analysis. NCS, dialyzed against double-distilled 
H 2 0  and lyophilized, was extracted with 50% acetic acid in 
methanol, and the protein was removed by centrifugation. The 
supernatant containing NCS-Chrom (0.1 5 pM) was analyzed 
by atomic absorption spectroscopy. The metals analyzed for 
and the amounts (micromole) found per micromole of NCS- 
Chrom are as follows: Mg, 0.035; Ca, 0.108; V, 0; Cr, 0.02 
X 10”; Mn, 0.006; Fe, 0; Co, 0.5 X Ni, 0.002; Cu, 0.002; 
Zn, 0.006; Cd, 0; Pb, 0. These data indicate the absence of 
stoichiometric amounts of metals associated with NCS-Chrom, 
consistent with the evidence that various metal chelators do 
not inhibit the in vitro activity of NCS or NCS-Chrom 
(Kappen & Goldberg, 1978; Kappen et al., 1980a). 

Results 
Purification of NCS-Chrom by HPLC. Reverse-phase 

HPLC on pBondapak C18 of NCS-Chrom extracted from 
NCS with 0.1 M acetic acid in methanol with elution by a 
gradient of 56-84% methanol in aqueous 0.01 M ammonium 
acetate, pH 4, results in a clear separation of two active UV- 
absorbing components, the major peak A (NCS-Chrom A) 
and the minor peak B (Figure 1). Similar results are obtained 
by extraction with either 0.1 M hydrochloric acid in methanol, 
50% acetic acid in methanol, or glacial acetic acid (Albers- 
Schonberg et al., 1980). The ratio of both absorption and in 
vitro DNA scission activity (assayed in a 30-min incubation 
at 37 “C) of fraction A to fraction B is 9 to 1. Partially 
solubilized protein and minor chromophoric components in- 
cluding peak D (see below and Figure 2) elute in the first 5 
min and are well separated from the biologically active frac- 
tions. No biological activity is present in fractions 1-20. 

The total recovery of the injected in vitro DNA scission 
activity and absorption in A and B is greater than 95%. 
NCS-Chrom A possesses activity at least equivalent to that 
of native NCS both in vitro, as measured by the mercaptan- 
dependent generation of single-strand breaks in pMB9 DNA 
and the release of [jH]thymine from 3H-labeled CHO DNA, 
and in vivo, as assayed by the inhibition of cell growth, the 
inhibition of DNA synthesis and the induction of DNA strand 
scission in HeLa cells and by the inhibition of growth of the 
lipopolysaccharide-defective mutant of Escherichia coli 
(TA85rfa). NCS-Chrom is no more effective than NCS for 
inhibition of growth of TA85, the nondefective parent strain 
of TA85rfa, requiring in each case 100-fold more drug in the 
parent strain. NCS-Chrom B possesses in vitro DNA scission 
activity equal to A but only about 5% or less of the in vivo 
activity of NCS for inhibition of cell growth and DNA syn- 
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FIGURE 1 :  HPLC of NCS-Chrom extracted from lyophilized NCS 
with 0.1 M acetic acid in methanol at  4 OC and distribution of in vitro 
pMB9 DNA scission activity. Extracted NCS-Chrom (50 pL) (1.4 
mg equiv of NCS per mL) was injected, and 1-min fractions were 
collected. A concave gradient of 56-84% methanol in 0.01 M am- 
monium acetate, pH 4, for 50 min at a rate of 2 mL/min was employed 
for elution. (b) HPLC elution profile. (a) Relative in vitro DNA 
strand scission activity (incubation at  37 O C  for 30 min) calculated 
as dilution factor times n, where n = number of breaks in pMB9 DNA 
calculated from n = log [(percent form I DNA without drug)(percent 
form I DNA with drug)]. Total recovery of the 254-nm absorbing 
material and in vitro DNA scission activity was greater than 95%. 
The absorption eluting a t  the solvent front is due to acetic acid, 
methanol, and trace-solubilized protein present in the injected sample. 

Table I: Relative Distribution of 254-nm Absorbance among the 
HPLC Components of NCS-Chrom with in Vitro DNA Scission 
Activity from Different Extraction Proceduresa 

~~ ~ ~~ 

5% of total A, , ,  
in active peaks 

extraction solvent A B C  

0.1 M acetic acid in methanol 89 11 0 
0.1 M HCl in methanol 87 13 0 
100% methanol, 2 h after extraction 70 10 20 
100% methanol, stored 3 months at -70 "C 14 14 1 2  
native NCS in 0.015 M sodium acetate, pH 5 85 15 0 

a NCS-Chrom extracted by the indicated solvents at 4 "C from 
lyophilized clinical NCS and separated by HPLC with the condi- 
tions described under Materials and Methods. Clinical NCS in 
0.015 M sodium acetate, pH 5, chromatographed directly without 
prior extraction of NCS-Chrom. 

thesis in HeLa cells and  for growth inhibition in Escherichia 
coli TA85rfa .  No evidence of NCS-Chrom A was present in 
samples of B a t  a level of <1% B by HPLC. 

An additional active component can be isolated by extraction 
of NCS with 100% methanol.  Chromatography of this 
methanol extract (Figure 2a) results in the separation of a third 
active component,  peak C, in addition to  peaks A and  B 
(Kappen e t  al., 1980a; Nap ie r  e t  al., 1980a).  Peak  C, ori- 
ginally reported a s  a shoulder of peak A (Kappen et al., 
1980a) ,  is separated by use of a more shallow gradient t han  

""I 
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OL- 1 I , , I 1  , l / l , .  1 l l l l  I , ,  
0 53 $00 150 200 250 " 650 700 
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FIGURE 2: HPLC of NCS-Chrom extracted from lyophilized NCS 
with methanol at  4 "C (a) 2 h after extraction and (b) after 3 months 
stored at -70 "C in the dark. A profile equivalent to (b) was observed 
after 5 days at -20 OC. Chromatographic conditions were identical 
with those in Figure 1, except that the gradient of 56-84% methanol 
in aqueous 0.01 M ammonium acetate, pH 4, was extended to 70 min. 
Total recovery of the 254-nm absorbing material and in vitro DNA 
scission activity was greater than 95%. The components A and B 
correspond to the identical peaks in Figure 1. (c) Change in the percent 
of the total drug active for in vitro DNA strand scission present as 
NCS-Chrom A (percent A), NCS-Chrom B (percent B), and 
NCS-Chrom C (percent C)  when stored in methanol at  -20 OC in 
the dark. An aliquot of methanol-extracted chromophore was sep- 
arated by HPLC, and the percent of total active drug (calculated from 
the peak area of the AZs4 profile) eluting as peaks A, B, and C was 
determined. 



N E O C A R Z I N O S T A T I N  C H R O M O P H O R E  VOL. 2 0 ,  N O .  1 9 ,  1 9 8 1  5605 

Excllation Emission 

WAYEL ENGTH lnml 

0 v 

-0031 'I, \ i  
\J 

1 1 .  l l l l . 1 I l 1  1 1 1 1  1 1 1 1  

250 300 350 400 450 

WAV€LENGTH lnm) 
FIGURE 3: Absorption, fluorescence, MCD, and CD spectra of purified 
NCS-Chrom. (a) Absorption spectrum of HPLC-purified NCS- 
Chrom A (fraction A, Figure 1 )  0.025 mM, in 0.01 M ammonium 
acetate, pH 4, and 70% methanol. Inset: Fluorescence excitation 
(emission wavelength at 420 nm) and emission (excitation wavelength 
at 340 nm) spectra. (b) MCD (-) and CD (- - -) spectra of NCS- 
Chrom A, 0.06 mM, in 0.01 M ammonium acetate, pH 4, and 70%, 
methanol. 

that reported earlier. This distribution of the in vitro DNA 
scission activity and absorption among A, B, and C 2 h after 
extraction at 4 OC is 70, 10, and 20'36, respectively (Table I). 
Although the relative fluorescence intensity per A254 of B and 
C is greater than that for A (2.1- and 1.7-fold, respectively), 
as seen on the fluorescence trace (Figure 2), the absorption, 
fluorescence, CD, and MCD spectra of B and C are qualita- 
tively and quantitatively identical with that of A (Figure 3). 
Furthermore, the in vitro activities of NCS-Chrom C are equal 
to those of NCS-Chrom A and B under the conditions tested 
(incubation for 30 min at 37 "C). NCS-Chrom C possesses 
80% of the activity of NCS for inhibition of growth of HeLa 
cells. It appears that C is a direct product of A, generated 
in nonacidic methanol. Thus, in an NCS-Chrom sample stored 
at -70 "C for 3 months, there is a 3.6-fold increase in UV- 
absorption and in vitro DNA scission activity in peak C at the 
expense of peak A (Figures 2b, Table I) with no loss in the 
total activity of the preparation. A study of the kinetics of 
this conversion at -20 "C (Figure 2c) revealed that in 133 h 
the percentage of peak A decreases from 80 to 13% as peak 
C increases from 6 to 69%. Peak B is essentially unchanged. 
Also present are increased quantities of the highly fluorescent, 
but biologically inactive, peaks present in trace amounts in the 
original sample (Figure 2, see below). The conversion of A 
to C appears to be irreversible since addition of acid after 

extraction with 10096 methanol does not decrease the amount 
of C. Each of the three active components is stable when 
stored in the presence of pH 4 buffer, and rechromatography 
of the isolated peaks results, in each case, in recovery of greater 
than 95% of the injected in vitro DNA scission activity in a 
single peak, with the original elution characteristics. Peak C, 
but not peak B, appears to be generated by the extraction 
process since HPLC of the native NCS at pH 4 by direct 
injection of a clinical drug without prior extraction produces 
only components A (85%) and B (15%). Furthermore, HPLC 
of the chromophore extracted with acidic methanol from NCS 
reconstituted from NCS-Chrom A and apo-NCS reveals only 
NCS-Chrom A. There is no evidence of interconversion be- 
tween A and B, or between B and C. All subsequent studies 
with active NCS-Chrom were done by using HPLC-purified 
NCS-Chrom fraction A. 

Spectral Properties of Purified NCS-Chrom A .  NCS- 
Chrom A has considerable absorption fine structure with 
maxima or shoulders at wavelengths of 228, 265, 272, 287, 
300, 330, and 350 nm (log e = 4.75, 4.23, 4.11, 4.11, 4.04, 
and 3.80, respectively) and a single blue fluorescence emission 
maximum at 430 nm with excitation maxima at 270 and 340 
nm (Figure 3a). All in vitro and in vivo activity studies of 
NCS-Chrom have been carried out in aqueous buffers near 
neutral pH, where optimal activity is observed. The spectral 
properties deteriorate under these conditions in parallel with 
the rapid loss of biological activity observed when NCS-Chrom 
A is added to aqueous pH 8 buffer in the absence of substrate 
(Kappen et al., 1980a; Povirk & Goldberg, 1980; Kappen & 
Goldberg, 1980). However, in water at pH 14 ,  the absorption 
spectrum and the biological activity are both stable. 

Circular dichroism studies show that NCS-Chrom is opti- 
cally active. The CD spectrum (Figure 3b) shows optically 
active bands with a negative extremum at 255 nm of molar 
ellipticity, [e], --900 deg.cm*/dmol, and positive extrema 
at 290 (sh) and 325 nm. Magnetically induced optical activity 
is also present with negative extrema at 250, 280-290 (sh), 
and 315 nm and positive extrema at 270 and 355 nm. The 
overall shape of the MCD spectrum above 300 nm is similar 
to that of native NCS (Napier et al., 1979), except that the 
maximum is at 355 nm instead of 365 nm. The latter max- 
imum reflects the red shift in absorption found when NCS- 
Chrom A binds to apo-NCS (see Figure 5 ) .  

Spectral Characterization of HPLC Peak D. Clinical NCS 
and NCS-Chrom extracted with 100% methanol exhibit rel- 
atively intense yellow fluorescence (emission at 490 nm with 
excitation at 380 nm) (Napier et al., 1979; Kappen et al., 
1980a) in addition to the blue fluorescence exhibited by the 
active NCS-Chrom components A, B, and C. The activity 
of methanol-extracted NCS-Chrom when diluted into aqueous 
pH 8 buffer decreases spontaneously in parallel with the in- 
crease of the 490-nm fluorescence (Povirk & Goldberg, 1980), 
suggesting that the 490-nm fluorescent material is a decom- 
position product of active NCS-Chrom. Under these condi- 
tions, fluorescence at 490 nm is also generated from the pu- 
rified NCS-Chrom components A, B, and C, confirming the 
fluorescent material as a decomposition product of the active 
NCS-Chrom. HPLC of the decomposition products of either 
A, B, or C, using a shallow gradient of increasing methanol 
concentration (conditions described in Figure 2), separates a 
major UV-absorbing material at 4 min which is intensely 
fluorescent, peak D, as well as several minor components with 
emission maxima at 420 and 490 nm which also lack biological 
activity and elute at positions different from those of peaks 
A, B, or C. 
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FIGURE 4: Absorption, fluorescence, MCD, and CD spectra of HPLC 
fraction D. (a) Absorption spectrum of HPLC component D in 
methanol. Inset: Fluorescence excitation (emission wavelength at 
490 nm) and emission (excitation wavelength at 380 nm) spectra. (b) 
MCD (-) and CD (- - -) spectra of component D, A380 = 0.075, in 
methanol. 

NCS-Chrom D in methanol exhibits a smooth broad ab- 
sorption spectrum with none of the fine structure observed for 
NCS-Chrom, with absorption maxima at 260 and 280 (sh) 
nm and a broad maximum at 380 nm (Figure 4a). The 
fluorescence emission spectrum consists of a broad band with 
a maximum at 490 nm with excitation maxima at 270, 290, 
and 380 nm, reflecting the absorption maxima. Peak D ex- 
hibits strong optical activity with CD extrema at 285, 340, 
and 385 nm. However, unlike NCS-Chrom A, it possesses 
only weak MCD activity above 275 nm (Figure 4b). 

Reconstitution of NCS: Binding of NCS-Chrom A to 
Apo-NCS. The CD spectrum of isolated NCS-Chrom is 
different from that of native NCS both in the intensity of the 
Cotton effect at 255 nm and in the position of extrema above 
300 nm. Addition of apo-NCS to NCS-Chrom A (or to B 
or C) regenerates both the absorption and the CD spectra 
identical with those of native NCS (Napier et al., 1979). As 
apo-NCS is added to NCS-Chrom A (Figure 5), absorption 
changes consisting of hypochromicity from 295 to 345 nm and 
a bathochromic shift above 345 nm are observed until a ratio 
of apo-NCS to NCS-Chrom of 1 to 1 is achieved. Further 
additions cause no further spectral changes. 

The CD spectrum also reflects this association. Titration 
of NCS-Chrom A with apo-NCS by monitoring the ellipticity 
of the 255-nm CD extremum (Figure 6) and the absorption 
at 360 nm (Figure 5) shows the formation of a one-to-one 
complex with the apoprotein. The CD spectrum of recon- 
stituted NCS (the 1:l complex) exhibits a large negative ex- 
tremum at 255 nm, a positive extremum at 290 nm, and 
negative extrema at 320 and 365 nm, with = -2000 
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FIGURE 5: Effect of apo-NCS on the absorption spectrum of NCS- 
Chrom. The absorption spectrum of NCS-Chrom A, 9 pM, in 0.02 
M sodium citrate, pH 4, and 20% methanol (-), and its modification 
with successive additions of apo-NCS (in 0.01 M sodium citrate, pH 
4) ( - - - )  are shown. The reference cuvette contained equivalent 
concentrations of apo-NCS in the buffer solution. The molar ratio 
of apo-NCS to NCS-Chrom A (r)  is indicated. Maximum dilution 
at r = 1.35 is 4%. Inset: Variation of A360 (corrected for dilution) 
as a function of r .  
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FIGURE 6: Effect of apo-NCS on the CD spectrum of NCS-Chrom. 
Increasing amounts of apNCS in 0.01 M sodium citrate, pH 4, were 
added to NCS-Chrom A, 0.02 mM, in 0.02 mM sodium citrate, pH 
4, and 20% methanol (-). The molar ratio of apo-NCS to NCS- 
Chrom ( r )  is indicated. The CD spectrum of apo-NCS at the 
maximum protein concentration (at r = 1.05) is shown for reference. 
Apo-NCS has no CD spectrum above 280 nm. Maximum dilution 
at r = 1.05 is 11%. Optical path length is 0.3 cm. Inset: Variation 
of the ellipticity, 0, at 255 nm (corrected for dilution) as a function 
of r .  

deg.cm2/dmol, twice that for chromophore alone and identical 
with that of native NCS (Samy et al., 1974; Napier et al., 
1979). 

Binding of NCS-Chrom A to DNA. Interaction of NCS- 
Chrom A with calf thymus DNA in 0-2W methanol and 10 
mM sodium citrate, pH 4, has been indicated by both 
fluorescence (Povirk & Goldberg, 1980) and absorption 
methods (Povirk et al., 1981; M. A. Napier and I. H. Gold- 
berg, unpublished experiments). CD spectra also reflect this 
association. Absorption hypochromicity is observed from 290 
to 345 nm (extremum at 315 nm) and a bathochromic shift 
occurs above 345 nm (extremum at 363 nm), similar to the 
changes noted above (Figure 6) for the addition of apo-NCS 
to NCS-Chrom A. Increased ellipticity in the ultraviolet near 
250 nm is observed on addition of DNA to NCS-Chrom A, 
but little or no change is observed in the visible region (Figure 
7).  The change in the CD spectrum of NCS-Chrom A which 
occurs on binding to DNA is shown by the difference CD 
spectrum (Figure 7) and is maximal at the negative extremum 
near 250 nm. In contrast to the binding to ap-NCS, a Cotton 
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NCS, has considerable fine structure with band maxima in 
spectral regions characteristic of various hydroxynaphthoic 
acids (Schulman & Kovi, 1973): specifically in the regions 
230-270 nm and 320-340 nm, where the isolated hydroxy- 
naphthoic acid derivative of NCS-Chrom and its methyl ester 
(Ed0 et al., 1980; M. A. Napier and I. H. Goldberg, unpub- 
lished experiments) absorb. However, NCS-Chrom A also 
has substantial absorption, primarily that near 300 nm, which 
cannot be attributed to the hydroxynaphthoic acid moiety 
alone, Since the galactose moiety is expected to be transparent 
in the near-UV-visible region, the intense absorption from 280 
to 310 nm of NCS-Chrom A is most likely contributed by the 
C1sH1004 unit. It is in this region of the spectrum where 
hypochromicity is found when NCS-Chrom A binds to apo- 
NCS or to DNA, in addition to the shift of the maximum to 
higher wavelengths. Furthermore, these absorption changes 
resemble those observed upon the treatment of NCS-Chrom 
with mercaptans (M. A. Napier and I. H. Goldberg, unpub- 
lished experiments), which is known to add to the CIS sub- 
structure (Albers-Schonberg et al., 1980). Thus, the similarity 
of these absorption changes raises the possibility that the 
electronic structure of the highly unsaturated Cl5HI004 unit 
of NCS-Chrom is affected in a similar manner by its binding 
to apo-NCS and to DNA and that a mercaptan-activated form 
of this unit is responsible for inducing the DNA damage, 
although other explanations are also possible. 

HPLC of crude NCS-Chrom yields several biologically 
active peaks. Minor peak B, containing 10-15% of the total 
in vitro DNA scission activity but with an activity equal to 
that of NCS-Chrom A (incubation for 30 min at 37 "C), is 
found whether or not the extracting methanol is acidic (Figures 
1 and 2). A second minor component, peak C (Figure 2), also 
possessing in vitro DNA scission activity equal to that of A 
(incubation for 30 min at 37 "C), is found in 100% metha- 
nol-extracted chromophore. NCS-Chrom B and C, however, 
possess 5% and 80%, respectively, of the activity of A for 
growth or DNA synthesis inhibition of HeLa cells. Peak C 
appears to be generated from A in the presence of 100% 
methanol and is not present in native NCS. Components A, 
B, and C possess essentially identical absorption, CD, MCD, 
and fluorescence spectra. We have recently determined 
(Napier et al., 1981) that NCS-Chrom A possesses a five- 
membered cyclic carbonate ring (1,3-dioxolan-2-0ne) within 
the incompletely defined CIS substructure. NCS-Chrom B 
and NCS-Chrom C appear to be related to A by modification 
of this cyclic carbonate moiety. NCS-Chrom B is formally 
equivalent to a hydrolysis product of A, followed by decar- 
boxylation. Whether B is less active than A or C in vivo 
(although as active in vitro) because of reduced cellular uptake 
or other factors remains to be assessed. NCS-Chrom C is a 
methanolysis product of A. Several fractions with intense blue 
or yellow fluorescence which have no biological activity are 
also present. Some of the inactive materials have been iden- 
tified as decomposition products of NCS-Chrom obtained by 
various chemical treatments. The most obvious one on the 
HPLC profile (Figure 2) is the highly fluorescent fraction D, 
which appears to be a hydrolysis product of A, as well as of 
B and C. NCS-Chrom B and NCS-Chrom C have been found 
to generate 490-nm fluorescence 4 and 2 times, respectively, 
more slowly at room temperature in aqueous pH 8 buffer than 
does NCS-Chrom A (L. F. Povirk, M. A. Napier, and I.  H. 
Goldberg, unpublished experiments), presumably accounting 
for the earlier observed (Povirk & Goldberg, 1980) biphasic 
nature of the rate of 490-nm fluorescence generation by crude 
NCS-Chrom under these conditions. Peak D exhibits very 
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and J. Thivierge for the in vivo DNA strand scission analysis 
and the gift of 3H-labeled pMB9 DNA, Dr. L. F. Povirk for 
the 3H-labeled CHO DNA and sonicated calf thymus DNA, 
and Dr. E. Eisenstadt for the E.  coli TA85rfa culture. 
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different spectral properties from the parent compound 
(compare Figures 3 and 4) and from the isolated naphthoic 
acid derivative of NCS, including longer wavelength visible 
absorption and fluorescence maxima and the absence of 
long-wavelength MCD activity. These spectral properties 
indicate either that D does not contain the naphthoic acid 
moiety or, rather, that it contains it in a chemically modified 
form which has little MCD activity. The long-wavelength 
absorption (380 nm) and intense fluorescence (490 nm) in- 
dicate that extensive unsaturation still remains. Asymmetry 
induced perhaps by the vicinal effect of an attached sugar 
residue or by a new asymmetric center is indicated by its strong 
CD activity. The generation of D from NCS-Chrom has been 
shown to correlate with the loss of NCS-Chrom bioactivity 
in aqueous buffers, pH 8 (Povirk & Goldberg, 1980), and its 
spectral properties are similar to those of a product generated 
by treatment of NCS with guanidine (Napier et al., 1979). 
It can be detected in clinical preparations of NCS by its 
fluorescence, and not by its absorption. 

NCS-Chrom A is optically active and from CD and MCD 
data is unambiguously identified as the source of the unusual 
CD bands at 365 and 297 nm previously observed in NCS, 
as well as the strong negative Cotton effect at 255 nm. Im- 
portantly, this CD activity serves as an extrinsic probe of the 
association of NCS-Chrom to apo-NCS. A 2-fold increase 
in the ellipticity at 255 nm and striking changes in the CD 
spectrum above 300 nm, including a new band at 365 nm, 
accompany the reassociation. The 365-nm Cotton effect is 
absent in the isolated NCS-Chrom A and arises by pertur- 
bation of the optical transition clearly observable by both 
absorption and MCD in the free NCS-Chrom A. Both ab- 
sorption and CD studies (Figures 5 and 6) reveal the formation 
of a 1:l complex between purified NCS-Chrom A and apo- 
NCS. The product appears identical with native NCS. 

The binding of NCS-Chrom to DNA has been shown by 
the ability of DNA to block the inactivation of the chromo- 
phore in aqueous buffers and by the ability of NCS-Chrom 
to unwind supercoiled pMB9 DNA and lengthen linear duplex 
DNA by intercalation (Povirk & Goldberg, 1980; Povirk et 
al., 1981). The CD studies (Figure 7) provide direct physical 
evidence of the formation of an NCS-Chrom A DNA complex. 
The NCS-Chrom DNA complex exhibits optical activity in 
the ultraviolet. Binding of NCS-Chrom to DNA by interca- 
lation or by outside binding could cause an alteration of the 
conformation of the nucleic acid and/or the chromophore 
molecule, either of which could be manifested as ultraviolet 
CD perturbations. However, the CD spectrum of the NCS- 
Chrom DNA complex exhibits a minimum near 255 nm, 
similar to that of NCS-Chrom, indicating that it is probably 
the conformation of the chromophore that is altered. The 
small alteration in the CD spectrum and the decrease in the 
magnitude of the change as r increases are effects similar to 
those reported in the visible region for DNA complexes of the 
intercalating molecules, 1-, 2-, and 9-aminoacridine (Dalgleish 
et al., 1969, 1971). Furthermore, for NCS-Chrom, as for 
9-aminoacridine, the ellipticity tends to finite limits as r tends 
to zero, suggesting that the induced optical activity is a 
property of singly bound molecules and not a cooperative 
phenomenon between bound molecules as observed with pro- 
flavin (Dalgleish et al., 1969, 1971), 3-aminoacridine (Dal- 
gleish et al., 1969, 1971), and actinomycin (Yamaoka & 
Ziffer, 1968). 
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