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Abstract

Chromomycin A3 (CHR, pK, = 7.0), an aureolic acid group of antitumor antibiotic, undergoes self-
association in aqueous solution in neutral and anionic forms. Self-association processes of neutral
and anionic CHR have been studied in pH 5.0 and pH 9.0, respectively using different spectroscopic
methods such as absorbance, fluorescence, CD, NMR and isothermal titration calorimetry (ITC).
Results from these studies reveal that at low concentration (<10 uM), CHR exists predominantly in
dimeric state for both neutral and anionic forms. With the increase of concentration, dimers fur-
ther aggregate to form trimer and teramer in the following steps: (CHR); + CHR 5 (CHR); and
(CHR); + CHR S (CHR)4. Analysis of NMR spectra of 100 pM and 1 mM CHR indicates that the self-
association of CHR (neutral and anionic form) is most likely to happen via hydrophobic interaction
involving the sugar moieties and surrounding water molecules. Calorimetric studies indicate that
self-association of both anionic and neutral CHR is entropy driven. These observations imply that
sugar substituents play a major role in their state of aggregation after biosynthesis from a gene
cluster. The self-association features of the antibiotic have been compared with those of Mithra-
mycin, an antibiotic of the same group.
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1. Introduction

Chromomycin A3 (CHR) is an antitumor antibiotic [1] produced by Streptomyces griseus [2]. It belongs to the
aureolic acid family of antibiotics. It was earlier used for the treatment of Paget’s disease of bones and testicular
carcinoma under the trade name of toyomycin [3]. Currently the clinical use of CHR is discontinued due to its
cytotoxicity [2]. However, it is widely used in karyotyping and painting of the cell nucleus [4]. The antitumor
properties of CHR are ascribed to its inhibitory effects on replication and transcription processes during macro-
molecular biosynthesis [5]. In the presence of bivalent metal ion, like Mg, it can bind to minor groove of DNA
at GC-rich nucleotide sequence [6] and thereby downregulates the expression of many cancer-related genes that
bear GC-rich motifs in their promoter regions, such as the c-myc proto-oncogene [7]. Apart from these antitumor
activities, CHR also acts as a potent inhibitor of neuronal apoptosis induced by oxidative stress and can induce
erythroid differentiation of K562 cells by binding to the human y-globin promoter [8]. CHR has also been shown
in our laboratory to inhibit the enzyme activity of Zn(l1)-containing metalloenzymes [9].

CHR (structure shown in Figure 1(a)) contains a tricyclic aglycone with a -ketophenol chromophore, which
is attached to two aliphatic side chains at C3 and C7 position and different oligosaccharide moieties via
O-glycosidic linkages. The disaccharide is attached to C6 position of the anthracine ring whereas the trisaccha-
ride is attached to the C2 position. The trisaccharide unit of CHR consists of D-olivose (sugar C and sugar D)
and 4-O-acetyl-L-chromose B (sugar E). The disaccharide unit consists of 4-Oacetyl-D-oliose (sugar A) and
4-O-methyl-D-oliose (sugar B) linked via glycosidic linkages [2] [10].

Micro-organisms protect themselves from the toxic action of antibiotics; they are produced by developing
self-defense mechanisms and they are highly resistant to that specific antibiotic. Therefore, the self-association
of these antibiotics would play an important role in its storage outside the bacterial cell wall, biological action
and gene expression from Streptomyces griseus. CHR is structurally similar to Mithramycin (MTR) [11] (struc-
ture shown in Figure 1(b)), as they have the same aglycone and aliphatic side chain but differ in four out of five
sugars attached to the aglycone [12]. Previous reports from our laboratory have shown that anionic form of
MTR self-associates extensively [13]. CHR has a pK, of 7.0 [14]. At physiological pH, it therefore, has a mixed
population of anionic and neutral forms. Here we have examined the self-association of CHR in aqueous solu-
tion both in neutral and anionic forms by means of spectroscopic (absorbance, fluorescence and CD) and calo-
rimetric (ITC) techniques to characterize the self-association property of CHR and provide a molecular basis of
the aggregation. Structural analysis of the process of aggregation has been studied by nuclear magnetic reson-
ance (NMR) spectroscopy, which has helped to elucidate the mode of self-association of the CHR molecules in
different ionization states.

2. Materials and Methods

2.1. Materials

CHR, Hydrochloric acid (HCI), Tris, Sodium acetate (CH;COONa), Acetic acid (CH;COOH), Disodium hy-
drogen phosphate (Na,HPO,4) and Sodium dihydrogen phosphate (NaH,PO,) were obtained from Sigma Chemi-
cal Co., USA. All solutions were prepared in Milli-Q (Synergy, Millipore, and USA) water after filtration
through a 0.1 um filter.

2.2. Buffers

Unless mentioned separately, all spectroscopic and ITC experiments were performed in 20 mM Tris-HCI (pH
9.0) and 20 mM Sodium acetate-acetic acid buffer (pH 5.0). For the NMR experiments, 20 mM phosphate buffer
(NaH,PO4-Na,HPO,) at pH 8.0 and 20 mM phosphate buffer (NaH,PO4-Na,HPQO,) at pH 6.0 was used.

2.3. Preparation of CHR

CHR was dissolved in Milli-Q water and the concentration was checked from absorbance measurements at 405
nm in 20 mM Tris-HCI (pH 8.0) using the extinction coefficient (g45) 8800 M*-cm™ within the linear range of
concentration, 10 - 20 pM.

2.4. Absorption Spectroscopy

All absorbance spectra were recorded in a Cecil 7500 UV-visible spectrophotometer (DataStream CE 7000
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Figure 1. Chemical Structures of antibiotics. (a) Structure of Chromomycin A3; (b)
Structure of Mithramycin.

Series software) at 25°C. Absorbance spectra of neutral form of CHR and anionic CHR were taken in 20 mM
Sodium acetate-acetic acid buffer (pH 5.0) and 20 mM Tris-HCI (pH 9.0), respectively at 25°C in quartz cu-
vettes of 1 cm path length. For comparison, the spectra shown in the results contain normalized absorbance
(AJAma) as a function of wavelength, where A is the absorbance and A« is the absorbance at the peak.

2.5. Fluorescence Spectroscopy

Fluorescence spectra of CHR at different concentrations and in different pH were recorded in a Perkin-Elmer
LS55 luminescence spectrometer with a thermostatted cuvette holder at 25°C. The excitation wavelength is 470
nm and fluorescence emission intensity has been monitored over the range, 500 nm to 700 nm. Intensity at 540
nm was noted as a function of input concentration to study the self-association. The excitation wavelength of
470 nm was chosen to avoid photochemical degradation of CHR during the fluorescence measurements as men-
tioned in a previous report from the laboratory [6]. Fluorescence measurements were done in cuvettes of differ-
ent path length with absorbance upper limit of 0.02 to detect self-association.
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2.6. Circular Dichroism Spectroscopy

We have employed CD spectroscopy to monitor the self-association of CHR as a function of its concentration.
Circular dichroism spectra were recorded in a Bio-Logic-Science Instruments, France using cuvettes of 1 cm
path length for lower concentration and 0.2 cm path length for higher concentration range. Data were analyzed
using the inbuilt Bio-Kine 32 V4.49-1 software. The change of ellipticity as a function of concentration has been
plotted at different wavelengths, where the changes in CD were most pronounced for the two systems.

2.7.Isothermal Titration Calorimetry

The heat of dilution CHR was measured in a VP-ITC microcalorimeter (MicroCal Inc., USA) using the built-in
VP Viewer 2000 software with Origin 7.0. CHR was taken in the syringe (299 uM) and injected into the cell
containing 20 mM Tris-HCI (pH 9.0) and 20 mM Sodium acetate-acetic acid buffer (pH 5.0). All experiments
were performed at 25°C with the syringe at a stirring speed of 307 rpm. All solutions were filtered and degassed
extensively before each experiment. Corrected enthalpies were calculated after subtracting the enthalpy change
due to mixing of the buffers in each case.

2.8.1H NMR Spectroscopy

1D *H NMR spectra for 100 pM CHR and 1 mM CHR and 2D *H NMR (Total Correlation Spectroscopy
(TOCSY) and Nuclear Overhauser Effect Spectroscopy (NOESY)) spectra for 1 mM CHR were recorded in a
Bruker Spectrospin 500 MHz NMR machine at 25°C. 10% D,0O was used for external locking. The 2D spectra
were recorded for ~16 h. A mixing time of 400 ms was used in each case. Samples were prepared in 20 mM
phosphate buffer (pH 8.0) and 20 mM phosphate buffer (pH 6.0). Data were analyzed using Bruker TopSpin 3.1
software.

3. Results
3.1. Absorbance Studies for CHR in Neutral and Anionic Form

Figure 2(a) and Figure 2(b) show the absorption spectra of CHR at two different concentrations in pH 5.0 and
pH 9.0 buffers respectively. The non overlap of the spectra in both buffers over the concentration range, 2 uM -
60 pM, indicates the aggregation of CHR both in neutral and anionic forms. At pH 5.0 there is a broadening of
the spectra of the neutral form at low concentration which become sharper with the increase in concentration. In
contrast, the absorption spectra of the anionic CHR at pH 9.0 broadened with the increase in concentration. Such
difference could arise from the difference in the geometry of aggregation of the two forms leading to a differ-
ence in the relative orientation of the chromophores. We have not noticed any such deviation from linearity for
the (CHR),: Mg?* complex at pH 9.0 in presence of 10 mM Mg?* in this concentration range.
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Figure 2. Absorption studies. (a) Absorption spectra of neutral CHR, 7.7 uM (black) and 59 uM
(red) in 20 mM sodium acetate acetic acid buffer pH 5.0; (b) Absorption spectra of anionic CHR, 7
UM (black ) and 59 pM (red), in 20 mM Tris-HCl buffer pH 9.0 at 25°C.
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3.2. Fluorescence Measurements of CHR in Neutral and Anionic Form

To detect the self-aggregation of neutral and anionic CHR in aqueous buffers of pH 5.0 and pH 9.0 at low con-
centration range of 1 uM - 7 uM, the fluorescence emission spectra and intensity at peak, 540 nm, were meas-
ured as a function of CHR concentration. At this concentration range of CHR there is an increase in the norma-
lized fluorescence spectra in both buffers (pH 5.0 and pH 9.0) (Figure 3(a) and Figure 4(a)). Figure 3(b) and
Figure 4(b) show the deviation from linearity of the fluorescence intensity values at 540 nm as a function of
CHR concentration. These observations indicate aggregation of the antibiotic in aqueous solution. The differ-
ence in the break-points of fluorescence-concentration plots (indicated by arrows in the figures) at two different
pH values is also noteworthy. Comparison of the data shown in the Figure 3(b) and Figure 4(b), suggest that
aggregation of CHR starts at a lower concentration in case of the anionic antibiotic.

3.3. CD Measurements to Determine the Mechanism of Self-Association Process

To study the self-association of neutral and anionic CHR, we investigated changes in the chiro-optical properties
of CHR in the above buffers of pH 5.0 and 9.0 as a function of input concentration. Figure 5(a) and Figure 5(b)
show the CD spectra of CHR in the visible range with the increase in concentration of CHR in 20 mM sodium
acetate-acetic acid buffer (pH 5.0) and 20 mM Tris-HCI (pH 9.0) buffer, respectively. The change in spectral
shape is observed with the increase in concentration in both cases (Figure 5). At lower concentration broad
spectra replace the split into two peaks observed at higher concentrations.

We have plotted the observed ellipticity at 413 nm for the neutral drug and 444 nm for anionic drug as a func-
tion of input concentration of CHR (Figure 6 and Figure 7). The resulting plot shows three breaks over the en-
tire concentration range in each case. The choice of wavelength does not alter the nature of the curves with the
break points. In case of CD spectroscopic study also, the breakpoints as shown in the Figure 6 and Figure 7
occur at lower concentrations for the anionic antibiotic, thereby suggesting an internal consistency of the results
obtained by two different techniques, fluorescence and CD. The results suggest that there are four types of spe-
cies present over the total concentration range. In analogy to the earlier proposition of a tetrameric model of
self-association of MTR, the following multiple equilibria have been proposed to account for the breaks

M+M=M, association constant = K;
M, + M= M, association constant = K,
M;+ M= M, association constant = K3
4M =2 M, association constant = K

with three association constants, denoted as K;, K, and K3 (where K = K; x K, x K3). M, My, M3, and M,
represent the monomer, dimer, trimer, and tetramer of CHR, respectively. The monomer concentration of CHR
(IM]) can be expressed in terms of total CHR concentration C, and association constant K as under
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Figure 3. Fluorescence studies of neutral form. (a) Fluorescence spectra (normalized per mi-
cromolar concentration of CHR) of neutral CHR, 2.5 uM (black), 3.9 puM (red), 5.4 pM
(green) and 10 uM (blue) in 20 mM sodium acetate acetic acid buffer pH 5.0 at 25°C; (b)
Fluorescence intensity at 540 nm is plotted against different concentration in 20 mM sodium
acetate acetic acid buffer pH 5.0 at 25°C.
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Figure 4. Fluorescence studies of anionic form. (a) Fluorescence spectra (normalized per
micromolar concentration of CHR) of anionic CHR, 1 puM (red), 2 uM (black), 3.5 uM
(blue) in 20 mM Tris-HCI buffer pH 9.0; (b) Fluorescence intensity at 540 nm plotted
against different concentration in 20 mM Tris-HCI buffer pH 9.0 at 25°C.
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Figure 5. Circular dichroism spectra. (a) CD spectra of CHR, 37 uM (black), 102 uM (red),
241 pM (green) and 378 uM (blue) in 20 mM sodium acetate acetic acid buffer pH 5.0; (b)
CD spectra of CHR, 46 uM (black), 120 pM (red), 217 uM (green) and 305 pM (blue) in 20
mM Tris-HCI buffer pH 9.0 at 25°C.

[M] = {1+ KT, )

The molar ellipticity of the monomer and dimer can be connected by the following equation

[[M]Ag, +05{C,~[M]} Az, |
C0

Ag =

for the dimerization step. In Equation (2), Ae = apparent molar CD absorption co-efficient, which
the measured CD, divided by total CHR concentration. Agy and Aep are apparent molar C
co-efficient for the monomer and dimer respectively [15]. Values of Ae, Aey and Agp were calculated from
measured CD values at different concentrations. Apparent molar CD absorption coefficients for the trimerisation
and tetramerisation steps were calculated considering higher concentrations in the CD experiments.

Combining Equations (1) and (2) dissociation constants (Kq4 = 1/association constant) of different aggregation
steps have been calculated. For the sake of clarity of comparing the extent of association to form the oligomers,
Ky values representing the different orders of aggregation for neutral and anionic CHR are reported in Table 1.
The following features characterize the aggregation process. In accordance with the trend mentioned above, the
dissociation constant for dimerisation process ( Kf, ) of anionic CHR is three fold lower than that of neutral CHR.
It means the ionization leads to oligomerization of CHR at lower concentration. With increase in concentration,

O,

(1)

@

is defined as
D absorption
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Figure 6. Change in ellipticity of neutral form: plot of observed ellipticity of CHR at 413 nm as a function of its
concentration in 20 mM sodium acetate acetic acid buffer pH 5.0 at 25°C.
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Figure 7. Change in ellipticity of anionic form: plot of observed ellipticity of CHR at
444 nm wavelength as a function of its concentration in 20 mM Tris-HCI buffer pH 9.0
at25°C.

Table 1. Apparent dissociation constants values for the multiple equilibria of CHR and MTR in both neutral and anionic

forms at 25°C.
Dissociation constant of Dissociation constant of  Dissociation constant of Dissociation constant of
Reaction CHR at pH 5.0 CHR at pH 9.0 MTR at pH 3.0 MTR at pH 8.0
(neutral form) (anionic form) (neutral form) (anionic form)
M+M = M, K{ =434nM K{ =145nM K! =411nM K =528nM
M+ M = Ms KS =212.8uM KS =2045puM K =11nM WK =76.9nM
Ms+ M = M, K{ =578 uM K{ =0.33uM K{ =7.4nM WK, =1.7nM

[lvalues are taken from Lahiri et al. 2008. J. Phys. Chem. B, 112, 3251-3258.

the dimer further associates to form trimer and tetramer for both, neutral as well as anionic CHR. Formation of
tetramer from trimer is associated with a relatively lower affinity. In terms of free energy, the formation of di-
mer is most favorable followed by the trimer to tetramer formation. Table 1 also contains similar data for MTR
for comparison. The data in the Table 1 shows that the lower order oligomerization, namely dimerization, is
more favorable in case of CHR compared to that in MTR. The difference among the two antibiotics could be as-
cribed to difference in the sugar residues with its substituents.

3.4. Measurement of Heat of Dilution by Isothermal Titration Calorimetry (ITC) Method

The differences in the dissociation constant for the dimerization process of the two antibiotics originate from the
associated free energy difference characterizing the dimerization. From the energetic perspective, enthalpy-en-

O,
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tropy compensation would give rise to the difference in the observed free energy. Therefore, ITC has been used
as a tool to investigate the thermodynamics of the dimerization of CHR in buffers at pH values to get neutral and
anionic antibiotic. In this method molar heat of dilution has been measured at different concentrations corres-
ponding to dimer and trimer formation. Earlier report from our laboratory shows that, molar heat of dilution is
constant within the limits of experimental errors for species which does not aggregate at different concentrations
[13]. But for the species which self aggregates, molar heat of dilution varies with concentration. Figure 8 shows
the isotherms obtained from the calorimetric titration of neutral and anionic CHR at 25°C. From the isotherms
we can see that neutral CHR aggregates at ~10 uM concentration whereas the anionic CHR aggregates at much
lower concentrations. The enthalpy change is also opposite in direction for neutral and anionic CHR. It is exo-
thermic in the former case, whereas endothermic in the later. The enthalpy change of self-association of both
neutral and anionic CHR is smaller in magnitude than the counterparts in MTR as shown here and in an earlier
report [13]. The neutral forms of the two antibiotics show opposite trends in the enthalpy change (Figure 8).

3.5. NMR Spectroscopic Measurements: Anionic CHR

While fluorescence, CD and calorimetry throw light on molecular process of self-association, in-depth site spe-
cific structural information of the aggregation process can be obtained from NMR spectroscopy. Here we have
addressed the following questions. Is the aromatic planar moiety involved in the aggregation via stacking inte-
raction? What is the role of the aglycone moieties? Finally, is there any evidence that the sugars play role in the
process, as indirectly suggested from the other methods? To answer these questions we have identified some
protons (listed in Table 2) as the markers to procure information about the above structural moieties. From the
NMR spectroscopic studies we have also endeavored to propose a geometric orientation of the monomeric units
in the dimer and higher order aggregation. The concentration range used in the NMR studies provides an overall
process of aggregation instead of specific information at dimer or tetramer levels. Since the NMR spectra of
anionic CHR have been reported earlier [16]-[19] in the literature we have discussed this case followed by neu-
tral CHR.

Chemical shift values of anionic CHR (at pH 8.0) have been assigned using 1D and 2D (through bond con-
nectivity-TOCSY and through space connectivity-NOESY) NMR spectra (Table 2). They were then further
compared with the reported values for chemical shifts of different protons in the molecule [16]-[19]. In order to
understand the mode of self-association, different parts of the CHR molecule was examined for their possible
orientation in the aggregated state.

Chemical shift values of C5-H and C10-H do not show any NOESY contacts apart from those arising from
the protons of the same molecule (Figure 1, Table 3). Involvement of the aromatic region and therefore, role of
stacking interactions in the process of aggregation of anionic CHR appears a remote possibility, because there is
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Figure 8. Calorimetric studies: calorimetric titration
of anionic CHR in 20 mM Tris-HCI, pH 9.0 (V), neu-
tral CHR in 20 mM sodium acetate acetic acid buffer
pH 5.0 (A) and neutral MTR in 20 mM Citric acid ci-
trate buffer at pH 3.0 (@) at 25°C. The final concentra-
tion in the cell ranges from 1 uM to 30 uM.
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Table 2. Chemical shift values of protons of anionic CHR (100 uM and 1 mM) in 20 mM
Phosphate Buffer, pH 8.0 at 25°C.

Protons o values (ppm)

100 uM 1mM
C3-H 1.215 1.196

C4-H(a, e) 238, - 2.786, 3.557
C5-H 6.42 6.396
C7-CH; 1.92 1.946
C10-H 6.085 6.058
C1'-OCHg; 3.240 3.218
C3'-H 38 3.785
C4'-H 3.100 3.087
C4'-CHjs 1.101 1.082
Sugar A C4"-OCOCHg; 2.059 2.035
Sugar B C4"-OCH; 3.200 3.176
Sugar E C4"-OCOCHg; 2.175 2.159

Table 3. NOESY contacts of protons of anionic CHR (1 mM) in 20 mM Phosphate Buffer,

pH 8.0 at 25°C.
Protons NOESY contacts
C5-H C10-H (6.058), sugar A C1"-H (5.473),
sugar A C5"-CH; (1.210)
C5-H (6.396), sugar A C5"- CH3 (1.210),
C10-H sugar B C5"-CHj, (1.196), C4'-H (3.087),
sugar protons (1.776, 1.315)
C7-CH, 1.737
" sugar C5"-CHjs (1.196),
C1-OCH, sugar A OCOCH; (2.035), 3.005
C3H sugar A C1"-H (5.473), sugar B C1"-H (5.128),
sugar B C5"-CHj; (1.196), sugar A OCOCHj5 (2.035)
Ca'H C10-H (6.058), sugar A C1"-H (5.473),
2.786, 2.428
, 3.891, 3.244,
C4-CHs 3.389, 2.050
sugar B C5"-CHjs (1.196), C1'-OCH; (3.218),
Sugar A C4"-OCOCH; C3-H (3.785)

Sugar B C4"-OCHjs
Sugar E C4"-OCOCH;

sugar B C5"-CHj3 (1.196)
sugar B C5"-CHj3 (1.196)

no concentration dependent upfield shift of the aromatic protons (Table 2). Only a single NOESY contact be-
tween C10-H (¢ = 6.058) and C4'-H (0 = 3.087) is observed (Figure 9(a)), which could be ascribed to an altered
orientation of CHR molecule as discussed later. Involvement of the aliphatic region of the CHR molecule can be
determined from the NOESY contacts of different C-atoms of the aliphatic side chain at C3. An examination of
Table 3 shows that C1'-OCHj; (0 = 3.218) develops NOESY contacts with both C5"-CHj; (6 = 1.196) and A-ring
acetyl group protons (¢ = 2.035) (Figure 9(b)). C3'-H (5 = 3.785) builds NOESY contacts with C1"-H (A-ring)
(0 = 5.473) as well as A-ring acetyl group protons (5 = 2.035) (Figure 9(c)) and C4'-CHg is spatially close to
many sugar atoms (Table 3). These NOESY contacts between the protons could not arise from the same mole-
cule as that would involve a severe steric hindrance and conformational stress (Figure 1). Therefore the anionic
CHR molecules are mutually oriented in such a way that the disaccharide moiety of one molecule lies over the
aliphatic side chain at C3. To minimize the electrostatic repulsion arising from two anionic molecules aliphatic
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Figure 9. 2D NMR of anionic form: NOESY spectra of CHR (1 mM) in 20
mM phosphate buffer, pH 8.0 at 25°C showing the cross-peak between (a)
C10-H and C4'-H (6.058, 3.087), (b) C1'-OCHj3 and C5"-CHj (3.218, 1.196)
and C1'-OCH; and A-ring-COCHj; (3.218, 2.035), (c) C3-H and A C1"-H
(3.785, 5.473) and C3'-H and A-ring-COCHg (3.785, 2.035).
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chain of one molecule comes close to the aglycone of another molecule. This is probably reflected in the
NOESY contact between C10-H and C4'-H (Figure 9(a)).

3.6. NMR Spectroscopic Measurements: Neutral CHR

Chemical shift values for protons in neutral CHR molecule (at pH 6.0) are assigned from 1D and 2D (through
bond connectivity-TOCSY and through space connectivity-NOESY) NMR spectra. The peak assignments were
then confirmed by a comparison with those of the anionic CHR molecule. The chemical shift values for the pro-
tons in the neutral state are not significantly different from those in the anionic state (Table 4).

Similar to that in the anionic form, C5-H and C10-H of the neutral molecule do not develop any NOESY
cross peaks apart from those arising due to intramolecular contacts. Here also we do not notice concentration
dependent upfield shift of the aromatic protons, thereby ruling out the possibility of aromatic ring stacking me-
diated association (Table 4).

The aliphatic side chain develops NOESY contacts with a number of protons of the di-saccharide moiety as is
exemplified by NOE cross peaks between C1'-OCHj3 (0 = 3.221) and A-ring acetyl group protons (¢ = 2.039)
(Figure 10(a), Table 5). In contrast to anionic form of CHR, aliphatic side chain of neutral CHR does not form
any NOE contacts with the aglycone. C1'-OCHpj; aliphatic side chain also develops NOE contacts with B-ring
C3"-H (6 = 3.763) (Figure 10(b)) and B-ring C5"-CHj3 (6 = 1.198) (Figure 10(c)), which is possible if two neu-
tral CHR molecule arrange themselves so that aliphatic side chain of one molecule lies over the disaccharide
moiety of another (Scheme 1).

Table 4. Chemical shift values of protons of neutral CHR (100 uM and 1 mM) in 20 mM Phosphate Buffer, pH 6.0 at 25°C.

o values (ppm)

Protons

100 uM 1mM
C3-H 1.23 1.207

C4-H (a, €) - 2.786, 3.542
C5-H 6.402 6.382
C7-CH; 1.92 1.907
C10-H 6.063 6.058
C1'-OCH; 3.237 3.221
C3-H - 4.059
C4'-H - 4.120
C4'-CH; 1.051 1.035
Sugar A C4"-OCOCHj; 2.059 2.039
Sugar B C4"-OCHs; 3.200 3.185
Sugar E C4"-OCOCH;, 2.181 2.164

Table 5. NOESY contacts of protons of neutral CHR (1 mM) in 20 mM Phosphate Buffer pH 6.0 at 25°C.

Protons NOESY contacts
C10-H (6.053), sugar A C1"-H (5.470), sugar A C5"-H (3.075), sugar B C5"-CHj; (1.198),

C5H sugar B C3"-H (3.763)
C10-H C5-H (6.382), sugar A C5"-CHjs (3.075), sugar B C5"-CHjs (1.198), sugar protons (1.785, 1.390)
C7-CH, 1.785, 1.744,1.223
C1'-OCH;, sugar B C5"-CHjs (1.198), sugar A OCOCHj5 (2.039), sugar B C3"-CHjs (3.763), C4'-H(4.12)
C3-H C4'-CHjs (1.035), 1.663
c4-H C1-OCHi; (3.221), C4'-CH; (1.035)
C4'-CHs C3"-H (4.059), C4'-H (4.12)

sugar B C5"-CHj (1.194), sugar B C3"-CH; (3.763), sugar B C4"-CH; (3.542), sugar A C1"-H
(5.470), sugar A C5"-CHjs (1.145), C1'-OCHjs (3.221), C3'-H (3.785), 1.685

sugar E C4"-OCOCH; sugar B C5"-CHj; (1.198)

sugar A C4"-OCOCHg;
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Figure 10. 2D NMR of neutral form: NOESY spectra of CHR (1 mM)
in 20 mM phosphate buffer, pH 6.0 at 25°C showing the cross-peak

between (a) C1'-OCHjz and A-ring-COCHj5 (3.221, 2.039), (b) C1'-OCHj,
and B-ring C3"-H (3.221, 3.763), (c) C1-OCH; and B-ring C5"-H

(3.221, 1.198).
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Scheme 1. Association of neutral CHR molecules.

4. Discussion

Self-association of several antibiotics like CS-088, amithramycin, actinomycin D and amphotericin with diverse
biological activities as human medicine has been reported earlier [20]-[24]. Our present report has gone in depth
to characterize the aggregation behavior of CHR. Previous report on the related antibiotic MTR has been con-
fined to anionic form at which it exists at physiological pH [13]. On the other hand at physiological pH, CHR
(pKa = 7.0) is a mixture of anionic and neutral forms. Therefore, in this report, we have employed various spec-
troscopic and calorimetric techniques to understand the molecular basis of self-association of the antibiotic CHR
in its neutral form as well as the anionic form. For comparison among the two antibiotics we have also studied in
part the hitherto unreported aggregation of neutral form of MTR. Spectroscopic studies, such as absorbance,
fluorescence and circular dichroism, provide evidences for the existence of different molecular species present
in wide concentration range. Due to the formation of aggregates, an increase in normalized fluorescence inten-
sity is observed for both neutral and anionic CHR (Figure 3 and Figure 4), which would otherwise have been
unchanged. The aggregation also leads to blue shift of the peak position of the emission spectra, the values being
2 nm and 5 nm for aggregation of neutral and anionic CHR, respectively. These features suggest that the chro-
mophore portion of the molecule enters into an enhanced hydrophobic environment. The self-association
process becomes apparent in CD spectroscopy, when the effect of coupling between transition dipoles (n—n’) of
chromophores in aggregates gives rise to the splitting of bands in the visible region at higher concentration
(Figure 5). The concentration dependence of ellipticity values has helped to evaluate the dissociation constant
for the three equilibria present over the concentration range reported here. Figure 6 and Figure 7 show there are
three breaks in the plots of ellipticity versus concentration for neutral and anionic CHR in this concentration
range. The multiple equilibria as mentioned above to account for the aggregation suggest the formation of a te-
tramer at the highest concentration.

For neutral CHR the trimer to tetramer transition occurs at ~135 uM and for anionic CHR at ~83 uM. No
further self-association is observed beyond these concentrations. Among the neutral and anionic forms of CHR,
the anionic form has higher association constant in the case of CHR. Quantitative analysis of the CD data (Table
1) shows that dimerisation is the predominant process followed by weaker association of CHR molecules over
the total concentration range. Similar trend in association is also reported for neutral (present study) and anionic
MTR from our laboratory [13]. However, a comparative analysis shows that dimer formation is free energy wise
most favorable for CHR in contrast to MTR, where tetramer formation is the most favorable process. The over-
all association constant for the equilibrium: 4M = M, is also significantly higher (by a factor of 10%) for both
forms of MTR (Table 1). These results emphasize the role of sugars in the oligomerization process. It also sug-
gests that the state of ionization does not modulate the aggregation property of the antibiotics.

For a molecular species molar heat of dilution depends on its interaction with solvent, which should be inde-
pendent of its concentration in the solution, if it has not undergone any change during dilution [13]. In this study
we have seen a concentration dependent change in molar heat of dilution for neutral CHR (at pH 5.0) and anio-
nic CHR (at pH 9.0), which is possible if CHR molecules self associate among themselves. But the molar heat
of dilution of anionic MTR, which is reported from our laboratory, is greater than the same for neutral and anio-
nic CHR [13]. On the other hand, in case of neutral MTR the enthalpy change is comparable to neutral CHR.
Anionic form of MTR has higher free energy of association, as obtained from quantitative analysis of CD data
(Table 1). The results indicate that self-association process of anionic CHR is mostly entropy driven whereas for
anionic MTR it is enthalpy driven. This striking difference between the two molecules with similar structure
shows that CHR might form hydrophobic clusters. Such hydrophobic clusters may also characterize the
self-association for neutral MTR, because its association is entropy driven as indicated from low value of en-
thalpy of dissociation. The repulsion of large number of surrounding solvent molecules is a plausible factor con-
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tributing to the total entropy of the system.

The mode of self-association is further characterized by NMR spectroscopy. Features suggesting against
stacking interactions include absence of upfield chemical shift of the aromatic protons (Table 2) and any inter-
molecular NOE contacts in the aromatic region (C5-H and C10-H) in both neutral and anionic CHR. Analysis of
the NOE spectra of anionic CHR reveals a conformation in which the di-saccharide unit of one molecule of
anionic CHR lies above the aliphatic side chain at C3 of another molecule (Scheme 2). On the other hand, simi-
lar analysis of the NOE spectra of neutral CHR reveals an aggregated conformation, where two CHR molecules
are probably in a mutually trans-orientation (Scheme 1). Distinct NOE contacts between the disaccharide moiety
of one molecule and the aliphatic side chain of another molecule as well as NOE contacts of C7-CH; with dif-
ferent sugar protons provide support to our hypothesis. A priori one might assume a similar molecular arrange-
ment for the anionic molecule, due to similar NOE contacts. NOE data shows that there is no significant NOE
cross peaks for C7-CHg in the anionic CHR, which could therefore rule out such an orientation of the CHR mo-
lecules. This altered conformation in case of anionic CHR could be ascribed to the charge repulsion at C9-O,
which would be predominant in the trans orientation (Scheme 2). Similar charge repulsion is not present in the
neutral form and hence it can adopt the trans orientation (Scheme 2). Therefore, it is observed that CHR aggre-
gates both in the neutral as well as in the anionic form with different modes of relative molecular arrangement of
the monomer species.

MTR and CHR have different sugar moieties attached to the identical aglycone [10] [11]. NMR data analysis
had earlier shown that self aggregation of anionic MTR in aqueous media is mediated by sugar moieties [13].
NMR studies in the present report have demonstrated that the self-association process in CHR is also sugar me-
diated; aggregated CHR differ in the structural arrangement from MTR. However, in both cases aromatic moie-
ties do not play a significant role in the stabilization of the aggregates. Sugars are amphiphilic in nature as they
have hydrophobic (CH) and hydrophilic (OH) faces [25]-[27]. Sugars in CHR has more CH-surface compared to
MTR, which gives rise to enhanced hydrophobic interaction between CHR molecules in aqueous solvents,
which leads to entropy driven self-association for CHR. But in case of MTR due to presence of some extra -OH
group there is a possibility of formation of H-bonds between MTR and solvent water molecules, which may be
the reason for higher enthalpy change in case of dilution of anionic MTR.

The difference between the two antibiotics can be traced back to the organization of their respective gene
clusters, which also suggests different regulatory mechanisms for MTR and CHR in the producer organisms [2].
Apart from other differences in chemical properties observed earlier (e.g. acidity, cytotoxicity, etc.), difference
in chemical constitution of MTR and CHR, also leads to different characteristics of self-association. CHR ag-
gregates at a much lower concentration (3 uM - 5 uM) as compared to anionic MTR, which starts aggregating at
around 20 uM. This inherent tendency of CHR to dimerize is also reflected in the very low Ky values of the di-
merization process. Although the relative conformations of CHR molecules differ according to the ionization
state of the molecule, both forms start to aggregate at relatively lower concentrations. The entropy driven asso-
ciation of CHR also indicates the pre-disposition of the antibiotic to form clusters even at low concentrations,
which might therefore lead to altered bioactivity of CHR both in the producer organism as well as an antibiotic.

MTR and CHR have difference in cytotoxicity towards cell lines from different species [28] [29]. This suggests
that MTR and CHR have differences in cellular uptake and retention rising from the differences present in the
structure of these two antibiotics. Different sugar moieties with substituents, present in MTR and CHR, may al-
ter the specific interaction between receptors present on the cell surface and the antibiotics. So, self aggregation

Scheme 2. Association of anionic CHR molecule.
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property of these antibiotics plays a role in cellular transportation. Two oligosaccharide moieties and the
acetyl-groups which are associated with the sugars (A and E) are major structural contributors to the biological
activity of CHR [30], because it has been established that elimination of acetyl groups leads to the generation of
a derivative with significantly decreased antitumor activity [2] [10]. The antibiotics are comparably effective to
inhibit DNA dependent RNA synthesis via reversible association of the dimer: metal ion complex with DNA
[28]. However, in an earlier study we have demonstrated the role of sugars in the association of the antibiotics
with DNA and the oligonucleotide fragment [31].

5. Conclusion

Current study has characterized the oligomerisation (n = 2 to 4) of neutral and anionic CHR in buffers of pH 5
and 9. Though apparently akin to the earlier reported process of self-association of the related antibiotic Mith-
ramycin (MTR), there are notable differences as observed both in terms of the quantitative binding parameters
and associated thermodynamics. Dimerisation of CHR’s both neutral and anionic forms, which is the predomi-
nant process, starts at much lower concentration (<10 uM) compared to MTR, whereas tetramerisation is the
predominant process for MTR in both neutral and anionic forms. *H NMR studies have revealed that, sugar
moieties attached to their aglycone part in CHR and MTR play key roles in the self-association process. The
difference in the sugar substituents present in CHR and MTR gives rise to the alteration of self-aggregation pat-
tern in aqueous solution though in both processes hydrophobic interaction is important. Finally, the most impor-
tant feature emerging from the present study and the earlier one from our laboratory show that the different car-
bohydrate moieties present in the same class of antibiotics might give rise to a difference in intracellular state of
molecular forms (monomer or aggregate) and hence biological activity and possibly cytotoxicity.
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