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ABSTRACT. Previous studies on the coordination chemistry of-Glzomycin have suggested the secondary
amine ing-aminoalanine, the N5 and N1 nitrogens in the pyrimidine and imidazole rings, respectively,
and the amide nitrogen if-hydroxyhistidine as equatorial ligands to the cobalt ion. The primary amine

in f-aminoalanine and the carbamoyl! group of the mannose have been proposed alternatively as possible
axial ligands. The first coordination sphere of Co(ll) in Co(I)BLM has been investigated in the present
study through the use of NMR and molecular dynamics calculations. The data collected from the NMR
experiments are in agreement with the equatorial ligands previously proposed, and also support the
participation of the primary amine as an axial ligand. The paramagnetic shifts of the gulose and mannose
protons could suggest the latter as a second axial ligand. This possibility was investigated by way of
molecular dynamics, with distance restraints derived from the relaxation times measured through NMR.
The molecular dynamics results indicate that the most favorable structure is six-coordinate, with the primary
amine and either the carbamoyl oxygen or a solvent molecule occupying the axial sites. The analysis of
the structures previously derived for HG@o(lll) —bleomycin and HOG Co(lll) —pepleomycin led us

to propose the six-coordinate structure with only endogenous ligands, as the one held in solution by the
Co(ll) derivative of bleomycin.

Bleomycins (BLM) (Figure 1) are a family of glycopep- analoguesi4—20), and other antibiotics structurally related
tide-derived antibiotics that have the ability to bind and to BLM, such as pepleomycir2g) (PEP) and tallysomycin
degrade DNA in the presence of some metal iond'(Hes*, (22) (TLM), have been conducted. The results of these
Mn?*, Cc®"), which is believed to be responsible for their studies have led to very important findings about the
antitumor activity (—11). The presence of ferrous ion and coordination chemistry of the C&Fre(ll), Zn(ll), Mn(ll),
molecular oxygen is proposed to be essential for DNA Co(ll), and Co(lll) adducts of the dru@8—29). In previous
degradation in vivoq, 10, 12). Knowledge of the structure  work, we have structurally characterized the complex Fe-
of the biologically relevant Fe(ll)BLMis vital to further (INBLM through NMR (30). Our NMR studies indicate that
characterize the mechanism of action of the drug as well asthe primary and secondary aminesframinoalanine, the
to establish the drugDNA spatial correlations that could pyrimidine, and the imidazole and the amide nitrogen in
explain the antibiotics specificity toward-GC-< and p-hydroxyhistidine are coordinated to the iron in this
5-GT-® DNA sequences 1@). To this end, numerous metallobleomycin. The participation of the carbamoyl group
structural studies on various metalBLMs (1), BLM in the mannose moiety as a ligand to the Fe center was ruled

out for this complex, based on a structural correlation
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Ficure 1: Structures of BLM-A,, and BLM—B,, the most abundant components of the clinically employed mixture of BLMs.

(23, 35—40); (2) a strong analogy between the oxidation MATERIALS AND METHODS
chemistry of Co(Il)BLM by Q and that of Fe(Il)BLM has

been proposed3, 36, 40); (3) when compared with the Co(ll)BI_.M Sample PreparationBIenoxane, the com- .
one observed for Fe(ll)BLM, the nuclear line broadening mercial mixture of bleomycin congeners was a generous gift

induced by the metal center on the protons close to it in of Dr. S. L. Lucania, Bristol-Myers Squibb Pharmaceutical

Co(I)BLM is almost two times smalle#il). Consequently, Research Institute (Princeton, NJ). It was employed in the

the Co(Il)BLM *H NMR signals are sharper and, therefore, experiments without further purification. All samples were
easier to ascribe, allowing the validation of the NMR prepared under strict oxygen-free conditions. Blenoxane (5

assignments performed earlier for the iron complex of #mol) lyophilized three times fgom ID was dissolved in
bleomycin (vide infra). Co(Il)BLM was investigated by using 0-5 ML of ultrapure BO (99.9% D, Cambridge Isotope
one- and two-dimensional NMR techniques. Our results Laboratories). One equivalent of Co(e6H;0O in DO was
indicate that, as in the Fe(ll) complex of the antibiotic, the 2dded to prepare a 10 mM Co(l)BLM sample. The pH
primary and secondary amines jf-aminoalanine, the (meter reading uncorrected for the deuterium isotope effect)
pyrimidine and imidazole rings, and the amide nitrogen in Was adjusted to 6.5 with a 50 mM NaOD solution. The

B-hydroxyhistidine are coordinated to the metal. The protons S28MPple was transferred to a purged NMR tube, which was
of the sugar moieties in Co(Il)BLM also exhibit paramagnetic Immediately sealed. A 1:1 Co(Il)/BLM sample in,@ was
behavior. However, their specific assignments are difficult Prepared by an analogous procedure.

due to the lack of observed NMR connectivities among them, ~ Co(I)BLM NMR.NMR experiments were performed at
and the similarities between the mannose and gulose spin300, 360, and 500 MHz on a Varian VXR300, Bruker
systems (Figure 1). On the basis of our NMR data, and AMX360, and Varian VXR500 NMR spectrometers, respec-
aiming to define the role of the sugars in the structure of the tively, at room temperature. All chemical shifts were
Co(Il)BLM complex, we have modeled its three-dimensional calculated respect to HDO as the internal standard, which
structure through molecular dynamics (MD) calculations. Was selectively irradiated for 80 ms in all the spectra. The
Various coordination alternatives were considered (vide one-dimensional spectra were acquired by using’gp@se
infra). Our MD results favor a six-coordinate model, which (10—12us in the Varian VXR300 and VXR500, and a8
includes, besides the coordination sites already identifiedin the Bruker AMX360) with 13 K data points. An
through NMR, either the carbamoyl oxygen or a solvent inversion-recovery pulse sequence (86 v — 90° — AQ)
molecule as an axial ligand to the Co(ll) center. This type Was used to obtain nonselective proton longitudinal relaxation
of coordination environment was also proposed by Loeb et times, T, with the carrier frequency set at several different
al. (42) for Fe(I)BLM. However, our results allow a more  positions to ensure the validity of the measurement. Signal-
specific location of the BLM residues around the metal to-noise ratios were improved by using a line-broadening
center, placing the primary amine and the bithiazole moiety factor of 30 Hz in the Fourier transformation.

on the same face of the equatorial plane of the metal, with COSY spectra covering the paramagnetic region were
the sugars occupying the opposite face. The analysis of thecollected with 800 points itt,, 400 points int;, 280 scans,
coordination geometries exhibited by the models favored in a spectral width of 36 kHz, and a relaxation delay of 300
the present investigation, in light of the results of previous ms. In the diamagnetic region, COSY spectra were acquired
structural studies performed on some metalBdMs that with 1024 points irt,, 256 points irt;, 150 scans, a spectral
possibly mimic activated BLM, indicates that a six-coordinate width of 17 kHz, and a relaxation delay of 1.5 s. COSY
solution structure with only endogenous ligands is reasonablespectra of Co(Il)BLM in HO were acquired with 800 points
for the resting state of CoBLM. in tz, 400 points in;, 300 scans, a spectral width of 21 kHz,
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and a relaxation delay of 300 ms. A zero-degree-shifted sine The water molecules were minimized with the group based
bell was applied prior to Fourier transformation, followed cutoff, while holding the BLM complex fixed. Then, the
by polynomial baseline correction in both dimensions, and water molecules were fixed, and the BLM complex was
symmetrization. The cross-peaks displayed in these spectraninimized with no constraints using the cell multipole
were identified prior to symmetrization of the data. method. The BLM structures were first minimized by the
TOCSY spectra of Co(Il)BLM in BO were collected on  steepest descent method, followed by conjugate gradient
the AMX360 NMR spectrometer with 800 points i 400 minimization to a rms gradient 0<0.1. The distance
points in t;, 280 scans, a spectral width of 36 kHz, a constraints were then applied, and the minimization steps
relaxation delay of 300 ms, and a mixing time of 10 ms. A were repeated. Molecular dynamics simulated annealing
60°-shifted sine-squared bell was applied to both dimensions calculations were performed on the minimized structures.
prior to Fourier transformation, followed by polynomial The structures were heated and equilibrated over 10 ps from
baseline correction in both dimensions. No symmetrization 5 to 1000 K in 10 K increments, with velocities assigned
was used in these spectra. every 0.001 ps. No distance constraints were used in this
HMQC spectra were acquired with 2048 pointg4in128 first step in order to randomize the structures. Molecular
points int;, 80 scans, spectral widths of 17 and 34 kHz, dynamics was run for 4 ps, with the distance constraints
respectively, in the proton and carbon dimensions, and aapplied with a force constant of 0.06 kcal mbA 1. Next,
relaxation delay of 20 ms. In these experiments, the datathe force constants were scaled to 120 kcal thél~* over
were weighted with a cosine-squared function prior to Fourier 7.6 ps in a series of molecular dynamics runs. The system

transformation.
Molecular ModelingAll calculations were carried out with
Insight ll/Discover_3 (Molecular Simulations Inc., Walth-

was allowed to evolve for 6 ps, then cooled to 300 K over
8 ps. At this temperature, the force constants were reduced
to their final value of 60 kcal mot A~ over 4 ps in a series

man, M. A.) on a Silicon Graphics. Aqueous simulations of 0.4 ps molecular dynamics runs. The system was allowed
were carried out using a 10 A solvent shell. Nonbonded van to equilibrate for 5 ps, followed by the final 15 ps molecular
der Waals interaction was cutoff at 25 A for the solvent dynamics run. Ten structures were collected and minimized
system. The distance-dependent dielectric constant algorithmwith constraints after the last dynamics run.
was used. Molecular dynamics calculations used the Verlet
velocity algorithm with a 0.001 ps time step, and scaling RESULTS AND DISCUSSION
every 10 steps. All energy minimizations used the Extensible NMR ResultsThe coordination chemistry of Co(l1)BLM
Systematic Force Field (ESFF) potential. Distance constraintswas investigated through the use of one- and two-dimensional
were applied using a flat-bottomed potential. Because of the NMR techniques, such as COSY, TOCSY, and HMQC and
paramagnetic nature of the Co(ll)BLM complex, no NOE molecular modeling. The relaxation times of the protons
or J-coupling information was obtained from the NMR affected by the paramagnetic influence of the Co(ll) center
experiments, and starting models for the molecular dynamicswere also measured. T NMR spectrum of Co(ll)BLM
calculations could not be built. Therefore, the four structures in D,O shown in Figure 2A, exhibits 27 paramagnetically
for HOO—Co(lll)BLM generated by Wu et al.3{) were shifted resonances. As observed for Fe(ll)BLBO); six of
used as the starting point for the calculations. The metal wasthese resonances (211, 152, 114, 7%20.5, and—30.5
changed from Co(lll) to Co(ll), and the charges and ppm in Co(l)BLM, Table 1) are very broad (14600 Hz)
coordination geometries were assigned using the ESFF forcecorresponding to protons that are two bonds away from a
field suitable to model systems containing transition metals. ligation site (vide infra). All the paramagnetically shifted

Proton—-metal distances were calculated for the paramag- signals, except the ones at 2:61.9, —3.4, and—4.9 ppm
netically behaved protons from their relaxation times using generated by Ckigroups, are one-proton signals as indicated
eql by integration. When compared with the NMR spectrum of
Fe(I)BLM, the spectrum in Figure 2A shows signals two
times sharper, with relaxation times that are also longer than
their equivalents in Fe(I)BLM. This is as expected for the
change of metal center from Fe(ll) to Co(191). The longer
T,'s observed for Co(Il)BLM result in more intense cross-
peaks in the two-dimensional NMR spectra, which facilitate
the assignment of the signals. The excellent HMQC maps
have been particularly useful for this study. Unfortunately,
saturation transfer (ST) experiments were unsuccessful for
Co(Il)BLM due to the slower exchange of the Co(ll) ion in
and out of the BLM molecule3Q, 33, 43), thereby depriving
us of another useful assignment tool.

C-Terminal Amine and Bithiazole (BIT) Assignmefitse
COSY spectrum in Figure 3 shows the signals found in the
diamagnetic region for Co(I)BLM. The features for the

r=r (Tli/le)1/6 1)
wherer; and Ty; are the protormetal distance and the
relaxation time of protomn, respectively. Those distances were
used to constraint the involved protons during molecular
dynamics calculations.

NOE-like intervals were defined on the basis of the
calculation error of the protonmetal distances
Ar; = (ar/or)Ar; + (0ri/dT) ATy + (ar/oT)ATy  (2)
whereAr;, ATy, andATy; are the experimental errors on the
ri, Ti, and Ty; measurements, respectively. Protonetal
distance-derived constraints were sat; at Arj, with a force
constant of 60 kcal mot A% C-terminal amine in BLM-A2 are located at 3.7 (&ly),

Five models (vide infra), +V, of Co(ll)BLM with 3.3 (CHy), and 2.2 ppm (€H,) (Figure 1) and connected
different coordination numbers and geometries were assayedhrough cross-peaks a and b in the COSY spectrum shown
in the molecular dynamics simulated annealing calculations. in Figure 3. The C-terminal amine in BLMB2 exhibits
A 10 A solvent shell was created around the BLM complex. signals at 3.5, 3.2, ang1.7 ppm. The features at 3.5 and
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\ Table 1: Summary of the Resonance Positions, Relaxation Times,
‘ T,, and Calculated ProteriMetal Distances for the Protons in
Co(ll)BLM at pH 6.5

peak position (ppm) H;—Co
H 13C T1 (ms) assignments distances (A)
™ 2112 b 3.7 HIS CH 3.9
152 b 1.1 1/2 ALA C°H, 3.8
P 114 b 34 PYRGCH 3.2
7.2 b 3.2 ALA C*H 3.8
—20.3 b <11 1/2 ALA C°H, <3.2
-30.2 b <1l.1 HIS C2H <3.2
51.8 HIS N3H
42.1 b 17.4 HIS C4H 5.0
31.5 b 7.5 HIS CH 4.3
© 1 247 b 109 1/2PYRGH, 4.6
48.8 b 12.5 1/2 PYR CH; 4.7
2.6 20.4 108 PYR CH3 6.8
= = 3 5 — 15.1 PYR CONH
16.2 PYR CONH
—-4.9 3.0 83.8 VAL CGCH;z 6.5
—23.2 b 9.4 VAL C*H 4.5
—-11.8 65.5 20.6 VAL CH 51
®) —-1.8 35.8 d VAL C"H
—-3.4 12.0 51.1 VAL CCH; 6.0
r —-1.5 53.0 209 THR €H 7.6
. [ 0.8 62.5 277 THR €H 7.9
-1.9 15.0 212 THR @CH; 7.6
o 30 T o io 30" ppm 0.2 THR NH
26.1 128 18.7 G-1 51
) 12.8 86.2 69.0 G-2 6.3
« . w 10.9 82.1 88.4 G-3 6.6
* 13.7 83.8 107 G-4 6.8
A P UiVl 320 860 182 G5 5.0
2'20I ‘ ,1,80‘ ‘ ‘150‘ ] ‘1(30' e 20 I—2|O‘p;:-m 12.4 72.0 128 G-6 7.0
13.2 72.0 117 G-6 6.9
FIGURE 2: (A) *H NMR spectrum (Varian VXR300 at 299.95 MHz 4.8 96.2 e M-1
and 298 K) of a 10 mM 1:1 BLM/Co(ll) sample inJD. (B) and -93 60.0 37.8 M-2 57
(C) expanded 5640 ppm and 14(—4) ppm regions, respectively. -29.9 b 74  M-3 4.3
(D) Diamagnetic region. Asterisks (*) indicate the six broad signals -3.0 53.8 135 M-4 7.0
generated by protons two bonds away from a ligation site. 2.5 74.1 131 M-5 7.0
2.2 59.1 187 M-6 7.4
3.2 59.1 205 M-6 7.5

3.2 ppm are attributed to the*8, and CH, protons (Figure
1), based on the assignment of these signals performed by 2The order in which these peaks are listed is not necessarily
Chen et al. 44) on their NMR study of BLM-A2 and Zorr(_elated in aonte-to-one fa_shion t(i th;e ?ﬁsignme?és shtovgn in colﬁmdn
. . , SInCe a one-to-one assignment O em cou no e reacned.

BLM—B2 in aqueous SOlm.lon' The NMR features for the b Because of the poor relaxa%ion properties of these nuclei, tf@ir
CPH; and C'H; protons of this moiety overlap at1.7 ppm. NMR signals could not be detected in the HMQC spectighe
The overlap of these signals was also observed by Chen angroton-metal distance and measur@d for the C4H proton in the
co-workers 44). The assignments of the features derived imidazole ring were the reference values used in eq 1, since the
from the (CH), protons of the C-terminal amine in BLM |m|dazole ring is rigid and, when bound to _Co(II), its C4H proton
B2 are supported by the presence of cross-peaks that conne(i lsp_lays tz/plcally protomnetal dlstancgs oft5Ain mgdels complexes

. . 7—61). Y Because of its overlap with the THR*B and CHs;
the signals generated by protons3 and C'H,, and CH; protons, the relaxation time of the VAL"8 proton can only be
and CH; (cross-peaks ¢ and d, respectively, in Figure 3). estimated to be between 20.6 and 51.1 fi&he relaxation time for
The signals for the BITa- and-proton (3.4 and 3.1 ppm; this proton could not be measured due to its strong overlap with the
cross-peak e) are also found in this region. In the case of HDO signal.
Co(Il)BLM, the diamagnetic behavior of these protons
indicates that they do not participate in metal complexation. and b), and Figure 5 (cross-peak a). The fourth; @kbup
The resonances derived from the bithiazole C5 an'driag in BLM, being “isolated” on the pyrimidine ring46), has
protons are located in the region between 7.0 and 9.0 ppmno two-dimensional connections to nonsolveexchange-
(Figure 2B), the same region they occupy in the NMR able signals (Figure 2D).

spectrum of the free form of the antibioti4d). The methyl signal at-1.9 ppm shows a COSY connection
Threonine (THR) and Valerate (VAL) Assignmeiitise to the feature at 0.8 ppm (Figure 4, cross-peak b), which in
zone between-0.8 and—6.0 ppm in the NMR spectrum of  turn is connected to the resonance—t.5 ppm (Figure 4,
Co(IBLM contains the signals for three of the four €@H  cross-peak c). This type of connectivity pattern is indicative
groups present in BLM (Figure 2C, signals-al.9, —3.4, of a CH-CH(CH;s) spin system. However, the THR and
and —4.9 ppm). These three Ghignals are derived from VAL segments both contain such a spin system. The two
the methyl groups in the THR and VAL segments, as possibilities can be distinguished by considering the solvent-
indicated by the COSY connections to one-proton signals exchangeable protons in these moieties. As can be seen in
observed in the COSY spectra in Figure 4 (cross-peaks aFigure 4, the signal at 1.5 ppm exhibits a connection with
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FiGure 3: H COSY spectrum (Varian VXR500 at 499.88 MHz SN £ —
and 298 K) of the 1:1 BLM/Co(ll) sample in £» covering the 16 8 0 -8
diamagnetic region. F2 (ppm)

Ficure 4: (A) IH COSY spectrum (Varian VXR500 at 499.88 MHz
a proton-exchangeable resonance located at 0.2 ppm (crossand 298 K) of the 1:1 BLM/Co(ll) sample in 40. (B) Full one-
peak d). This NH-CH—CH(CHs) connectivity pattern can dimensional spectrum of the same sample. Asterisks (*) indicate
only be associated with the THR moiety, since this pattern the signais generated by,® exchangeable NH protons.

is incompatible with the @H—CPH(CHz), and CH(CHs) L
spin systems found in the VAL residue. The solvent- 4A, cross-peak a), which is in turn connected to another

exchangeable signal must then arise from the NH group on Single-proton feature at11.8 ppm (Figure 5A, cross-peak
the peptide bond between the VAL and THR moieties. The P): As can be seen from the spectra in Figures 4 and 5A, the
signal arising from this solvent-exchangeable proton was also VAL Ségment does not show a full network of connections;
found to be correlated to the THR*8 proton for Fe(ll)- there are two sets of correlated signals containing the (_ZH—
BLM (30). The assignment of the GHCH(CH) spin system  (CHs) and CH-CH(CH) subsystems. These two spin
just discussed to the THR moiety is also corroborated by subsystems are S|mllarly unconnecteq in the NMR spectrum
the 13C NMR chemical shifts of the carbons in this spin ©f Fe()BLM, which has been attributed to the small
system determined from the HMQC spectrum shown in coupling constant between the VAL’ and CH protons
Figure 6. Thel3C NMR positions for the €4, C°H, and (30, 31). By analogy to the asagnmentslfor Fe(ll)BLM, the
CPCH; carbons in the THR residue are located, at 60.2, 68.1, Signals at—23.2 and—4.9 ppm are assigned to the VAL
and 20.0 ppm, respectively, in the Zn(ll) adduct of BLM, as C*H and C:CHs protons, respectively, and the remaining
reported by Williamson et al.46). For Co(ll)BLM, these correlated signals for this moiety are attributed to the-CH
carbons are positioned at 53.0, 62.5, and 15.0 ppm, respecCH(CHs) set of protons. As in Fe(I)BLM 30), the C'H
tively (cross-peaks-ac). The difference between the zZn- proton is the most shifted of the protons in the VAL segment
(INBLM and Co(Il)BLM THR carbons probably reflects the ~and has the shorte$i, consistent with its proximity to the
influence of the paramagnetic center on the latter. Even Mmetal center. The remaining protons exhibit HMQC con-
though the'3C chemical shifts of the THR carbons do not nhections to'*C features that corroborate the signal assign-
exactly coincide in both adducts, their relative positions, as ments. For example, the VALAGnd C carbons are assigned
well as the locations of all the othé!C NMR signals in  to the signals at 65.5 and 35.8 ppm (Figure 6, cross-peaks r
Figure 6, showing concordance with their respective partnersand f, respectively). These relativéC chemical shifts are,
in Zn(I)BLM (46) (vide infra), are evidence in favor of the ~as expected, given the attachment of the VAL ad C
THR NMR assignments just made. carbons to an OH and a NH groups, respectively (Figure 1).
With the THR spin system identified, the Gldignals at ~ The same trend regarding tH€ chemical shifts of the VAL
—4.9 and—3.4 ppm can be attributed to the methyl groups Cf and C carbons is observed for Zn(I)BLM (75.4 and 48.6
in the VAL segment. The CHsignal at—4.9 ppm is ppm for the @ and C carbons, respectively46)). The
correlated with a single-proton feature-s23.2 ppm (Figure ~ positions of the & CHs) and C(CHs) methyl carbons in the
5A, cross-peak a), while the Ghbsignal at—3.4 ppm is HMQC spectrum in Figure 6 (cross-signals d and e) are also
correlated to the single-proton resonance a3 ppm (Figure compatible with the location of th&C NMR signals in
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F, (ppm) signals exhibited by some of the carbon atoms in the THR, VAL,

FicuRe 5: COSY (A) and TOCSY (B) spectra (Bruker AMx360 MAN (italics), and GUL (roman) fragments.

t 360.13 MH d 298 K) of the 1:1 BLM/Co(ll le in@. . . -
a zan ) of the o(l) sample in (Figure 4, cross-peak e). We have then identified a four

Zn(I)BLM. These carbons have chemical shifts of 3.0 and proton network. The location of tHéC NMR signal arising
12.0 ppm in Co(I)BLM, and 13.1 and 15.8 in Zn(I)BLM, from the carbon attached to the proton at 26.1 ppm (Figure

respectively. We have thus fully identified the NMR signals 6_’ crOfss-sign_aI Y suggests th_at this_ is an anomeric carpon,
arising from the THR and VAL fragments in Co(ll)BLM since it exhibits a larger chemical shift when compared with
. " the other carbon atoms in this network (Figure 6, cross-peaks
Gulose (GUL) and Mannose (MAN) Assignmerftbe (Fig P

i the BLM lecul ; inciole b h—j). On the basis of this evidence, the NMR signals
sugar protons in the molecule can in principlé be .,ntained in the identified network must arise from a sugar

identified via their extensive spin systems, as revealed byS in subsvstem of the tvpe CHE2H—C3H—C4H (H
COSY andior TOCSY connections. As in the Fe(I)BLM ~ = X S 2 o AP e 57 o), Th(lough .
case, four networks of signals can be identified that can only .amical shift of 128 ppm is larger than the chemical shifts

be associated with the sugar protons. The longer relaxation ;. P :
times exhibited by the protons in Co(ll)BLM relative to the gfﬂ%ﬁglggvtgse (Ssluzlﬁge;cr)gﬁ(rjbggt\s/vglecrill%rggggegg: ?n;e;fla(llo
Fe(ll) adduct result in more intense cross-peaks in the two- 46)), the large chemical shift difference could be caused by
d_imensional maps, which facilitate the assignments of these,, 7paramagnetic influence of the Co(ll) ion. Since the
signals. aromatic carbons in the BLM molecule display chemical
The first network of signals involves three protons. The shifts between 172 and 114 ppra7( 46), the sugar C1
TOCSY spectrum in Figure 5B shows the signal at 32.0 ppm carbon signal just discussed would be a good candidate for
connected to the features at 13.2 and 12.4 ppm (cross-peakgssignment to an aromatic carbon. However, the fact that
d and g). The two latter resonances are in turn connected tothjs C1 carbon participates in a network of COSVOCSY—
each other via a COSY cross-peak (Figure 4, cross-peak g)JHMQC connections discards this possibility. As will be
and correlated to the same carbon atom as shown in thegiscussed later, the two networks of signals identified so far
HMQC spectrum in Figure 6 (cross-signals k and I). This pelong to the same sugar moiety, gulose. We have thus been
set of correlations provides evidence for the presence of agple to assign all the NMR signals generated by this segment.
CH—CH spin subsystem. Being part of one of the two sugar A third set of COSY-connected signals is detected between
moieties, this spin subsystem can only be associated with3 and—30 ppm. The COSY spectrum in Figure 5A shows
the C5H-C6H; portion. correlations between the signals -a29.9 and—3.0 ppm
The second set of connected signals includes the featurgcross-peak f) and between the signals-8t0 and 2.5 ppm
at 26.1 ppm connected, via a COSY cross-peak, to the one(Figure 4, cross-peak h). The latter two are correlated to
at 12.8 ppm (Figure 5A, cross-signals e). The latter resonanceseparate3C signals in the HMQC spectrum in Figure 6
is in turn correlated to the one at 10.9 ppm (Figure 4, cross- (cross-peaks o and p). The shdr of the —29.9 ppm
peak f), which is also connected to the feature at 13.7 ppmresonance precludes observation of'fi@signal associated
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with it. This network of through bond connections implicates at this point. However, these six signals can be attributed to
a CH—-CH—CH spin subsystem. Besides the spin systems the PYR GH, ALA CfH,, ALA C*H, and HIS CH and

of this type found in the VAL residue, whose NMR signals C2H protons, assuming a metal coordination environment
have already been identified (vide supra), the only residuesthat involves the HIS amide and imidazole, the pyrimidine,
in the BLM molecule that can give rise to such a network and the ALA amino groups as found for HG@o(lIl)BLM

of signals are the sugars. and deduced for Fe(II)BLM3Q). As in the case of Fe(ll)-

A fourth network consists of a pair of COSY connected BLM, the appearance of the six broad signals referred to
'H peaks at 3.2 and 2.2 ppm (Figure 3, cross-peak f), which above, strongly supports the coordination to the metal center
are both connected to the sarf®€ NMR signal in the of the ALA primary amine. If this group were not bound to
HMQC spectrum acquired in & (Figure 6, cross-peak m the Co(ll) center, only five of the broad signals (the ones
and n); these observations identify these signals as thosecorresponding to PYR @&, ALA CPH,, and HIS CH and
arising from another C6igroup of a sugar fragment. C2H protons) should be detected. In support of the coordina-

Up to this point, eleven of the fourteelid 3C pairs tion of the ALA primary amine and as observed for Fe(ll)-
(including the two CH groups) present in the sugar moieties BLM, only one of the two CONH pairs of solvent-
have been identified through the TOCSY, COSY, and/or exchangeable NH protons is observed for Co(ll)BLM (Figure
HMQC connections they exhibit, but there are still three-LH 4, cross-peak i). If the ALA primary amine were uncoordi-
13C pairs that need to be tagged. One pair is unobservablenated, then the amide protons in both the PYR and ALA
because of the shofi of the —29.9 ppm'H signal. Shown  moieties would be six bonds away from the metal center.
in Figure 6 is a cross-peak (q) who$¢ NMR signal (~4.8 This should result in the detection of two sets of paired
ppm) is masked by the HDO resonance. T#& chemical  exchangeable resonances for the two CONidups in these
shift corresponding to this cross-feature (92.6 ppm) is moieties, which should be related by COSY peaks. The fact
consistent with that expected for an anomeric sugar carbon.that only one set of COSY-connected solvent-exchangeable
The last pair is probably the yet unassigned signat a3 resonances is observed in Figure 4 is consistent with the
ppm (Figure 2B) and its associaté€ whose shiftis inthe  Jigation to the metal of the primary amine in ALA. The close
“sugar region” (Figure 6, cross-peak g). Considering that the proximity of the ALA CONH, protons to the metal center
1*C and'H NMR signals arising from the nuclei in the GUL  renders their NMR signals undetectable, so only the PYR

segment have already been associated with the two firstCONH, protons can give rise to the solvent-exchangeable
networks of signals (vide supra), all the other sugar featurespair of signals observed in Figure 4.

must come from the nuclei in the MAN segment. From this . . - . -
group of 1H resonances, the ones at 4.8, 3.2, and 2.2 ppm With these assignments, the remaining unidentified protons

. . are on the PYR and HIS segments. The COSY spectrum in
332 ti?]fgt};vg?yzssssl%getﬂéocréHNLACNH%thw?)?If tc??hr::\(ﬂ)ﬁ\'l Figure 5 shows a connection between the signals at 48.8 and
C3H, C4H, and C5H protons (signals829.9, 2.5, and-3.3 24.7 ppm (cross-peak c). This COSY connection evidences
' - : B i the presence of either a CHCH or a CH spin subsystem.
ppm, respectively). In the solution structure deduced for oI
HOO—Co(llBLM (31), the MAN C3H is the closest to Unfortunately, HMQC data that could help discriminate

the metal center of all the mannose protons. The cIoseneséJetween the two possibilities is not available due to the fast

to the metal ion of the MAN C3H proton in Co(ll)BLM relaxing properties O.f the 48.8 and 24.7 ppm protons.
would account for its shoff, (30). With these assignments Nevertheless, the assignments previously made for some of

; ; - ; the protons in the ALAPYR—HIS segment immediately
in hand, the—9.3 ppm signal is attributed to the MAN C2H . ; L .
proton by elimination. excludes the first option. This is due to either the lack of

NMR Signals of the Protons Close to the Metal Ligation two vicinal protons with chemical shifts between 50 and 20

Site. At this point, all the'H (and most of théC) signals ppm or to the large diﬁgrence i_n cher_nical_ shifts between
arising from the nonmetal-coordinated moieties, and the the assigned and unassigned signals in this segment of the

sugars in Co(Il)BLM, have been identified (vide supra). Yet molecule. These facts leave only the £afternative avail-

unassigned are the NMR features derived from the nuclei in ablg, suggesting that the 48.8 anq 24.7 ppm sig_nals are
close proximity to the metal including the ALA, PYR, and derived from the PYR @H, group. This result is consistent

HIS fragments 30, 31). Unfortunately, many of these with their being located three bonds away from a Co(ll)

resonances are not correlated to other signals and, unlikeco0rdination site 47—49). The 48.8 and 24.7 ppm signals

Fe(I)BLM, cannot be related to their diamagnetic counter- exhibit no further correlations to other features in the NMR
parts by ST experiments, thereby making the assignmentsSPectrum of Co(I)BLM.

of the remaining resonances difficult. However, some of them  The previous identification of the methyl groups in THR
can be attributed to nuclei in the metal-binding region of and VAL (—1.9, —3.4, and—4.9 ppm (vide supra) leaves
the molecule by comparison to the assignments for Fe(ll)- the signal located at 2.6 ppm (Figure 2D) as the only
BLM (30). As found for Fe(ll)BLM, there are six signals in  unassigned methyl signal, which is thus attributed to the PYR
the NMR spectrum of Co(ll)BLM exhibiting some of the CHs group. The lack of two-dimensional NMR connections
largest chemical shifts and shortest relaxation times. Theseto this feature supports its assignment to the PYR @ridup.
features are located at 211, 152, 114, 7#20.5, and-30.5 The coordination to the Co(ll) center by the N5 nitrogen in
ppm, with theirT; range between 1.0 and 3.7 ms (Table 1). the pyrimidine ring produces only a minor change in the
The very strong paramagnetic character of these signalschemical shift of this methyl group (2.0 ppm in apobleomycin
hampers the possibility of finding correlations among them (45), 2.6 ppm in Co(ll)BLM (Table 1)). This situation has
and/or to other features in two-dimensional NMR experi- also been encountered for Fe(ll)BLNQ) where the PYR
ments. Therefore, their one-to-one assignment is not possibleCH; group NMR signal is located at 2.1 ppm.
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At this point, only signals derived from the protons in the coordination of the mannose to the metal center cannot be

HIS residue are left to be identified. The NMR features
arising from the protons in this moiety are difficult to assign
due to the lack of COSY and/or TOCSY correlations to any

ruled out based only on the NMR results. For some of the
diamagnetic metalleBLMs studied so far, the upfield shift
exhibited by the mannose C3H proton in the metal bound

other feature in this segment. Among th& NMR features form, as compared with the apo form, has been considered
engendered by the HIS protons, the one generated by theas evidence that supports the coordination of this sugar to
aromatic N3H proton can be positively identified at 51.8 ppm the corresponding metal ion. In the cases of Fe(ll)- and Co-
(Figure 4B). In the case of coordination to a high spin Co(ll) (II)BLM studied in our lab, the MAN C3H proton exhibits

ion by the N1 nitrogen of an imidazole ring, the N3H proton the shortest relaxation time among all the sugar protons. This
is expected to exhibit an NMR signal between 35 and 70 result, added to the large chemical shifts and short relaxation

ppm @1, 50, 51). In our investigation of the coordination
chemistry of Fe(l)BLM @0), the C4H proton in the
imidazole ring was identified mainly through the connection
between the paramagnetic (Fe(ll)BLM) and diamagnetic
(apo-BLM) versions of the signal in the ST experime3@)(
Such an experiment was also attempted on Co(Il)BLM with
no success, which makes difficult the identification of the
NMR signal generated by this proton. The NMR data
obtained from Co(ll)-substituted proteingl) indicate that
the signals for C4H protons of N1 Co(ll)-coordinated
imidazole rings are often found in the region between 40

times of the MAN and GUL protons, could be used to
support the coordination of the mannose to the metal center
in Co(I)BLM. As discussed above, the NMR data obtained
in the present study suggest the binding of the ALA primary
amine to the metal center in Co(Il)BLM. If both the primary
amine and the carbamoyl group were ligands to the metal,
then a six-coordinate structure with only endogenous ligands
would result for Co(I)BLM. This possibility is examined
through molecular modeling in the next section.

MOLECULAR MODELING RESULTS

and 70 ppm. On the basis of these data, the signal positioned The aim of this NMR-based structural study is to find the

at 42.1 ppm in the NMR spectrum of Co(ll)BLM (Figure
2B) is assigned to the imidazole C4H proton. The signal at
31.5 ppm is attributed to the HIS’E proton by elimination,
having identified all the signals generated by the protons
closest to metal. In our NMR study of Fe(ll)BLM, the HIS
CPH proton was found at-17.3 ppm with a relaxation time

configuration of the Co(Il)BLM molecule that is compatible
with the NMR data we have generated for it. To this end,
we used the four structures for HG@o(l11)BLM examined

by Wu et al. 81) to derive 15 alternative starting models,
including five- and six-coordinate structures. From the
assayed Co(I)BLM models, we shall discuss only the best

of 3.1 ms. When compared with each other in a one-to-one ones: models+V, Figure 7. In all models, the metal center
fashion, the NMR features engendered by the protons in thewas changed from Co(lll) to Co(ll), and the hydroperoxide

Co(ll) adduct show relaxation times about two times longer
than the ones in the ferrous complex. This comparison

ligand was substituted with either the carbamoyl oxygen or
a solvent molecule. In all the models considered, the

supports the assignment of the 31.5 ppm signal to the HIS equatorial ligands (secondary amine in ALA, pyrimidine and

CPH proton. NMR studies performed on Co(ll)-substituted
proteins, such as azurid?), carboxypeptidase A48), and
the liver alcohol dehydrogenaseldj, indicate that the
chemical shift and relaxation time of the 31.5 ppm signal

imidazole rings, and the HIS amide nitrogen) were left
unchanged defining what we call the equatorial plane of the
metal. Models | and IV involve only endogenous ligands,
with the primary amine and the carbamoyl oxygen occupying

have the right values for a proton located three bonds awaythe axial positions. In these two models, the metal centers

from a Co(ll) coordination site.

We have thus identified the NMR signals arising from the
protons closest to the metal ion in Co(Il)BLM. This has been
accomplished by taking advantage of the similarities found
among the NMR spectra obtained from this BLM adduct
and those derived from Fe(I)BLM3(Q), and based on the
hypothesis of a common set of ligands for both metallo
BLMs.

The NMR data discussed above allow us to identify some
of the ligands to the metal center in Co(ll)BLM. Four of
them, the N1 and N5 nitrogens in the imidazole and
pyrimidine rings, respectively, the secondary amine in ALA,

have opposite chiralities. Models Il and V were derived from
models | and 1V, respectively, by releasing the carbamoyl
oxygen from coordination and substituting it with a solvent
molecule. Model Il displays the same chirality as model V.
However, in the former, the sugar moiety is located on the
face of the equatorial plane that is opposite to the one
occupied by the bithiazole tail. In the latter, both the sugar
residues and the bithiazole tail share the same face of the
equatorial plane.

Models I, Il, 1V, and V were tested based on a spectro-
scopic investigation of the metal ligation of the ferrous active
site of BLM performed by Loeb et al.4R). From their
studies, they concluded that the spectroscopy is consistent

and the amide nitrogen in HIS, have previously been it a six-coordinate, distorted octahedral geometry at the
proposed to participate as equatorial ligands to the metal Fe(ll) center in Fe(l)BLM. The pyrimidine, imidazole,

centers for various metateBLMs. Comparison of the

present NMR results with the ones obtained for Fe(I)BLM
(30), allowed us to identify the signals generated by the ALA
CPH, and CH protons among the six features exhibiting

deprotonated amide, and secondary and primary amine
ligands are bound in a pseudo-square pyramidal geometry
with either the 3-O-carbamoyl substituent of the MAN or a

solvent molecule occupying the sixth site trans to the primary

some of the largest chemical shifts and shortest relaxationymine. Additionally, the chirality of the metal center and
times (vide supra). The behavior of these protons indicatesipe arrangement of the BLM residues around it, displayed

that the primary amine on ALA must be an axial ligand.

Given the paramagnetic behavior displayed by most of
the sugar protons in the Fe(ll)- and Co(ll)BLM adducts, the

by model Il, are similar to those exhibited by structure B
for HOO—Co(lll)BLM, one of the two possible structures
(A and B) proposed by Xu and co-workeg] for this BLM
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Ficure 7: Simplified diagrams of the eight models assayed to study the coordination chemistry of Co(ll)BLM. The hydrogen atoms have

been omitted for simplicity.

adduct in their NMR studies on HOE&Co(lll)BLM and difficult to decide with which sugar they are associated.
Co(llBLM. Models Il and V represent the possibility that Therefore, the examined coordination alternatives were
the mannose moiety is not bound to the metal center, butassayed with an assignment of the sugar protons opposite to
just close to it in Co(II)BLM. In this case, the paramagnetic the one shown in Table 1. The structures derived this way
NMR shifts exhibited by the uncoordinated residue would afforded higher total potential and constraint energy values
be attributed only to dipolar interactions of this segment with than the corresponding ones obtained with the sugar assign-
the metal center. Model Ill could also fulfill the same ment displayed in Table 1. Therefore, the assignments of
requirements as models Il and V, regarding the paramagneticthe signals to protons on the sugar residues as listed in Table
behavior of the sugars. This coordination geometry, as well 1 were made based on the quality of the structures obtained.
as the arrangement of the unbound BLM fragments around - The resuilts of the molecular modeling are shown in Table
the metal center, has been proposed by Wu et al. (Structuréy The five models we have examined can be separated into
) (31) and Xu et al. (structure A)20) for the HOO-Co- o groups: those with five endogenous ligands and a
(IMBLM adduct. solvent molecule (models II, 1ll, and V; group 1), and those
As done for Fe(Il)BLM @0), proton—metal distances (Hi-  with only endogenous ligands (models | and IV; group I1).
Co(l)) were calculated for the protons exhibiting paramag- The selection of the configuration of the Co(ll)BLM
netic behavior through eq 152, 53). The protor-metal  molecule that best fits the experimental data in each group
distance for the C4H proton in the imidazole ring was used will be guided by the examination of the following param-
as the reference value for the calculations, since the imidazoleeters (Table 2): rmsd from distance constraints, the geometry
ring is rigid, and when bound to Fe(lI4—56) and Co(ll) of the structure (reflected by the axial angle), the fit of the
(57-61), its C4H proton typically displays protermetal NMR data vs the structural data (protemetal distances)
distances of~5 A (Table 1). The distances derived from to a straight line, constraint energy, and total potential energy.
these calculations were used as constraints for the MD Starting with the models in group |, the comparison of the
calculations as described in the Materials and Methods parameters referred to above between models Il and V
section. indicated that the former exhibits a structure that is more
The molecular modeling study performed on Co(l)BLM compatible with the experimental data than that shown by
has enabled us to distinguish the NMR signals arising from the latter. Even though both models have very similar total
the two sugars found in the BLM molecule. Since the potential energies, model V exhibits higher constraint energy
mannose and gulose moieties present identical spin systemsand rmsd from distance constraint values than model II.
and due to the lack of a full network of connectivities among These results indicate that model V demands more energy
the protons belonging to each of these spin systems, it isto satisfy the constraint requirements, and that the proton
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Table 2: Energy Statistics from Molecular Dynamics

model P model Ik model Il model IV model \#
potential energy terms
total —128.7+ 1.2 —207.1+ 1.1 —91.6+ 1.8 —157.4+1.0 —206.8+ 2.4
bond 117.3:0.2 118.5+:0.1 162.7+:0.1 100.7+0.1 102.64+ 0.3
angle 292.4+ 0.3 302.4+ 0.6 416.7+ 1.8 310.0+:0.4 286.2+ 0.9
torsion 44,2+ 0.2 22.4+0.3 22.2+0.7 46.8+ 1.0 42.3+ 0.7
out-of-plane 1.3H1 0.03 1.01+ 0.03 0.59+ 0.04 237+ 1.1 2.53+0.5
van der Waals —23.3+£1.2 —32.9+£0.3 —41.840.5 —5.24+0.9 28.0+:4.3
electrostatic —560.8+ 1.2 —615.1+ 1.6 —652.4+ 4.5 —613.1+ 1.1 —639.8+ 4.7
constraint 0.1 0.01 0.26+ 0.01 0.39+0.01 1.0040.01 1.304+0.1
atomic rmsd for all atoms 0.16 0.06 0.23+ 0.02 0.24+ 0.07 0.23+ 0.05 0.33+ 0.06
rmsd from distance constraifits 0.7 0.7 0.8 1.1 1.2
axial anglé 177.8+£0.2 174.24-0.2 170.6+:0.2 123.14+1.2 172.14+0.9
fitse 0.91 0.90 0.94 0.79 0.78

aValues derived from the averages of the values obtained for the ten structures generated for each one of the modet<Eassgyadrms
in kcal mol. ¢ Calculated with the formula{[¥ (Dnmr — Dmode)?l/N} 2 whereDnwr @nd Duvogel @re the protorrmetal distances derived from the
NMR data and the model, respectively, aNds the number of data point8lt is the angle among the primary amine, the metal ion, and the
carbamoyl oxygen/solvent molecufeCorrelation coefficients obtained from the linear fittings of the pretoretal distances derived from the
NMR measurements, and the ones obtained from the corresponding model.

metal distances derived from it correlate poorly with the At this point, the analysis of the MD results (Table 2) has
NMR data. allowed us to select models | and Il as the ones that best fit
A comparison of models Il and Il reveals that, except th_e experimental data we have obtained for Co(ll)BLM.
for the total potential energy values being higher for model Pictures of the full Co(Il)BLM molecule for these models
I1l, the parameters for the former are only slightly better than @ré shown in Figure 8. In the discussion that follows,
those for the latter. The reason for that is the fact that in arguments will be made on the basis of the previous structural
both models Il and IlI, the mannose and the bithiazole tail Studies of other metalieBLMs, to favor model I over model
are located on different faces of the equatorial plane of the !l @S the most adequate solution structure for the resting state
metal. This arrangement seems to satisfy our experimental®f COBLM.
data better than that exhibited by models IV and V where In the structural studies carried out on HSOo(lll)BLM
the sugars and the bithiazole moiety share the same face oby Wu et al. 81), four coordination alternatives for HOO
the equatorial plane (Table 2). As a matter of fact, as statedCo(Ill)BLM were examined (structures-1V). From these
at the beginning of this section in the present study, we alternatives, structures Ill and IV (primary amine and
assessed many starting Co(ll)BLM models, including five- carbamoyl nitrogen coordinated, respectively, and the same
coordinate patterns and those where the primary amine isscrew sense as our model IlI) were easily discarded based
not coordinated. For all the models assayed, regardless ofon their NMR data. However, it was difficult to structurally
their screw senses, the analysis of the MD results indicateddifferentiate between their structures | and Il. In fact, they
that the patterns with the sugars and the bithiazole tail locatedstated that in these two structures both the primary amine
on opposite faces of the equatorial plane were better, with and carbamoyl group can be interchanged as axial ligands,
respect to the examined parameters, relative to those whereavith relatively minor structural reorganization. In the final
these moieties share the same face. Even though theanalysis, however, Wu et al. favored structure | as the one
differences between models Il and Il for four out of the held in solution by HOG-Co(ll)BLM (31). A similar
five parameters used to compare the examined patterns arstructure was also favored by Xu et al. (structure 2%)(
slight, they favor the former over the latter. Additionally, In contrast, the NMR studies performed by Caceres-Cortes
model Il has a total potential energy lower than that for model et 5. @1) on HOO-Co(lI)PEP led to the proposal of a
lll. On the basis of these results, model Il is the one that gitferent structure for this complex where the mannose

Group Il contains only models | and IV. As can be seen positions, with the same equatorial ligands as the ones
in Table 2, model IV is of lower energy than model I. considered in the present study. The structure proposed by

However, the values of the other four parameters favor model Caceres-Cortes and co-workers for HOOo(II)PEP @1)

I over model IV. In particular, the axial angle of 123 is similar to Wu’s structure Il. The complete resonance
exhibited by model IV is very distorted from an ideal assignment as well as the determination of the exchange rates
octahedral structure. Furthermore, the measured proton of the exchangeable protons in the HOOo(lll) derivatives
metal distances for the MAN C3H and HIS’K (3.9 and of PEP, CoPEP, and CodPEPL), which was not achieved
3.6 A, respectively) are shorter than those calculated throughin Wu’s study of HOG-Co(ll)BLM (31), allowed Caceres-

the relaxation times (4.3 and 4.4 A, respectively). If the MAN Cortes and co-workers to establish that, when present in the
C3H and HIS @H proton—metal distances predicted by PEP molecule, the mannose moiety is coordinated to the
model IV were the ones held in solution in the Co(ll)BLM metal center instead of the primary amine. These results are
molecule, NMR signals with stronger paramagnetic characteralso consistent with the findings of Akkermann et &7)(
should be present for these protons in the NMR spectrum. for CO—Fe(I)BLM—A, where the mannose NHjroup is
This is not the case as discussed previously. All these factsligated to the iron ion. If the HO©Co(lll)BLM presents a
prompted us to favor model | over model IV in group Il.  coordination environment similar to the one proposed for
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Ficure 8: Schematic representation of models | and Il. These models are the ones that best fit the experimental data. The hydrogen atoms
have been omitted for simplicity.

HOO—Co(lll)PEP and CO-Fe(ll)BLM, then the coordina-  domains, the slight paramagnetic behavior of the VAL and
tion geometry exhibited by our model | is reasonable for some of the THR protons indicate that those segments are
the resting state of this metatdLM. close to the Co(ll) center in Co(ll)BLM. The closeness of
Since Co(Il)BLM is the precursor to Co(Ill)BLMOOH,  the peptide linker to the metal center in Co(I)BLM is
the structure of the former should be related to the latter, Compatible with the location of this BLM segment suggested
preferably by a simple ligand substitution process. Such a by Caceres-Cortes et ak) and Wu et al. §1) for HOO—
correlation should be an important factor to consider in CO(I)PEP and HOG-Co(lll)BLM, respectively. For both
assessing our various models. Assuming minimal confor- HOO—Co(lll) complexes, the bithiazole moiety is folded
mational changes, the Co(lI)BLMOOH structure favored ~ back underneath the equatorial plane of the metal. This
by Wu (structure 1) and Xu (structure A) with an axial location of the BLM tail would bring the VAETHR
primary amine ligand can only arise from our model Il by segment close to the metal ion, generating the paramagnetic
displacement of the axial solvent ligand. However, this is a behavior of the protons held by those residues in the Co(ll)
structure already discarded by our NMR data and MD adduct.
analysis. On the other hand, the structure favored by Caceres- During the NMR studies performed by us on the Fe(ll)
Cortes (axial mannose carbamoyl ligand) can be attained byderivative of BLM (30), a structural correlation was estab-
displacement of the amine ligand from our model I. Co(ll)- lished between the NMR data on Fe(l)BLM iHre(ll)
BLM model | can also give rise to Co(lll)BLMOOH with distances) and structures | and Il for HSQGo(ll)BLM
Wu’s structure 1l and Xu’s structure B, both of which were examined by Wu and co-worker81). Those structures
less favored by the respective authors. Model | also displaysexhibit both the ALA primary amine and the sugar moieties
the same arrangement as the crystallographically characteriocated on the same face of the equatorial plane of the metal.
ized Cu(ll) complex of P-3A, a biosynthetic precursor of  On the basis of these structural correlations, it was proposed
BLM which lacks both the sugar residues and the bithiazole that Fe(l)BLM had an arrangement of residues around the
tail present in the BLM molecule. While the absence of the metal center similar to the one displayed by Wu’s structure
latter residues raises concerns about the validity of Cu(Ill)P3A |. In the present study, models analogous to Wu'’s structures
as an accurate model for metalBLMs, spectroscopic | and Il were considered. The molecular modeling results
studies performed by Takita et &63) on Cu(I)BLM suggest  for one of them (model I1I, analogue to structure 1) are shown
that the MAN moiety binds to the Cu(ll) center through the jn Table 2. The results for the model analogue to structure
carbamoyl oxygen in Cu(l)BLM, affording a structure for || (data not shown) give values 3.2 and 0.5 kcal mot?
the Cu(ll) complex that exhibits the exact same coordination 1.0, and 0.8 for the total potential and constraint energies,
geometry as the one displayed by model I. Since model Il ymsd, and fit of the data, respectively. This model was not
cannot be easily converted to a Co(ll)BLNDOH structure jncluded in the discussion, since the primary amine is
that is favored by any of the previous investigations, it would yncoordinated to Co(ll), which is not compatible with our
seem unlikely to be the structure of the precursor complex. NMR results. If only these two models were considered in
Thus a consideration of all the available data leads us tOthe present Study, then the conclusion reached for Fe(”)_
favor model I, where the Co(ll) center is coordinated to all g|_M would still hold for Co(Il)BLM. The consideration of
six potential ligating groups of BLM. all possible coordination geometries compatible with the
Regarding the disposition of the residues in the peptide NMR results has led to a more complete structural study of
linker region joining the metal-binding and DNA-binding this metalle-BLM. Molecular modeling of the Fe(ll) adduct
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of BLM is underway in our lab to establish the arrangement
of the drug’'s residues around this metal center and to
determine if, in the resting state, Feand CoBLM are
isostructural.

CONCLUSIONS

From their studies on Fe(I)BLM, Loeb et akd) have
concluded that this BLM adduct is six-coordinate with at
least five endogenous ligands, and either the carbamoyl
oxygen or a solvent molecule as the sixth ligand. We have
performed structural studies on Co(Il)BLM, using the
proton—metal distances derived from the relaxation times
of the protons close to the metal center as distance
constraints. Our molecular modeling calculations indicate that
the coordination environment of the metal ion in Co(Il)BLM
is similar to the one suggested by Loeb and co-workers for
Fe(I)BLM (42). Additionally, a residue arrangement where
the coordinated primary amine is located on the same face
as the bithiazole tail and the mannose moiety is located on
the opposite face is proposed, based on the comparison of
various coordination alternatives examined in the present
study. Analysis of some of the most reasonable structures,
likely held in solution by some metaltleBLMs, examined
in previous structural studies for HGECo(I1)BLM (25, 31),
HOO—Co(ll)PEP @1), CO—Fe(Il)BLM (27), and Cu(ll)-
BLM (63) prompted us to proposed a six-coordinate structure
with only endogenous ligands for Co(ll)BLM.
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