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DFT Study of the Metal Coordination Center Domain of Fe(ll)—Bleomycin
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We present a comprehensive analysis of the geometric and electronic properties of the metal coordination
center domain of the iron(Il) complex of the antitumor drug bleomycin (BLM) using density functional theory
(DFT). The various experimental studies devoted to establishing the nature of the metal coordination center
in BLM suggest that the metal is five-coordinated, with a sixth site available for exogenous ligand binding.
Among the five ligands, four of them form an equatorial coordination sphere, but the nature of the fifth axial
ligand remains controversial. To elucidate the nature of the metal coordination center in-B&M) six
structurally different conformers resembling the active site have been investigated using DFT. An optimal
geometry has been found for each conformer in the singlet, triplet, and quintet electronic states. The electronic
ground state was identified as a four-coordinate species with intermediate spin state. However, when the
results of these calculations were compared with the latest 2D NMR data, the best agreement was found
between the five-coordinated theoretical model and experiment. Stereoelectronic analysis of four-coordinate
conformers has shown that the Fe out-of-plane displacement controls the spin state. The high-spin state potential
energy surface intersects the triplet state potential energy surface along the doming-mode coordinate when
the iron atom is displaced about 0.4 A from the equatorial nitrogens average plane. This intersection is the
result of different iron d orbital occupancy in quintet and triplet electronic states.

Model of Metal Coordination Center

Bleomycins (BLMS, Figure l), mononuclear nonheme iron The initial model for the expected coordination of metallo-

complexes, are a group of glycopeptide antibiotics synthesized BLM was derived from the X-ray structure of a Cu(ll) complex
by StreptomyceserticillusL2 that are widely used in chemo- of a biosynthetic precursor of BLNE In this structure, the
therapy against some types of carcinoiaThe drug SeCOﬂdary amine of aminoalanine”(AaALA), the pyrlmldlne
Blenoxane~7 based on the bleomycins, is one of the most (PYR), the histidine amide (HFSA), and the histidine imidazole
successful for anticancer treatment because of its ability to (HIS—1) are equatorial ligands, whereas the primary amine of
degrade duplex DNA; 11and possibly RNA? selectively. It is aminoalanine (A-aALA) is an axial ligand. Unfortunately, this
generally accepted that DNA degradation is both oxygen and complex lacks the sugar gulose (GUL), the mannose (MAN)
metal ion dependent with the greatest enhancement in vivo residue and the bithiazole (BITH) tail. Early spectroscopic
observed for iro314Oxygen binds to high-spin Fe()BLM studied® suggested that the Fe(HBLM coordination center
to produce oxygenated:©Fe(I)~BLM1516that is a precursor has a five-coordinate, square pyramidal geometry with-A
to the active species in the DNA cleavage mechanism. In this @ALA, PYR, and HIS-I groups equatorially liganded to the
mechanism, the coordination chemistry of Fe(BLM appears ~ central Fe(ll) atom, but the identity of a fourth equatorial and
to play a key role in its unique oxygen chemistry and reactivity. an axial ligand remained in dispute. EPR stutfies nitrosyl
The structure of Fe(IlYBLM has been intensively investigated ~ ternary complexes of Fe(H)BLM, suggested axial ligation of
using various bioanalytical and spectroscopic technidles; A'—aALA and equatorial ligation of deprotonated Hi8 of
however, the precise geometry of this complex is not yet known. this early proposed structure. In contrast, NMR experiniéfits
The aim of the present work is to provide theoretical insight SUPPOrt an alternative coordination site of €Ee(ll)~BLM
into the ground state geometry and electronic structure of the © Zn(I)—BLM in which the equatorial HIS| does not ligate;
metal coordination center of Fe(#BLM using density func- ~ rather, the fourth equatorial site is occupied by-AALA with
tional theory (DFT). To accomplish this, we propose a com- MAN as an axial ligand. Utilization of 2D NM_i?{8 techniques
putationally feasible model of a metal coordination center ©© CO-Fe(l)=BLM has led to a structure with ‘A-aALA,
together with several conformers which can be obtained from PYR, HIS-I, and HIS-A as equatorial ligands, in agreement
the proposed model. For each conformer, we present DET With earlier studies, and MAN as an axial ligand. More recently,
calculations of low, intermediate, and high spin states to obtain @ NMR study* of Fe(l)~BLM supports an alternative structure
a correlation between the ground-state geometry and electronicVhere equatorial ligands are the same as above, btaALA
structure. Finally, we present a comparison with the latest 2D IS plgced as the coordination site axial ligand. Resonance Raman
NMR data to establish a reliable model for the ground-state Studie$®of CO—Fe(ll)-BLM suggested a structure wheré A

geometry and suggest possible implications for a mechanism@ALA, PYR, HIS-A, and HIS-I are equatorial ligands and
of DNA cleavage. A'—aALA as an axial ligand. Finally, in recent spectroscopic

investigation®® of Fe(ll)-BLM, a dynamic structure has been

*To whom correspondence should be addressed. E-mail: pawel@ Proposed where ‘A-aALA is a permanent axial ligand with
louisville.edu. A"—aALA, PYR, HIS-A, and HIS-I as equatorial ligands,
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Figure 2. Model of the metal coordination center domain of Fefll)

BLM.

but MAN weakly occupies the sixth binding site. Throughout ~ Conformer A Conformer B

these experimental investigations described above, there is
unclear evidence supporting the position of the MAN residue

in the coordination site of the complex; however, the predomi- P P
nant axial coordination of the 'AaALA residue is more
strongly supported. O]

Fe(I)—BLM possesses four main structural domains includ-  ¢conformer ¢ € Conformer D
ing a bithiazole tail, a linker region, a metal binding domain,

and a disaccharide moiety (Figure 1). To describe the coordina-

tion environment of the metal domain of the complex, we have

investigated a simplified model which retains the important

structural features (Figure 2). This computationally feasible ¢

model consists of the A-aALA, PYR, HIS-A, and HIS-I Conformer E 4%  Conformer F
residues as equatorial ligands of the Fe(ll) center and the A Figure 3. Structure of conformer A and its interconnections with other
aALA residue as a permanent axial ligand. In fact, several conformers throughy(s, ) tortional angles. The hydrogen atoms have
different possibilities have been tested by DFT calculations. All Peen omitted for simplicity.

alternative arrangements of ligands lead to higher energies and

tensions in the metal coordination sphere. The remaining partsC,—Cg bond (anglep;, Figure 3) of the HIS residue and two

of the Fe(ll)-BLM complex are the bithiazole tail, a linker  different conformers with respect to the,€Cs bond (angle
region, and a disaccharide moiety that have been excluded fromg,, Figure 3) of the aALA residue. These five-coordinated
the model compound for simplicity of computational calcula- conformers have been denoted as A, B, C, and D, respectively.
tions. In addition, a methyl group, a primary amine of PYR, Two additional conformers E and F have been created where
and an amide group located between PYR and aALA residuesthe aALA residue was bent away from the metal center in order
have also been excluded from the model compound. The final to describe the coordination site of the fourth coordinated metal
model can exist in two different conformers with respect to the center (Figure 3).
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Conformer A Conformer B E has the imidazole ring of the HIS residue pointing away from
—_— the tail of the aALA residue, creating the structure with the

[— ' smallest intermolecular interactions between these two residues.
/—_ \ The electronic quintet state of conformer E lies about 5.4 kcal/

/-’\/ A mol above the ground triplet electronic state, whereas the singlet
\ O \\ \C\\/_\/_/ electronic state is located over 20.9 kcal/mol above the ground
/\/\’ state. The average metdigand bond lengths vary monotoni-
cally with spin, being smallest in the singlet electronic state
and largest in the quintet.

ConformerC Conformer D
\ , Conformer F was generated from conformer E by a change
/\,-q. in the tetrahedral angle; around the —Cg bond of the HIS

residue. After geometry optimization, conformer F has the

/’ imidazole ring of the HIS residue pointing toward the arm of
the aALA residue causing stronger steric interactions between
4 - Ve these two groups than in the conformer E. These interactions

//‘\f"f \ [ cause the ground triplet electronic state of conformer F to be

W higher energetically by about 1.7 kcal/mol above the reference
ground triplet electronic state of conformer E. Similarly, as in

Conformer F conformer E, conformer F has the quintet electronic state located
about 5.9 kcal/mol and the singlet electronic state located about
24.6 kcal/mol higher than the reference state of conformer E.
f 7~ The change in the tetrahedral anglgaround the ¢—Cz bond
e /—-—/— of the HIS residue from conformer E to conformer F does not
\——\ ) influence the average length of the methgjand bond. The
bond-length dependence on spin for conformer F mirrors that

Figure 4. Optimized structures of the model complexes in their ground of conformer E d'SCUSS?d above.
electronic states. The hydrogen atoms have been omitted for simplicity. ~ Among the five-coordinated structures, conformers A and B
have the lowest energy in their quintet electronic states.

E'Ioé?:tl_rgn}é gtgltztslve Energies of the Conformers in Different Conformer A was built from conformer E by attachment of the
arm of the aALA residue to the metal center via tHe-AALA
energy (kcal/mof) nitrogen atom, creating a fifth coordinated compound. In its
conformer singlet triplet quintet ground quintet electronic state, this complex is located about
A 258 9.0 36 3.6 kcal/mol above the triplet ground electronic state of reference
B 27.7 10.1 3.5 conformer E. The first excited electronic state of conformer A
C 21.9 4.5 5.2 is a triplet located about 9.0 kcal/mol above the reference triplet
D 24.1 7.2 5.9 state. The singlet electronic state is the next state of conformer
E %g'g (1)'(7) g'g A and lies about 25.8 kcal/mol above the reference state. In

conformer A, the A—aALA nitrogen atom has no planar

“The reference energy is the ground triplet electronic state energy hybridization and the equatorial ligands of the metal center are
of the conformerE, which has the valu&r = —2396.4936 au. not as planar as the four coordinated structures E and F. The
additional, axial A—aALA ligand changes the coordination
sphere of conformer A into a domed structure, but this effect

DFT calculations reported in this work have been carried out does not influence the lengths of the equatorial metal bonds.
using the B3LYP composite exchange-correlation functional and The equatorial metalligand bonds of the conformer A are
the 6-31G(d) basis set as implemented in the Gaussia&4 98 similar to those in conformer E; however, a new axial bond
suite of programs. For each conformer under consideration, abetween the metal atom and thé—®ALA nitrogen atom is
full geometry optimization assuming low, intermediate, and high the longest in all electronic states. Moreover, the axial metal
spin states has been performed. The final structures of the metabond has the largest value in the triplet electronic state, whereas
complexes are shown in Figure 4, whereas electronic energiesthe mean equatorial metal bond is largest in the quintet state.
corresponding to singlet, triplet, and quintet states of these The domed structure of conformer A is different in different
complexes are summarized in Table 1. The most important states. In the singlet electronic state, the metal coordination is
geometric parameters, including metéigand bond lengths of  almost planar, whereas in the triplet electronic state, it becomes
the coordination sphere and out-of-plane iron displacement aremore nonplanar producing the most distorted structure in the
presented in Table 2. The Supporting Information provides a quintet electronic state.

list of all optimized coordinates. Similar to the four-coordinated complexes E and F, conformer
B was generated from conformer A by changing the tetrahedral
angleg around the @—Cg bond of the HIS residue. The ground
Several interesting conclusions can be made from the presentlectronic state of complex B is quintet and is located about
DFT calculations: among all of the conformers under consid- 3.5 kcal/mol above the ground triplet electronic state of reference
eration, conformer E has the lowest energy in its triplet conformer E. The next electronic state of conformer B is a triplet
electronic state. In this complex, the metal center has a planarstate lying about 10.1 kcal/mol above the ground state, followed
coordination sphere and the arm of the aALA residue is pointing by the singlet state located about 27.7 kcal/mol. Having a
away from the metal atom producing the planar hybridization different orientation of the HIS residue, conformer B still keeps
of the A—aALA nitrogen atom. In the final structure, conformer the domed structure of the metal coordination center. Similar

Computational Details

Theoretical Analysis of Conformers
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TABLE 2: Metal —Ligand Bond Lengths and Fe out of Plane Displacements of the Conformers in Different Electronic States
metal bond lengths (A)

mean equatorial axiaP Fe out of plane displacements (A)
conformer singlet triplet quintet singlet triplet quintet singlet triplet quintet
A 1.97 1.97 2.12 1.99 2.32 2.29 0.14 0.14 0.33
B 1.98 1.97 2.13 1.99 2.31 2.27 0.12 0.12 0.23
C 1.95 1.94 2.11 1.98 2.34 2.28 0.11 0.11 0.24
D 1.96 1.94 211 1.97 231 2.29 0.08 0.08 0.16
E 1.89 1.93 2.05 0.03 0.03 0.07
F 1.89 1.94 2.05 0.09 0.01 0.11

a Arithmetic mean of the four bond lengths between the Fe atom and the equatorial N &fidresbond length between the Fe atom and the
axial N ligand.c The difference between the Fe atom position and the arithmetic mean position of the equatorial N atoms.

TABLE 3: Comparison of the Theoretical and Experimental Fe—H Distances

Fe—H distances (A)

theoretical

assignments A B C D E F expt
HIST C*H 3.96(0.36) 3.38(0.22) 3.92(0.32) 3.49(0.11) 3.92(0.32) 3.57(0.03) 3.6
1/2 ALA CPH, 3.96(0.14) 3.92(0.18) 3.91(0.19) 3.90(0.20) 3.79(0.31) 3.96(0.14) 4.1
PYR C°H 3.86(0.76) 3.54(0.44) 3.73(0.63) 3.88(0.78) 3.61(0.51) 3.68(0.58) 3.1
ALA C°H 4.04(0.34) 4.01(0.31) 3.35(0.35) 3.59(0.11) 3.91(0.21) 3.17(0.53) 3.7
1/2 ALA CFPH, 3.40(0.00) 3.12(0.28) 3.56(0.16) 3.14(0.26) 3.08(0.32) 3.36(0.04) 3.4
HIST C2H 3.54(0.44) 3.42(0.32) 3.53(0.43) 3.44(0.34) 3.32(0.22) 3.34(0.24) 3.1
HIST N3H 5.30 5.25 3.29 5.26 5.04 5.06

HIST C4H 5.32(0.32) 5.39(0.39) 5.31(0.31) 5.38(0.38) 5.15(0.15) 5.17(0.17) 5.0
HIST C°H 4.40(0.00) 3.73(0.67) 4.39(0.01) 3.60(0.80) 4.37(0.03) 3.37(0.03) 4.4

aNumbers in parantheses correspond to deviation between optimized and NMR-based distdotdmn has been taken from ref 24.
¢ Experimental data have been taken ref 24.

to complex A, the domed structure of the coordination sphere in the singlet electronic state, through intermediate in the triplet
of complex B changes from the almost planar structure in the state, to domed in the quintet state. The metal equatorial and
singlet electronic state to the most distorted structure in the axial bonds have similar values in complex D as in the other
quintet electronic state, having the intermediate conformation five-coordinated complexes.

in the triplet electronic state. The four equatorial bonds of

complex B are similar to those of complex A, as well as the Comparison with Experiment

axial metal bond having a similar length in both complexes A

and B. The stereoelectronic analysis presented in the previous section
The next two conformers of the FeBLM complex have suggests that a four-coordinated complex with intermediate spin
the A—aALA arm pointing away from the metal coordination state can be identified as the electronic ground state of the iron
plane keeping the bond between the-AALA nitrogen atom coordination center domain. It is therefore interesting to compare
and the Fe metal center. Conformers C and D were generatedhese results with the latest experimental data. Table 3 sum-
from conformers A and B by changing the tetrahedral aggle =~ marizes the comparison between the iron-proton DFT optimized
around the €—Cg bond of the A—aALA residue, respectively.  distances for six investigated conformers compared with the
The ground electronic state of conformer C is a triplet, and it Fe—H distances based on 2D NMR studies of the paramagnetic
lies about 4.5 kcal/mol higher than the triplet electronic ground complex Fe(lI)-BLM.2* The experimental ironproton dis-
state of reference complex E. The quintet state is located abouttances were obtained from relaxation times of the paramagneti-
5.2 kcal/mol, whereas the singlet is located about 21.9 kcal/ cally behaved protons. According to these data, a discrepancy
mol above the reference state. Similar to the other five- of 0.6-1.0 A occurs for the FeH distances (HIS ¢H) for B,
coordinated conformers, conformer C still keeps the domed D, and F conformers. In these conformers, where the tetrahedral
structure of the metal coordination sphere. This structure changesanglegs is roughly similar, the HIS residue is pointing toward
from almost planar in the singlet electronic state, through the the aALA group and this geometry seems to be inconsistent
intermediate conformation in the triplet state, to the most with experiment. Among three other conformers A, C, and E,
distorted in the quintet electronic state. The four equatorial metal where the HIS residue is pointing away from the aALA group,
bonds and the axial metal bond have similar lengths to the otherconformer E has a discrepancy of 0.3 A for the{Fedistances
five-coordinated complexes. (aALA CPH,) between DFT optimized and experimental data.
The last complex D was generated from complex C in the This conformer has the aALA group bent away from the metal
same way as the other five-coordinated complexes by changingcoordination center which is inconsistent with the experimental
the tetrahedral angle; around the —Cs bond of the HIS data. Both conformers A and C have comparable agreement of
residue. The ground quintet electronic state of conformer D is the experimental and theoretical-Hd distances; however, they
located about 5.9 kcal/mol above the triplet ground state of have different tetrahedral angles, which describes the position
reference conformer E. The triplet and the singlet states of this of the aALA residue. Conformer A has the aALAI& hydrogen
complex are placed about 7.2 and about 24.1 kcal/mol abovepointing away from the metal coordination center having the
the reference state, respectively. Similar to the other five- longer Fe-H distance (ALA CH) than this distance in
coordinated complexes, conformer D has the domed structureconformer C where the aALA residue is pointing toward the
of the metal coordination sphere, which changes from planar Fe atom. Taking into account these small differences, which
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Figure 5. Relative energies of conformers in different electronic states. Figure 6. Relative energies of four-coodinated conformer E in the
triplet and quintet electronic states calculated as the iron out of plane

are about 0.3 A in both A and C conformers, it is difficult to ~ displacement.

judge which conformer more closely resembles the experimental o . .

structure. The final conclusion can be reached taking into coordination plane, changing the ground electronic state from

account the energies of these two conformers: among the five-triPlet to quintet.

coordinated complexes conformer, A has the lowest energy in  DFT calculations show that complexes A, C, and E, where

the quintet electronic state. This conformer corresponds to the the HIS residue is pointing away from the AaALA residue,

structure which is the most frequently suggested in experimental "ave lower energies than the corresponding complexes B, D,

investigations, where the axial coordination of the-AALA and F in the corresponding electronic states. The interaction

amine is strongly supported. In summary, the present DFT Petween the HIS and 'AaALA groups seems to play an

calculations reproduce well the relative positions of both HIS importantrole in these systems. For five-coordinated complexes

and A—aALA residues in conformer A with respect to the A B, C, and D, the axial metal bond with the'AaALA
central Fe atom. nitrogen atom has a bigger value than the average equatorial

metal bond in the electronic states. The five-coordinated models
A, B, C, and D show that the domed structure of the
coordination sphere changes from almost planar in the singlet
In the absence of axial ligation, the iron complexes of BLM electronic state to the most distorted structure in the quintet
have intermediate spin, whereas the majority of five-coordinated electronic state, keeping the intermediate conformation in the
species display high spin electronic states (Figure 5). Both four- triplet electronic state. The equatorial metal bond lengths are
coordinated conformers E and F have the triplet electronic shortest in the singlet electronic states, longer in the triplet
ground state, whereas the lowest electronic states of the five-electronic state, and longest in the quintet electronic state.
coordinated complexes A, B, and D are quintets. However, the  Interestingly, the metal coordination center of BLM exhibits
energy difference of the ground electronic state between differentmany similar stereoelectronic properties observed for metal-
conformers is only of the order of a few kcal/mol and the loporphyrins. The four-coordinate iron porphyrins have an
presence of the additional fifth ligand displaces the iron atom intermediate spin state, but when the iron is displaced ap-
from the equatorial coordination plane changing the ground proximately 0.4 A out of the porphyrin plane (domed motion),
electronic state from triplet to quintet. Interestingly, the the ground-state becomes high s#in® For iron porphyrins,
electronic state of four coordinated complexes is controlled by the transition from intermediate to high spin state is associated
only one geometrical parameter, the iron out-of-plane displace-with so-called core expansion. We observed the same effect
ment. To explain this effect, we carried out calculations on for Fe—N bond lengths in the case of Fe(HBLM. All
reference complex E in the quintet and triplet electronic states. conformers become essentially degenerate in their electronic
In these calculations, the iron atom has been successivelyquintet electronic states (Figure 5) because the metal coordina-
displaced out of the average nitrogen plane and relative energiesion center is more flexible in comparison with singlet or triplet
calculated as a function of iron displacement (Figure 6). The states. Although, we found that the four-coordinated conformer
energy corresponding to the iron out of plane iron displacement with the intermediate spin state has the lowest ground electronic
was obtained without geometry optimization. The relative state, the best agreement in terms of geometrical parameters,
electronic energies show that the ground state of model complexwe found for the five-coordinated high spin state. One may
E is triplet when the metal is located in the plane of the four suggest that the metal coordination center can be the subject of
equatorial nitrogens and becomes quintet when the iron dis- small molecular strain, which energetically is not very costly,
placement is more than 0.4 A. This effect can be attributed to being about 3 kcal/mol. This small strain keeps the iron out of
different iron d orbital occupations in different electronic states. plane as has been often suggested for the-ihistidine linkage

Summary and Conclusions

In the singlet electronic state, thezénd de—y iron orbitals in heme proteing?2°The nonrigidity of the metal coordination
are not occupied, whereas in the quintet electronic state, theycenter in its high spin state may have significant consequences
are both singly occupied. In the triplet state, theatbital is for molecular recognition and interaction with DNA in the

occupied, whereasa2 is empty. The ¢g—2 orbital becomes process of double strand cleavage.

occupied in the high-spin state and is less antibonding when

Fe is out of plane. Therefore, attaching the-ALA arm to Acknowledgment. The authors thank Dr. G. Lamm and
the coordination sphere moves the Fe metal atom out from theProf. R. M. Buchanan for helpful discussions.
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