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Nature’s selection of the vita-
min B, coenzymes as ubiqui-
tous organometallic cofactors is
an intriguing and unsolved
question.!"! Several biosynthetic
pathways in aerobic and anae-
robic microorganisms converge
to provide vitamin B, cofactors
as uniquely structured natural
cobalt complexes.”  X-ray
crystallography helped to eluci-
date not only the organometal-
lic nature of coenzyme By, (1),
but first of all, the structure of
the cyano-corrin vitamin B,
(2).5°1 We report here the crys-
tal structure of f-cyano-neoco-
byrate (3) and the discovery of
a new structural motif for vita-
min B, derivatives. The dimeric
nature of 3 provides insight in a
remarkable structural feature of
the natural corrinoids.

[a] Dr. S. Murtaza, Dr. P. Butler, Prof. Dr. B. Kriutler
Institute of Organic Chemistry & Centre of Molecular Biosciences
University of Innsbruck, 6020 Innsbruck (Austria)

Fax: (+43)512-507-2892

E-mail: bernhard.kraeutler@uibk.ac.at

Prof. Dr. C. Kratky, Prof. Dr. K. Gruber
Institute of Molecular Biosciences, University of Graz

[b

—_

8010 Graz, (Austria)

Fax: (+43)316-380-9850
E-mail: karl.gruber@uni-graz.at
Dr. S. Murtaza

Present address:

[c

—

Islamabad College for Boys, ICB-G 6/3, Islamabad
H.No.1078, Gali 67, Street 41, Sector G-10/4 (Pakistan)

[**] By, refers to a vitamin B, derivative.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800809.

Chem. Eur. J. 2008, 14, 7521 -7524

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Structural formulae: left: neovitamin B,, (4), right: potassium dicyano-neocobyrate (K-3a); in vita-
min B, (2) and dicyano-cobyrate (K-5a) the configuration at C-13 is inverted (i.e., a and not f, see red

Neovitamin B;, (4) was described in the early 1970s as
isomerization product of vitamin By, (2),/") and it was identi-
fied by X-ray crystallography as the 13-epimer of 2 (see
Figure 1).®1 Most of the “neocorrinoids” were only charac-
terized by UV/Vis and CD spectra and by their chemical
correlation with “normal” corrinoids. Acid-catalyzed epime-
rization inter-converts “neocorrinoids” and “normal” corri-
noids selectively, and neocorrinoids typically predominate
slightly in such equilibrations.”!! “Neocorrinoids” were also
side-products in the total synthesis of cobyric acid (5),%!!
but they appear not to be formed naturally by vitamin B,
biosynthesis.*

The dicyano-form 3a of neocobyric acid (3) was obtained
in 18% yield from vitamin B, along with cobyric acid
(20%).213 Treatment of an aqueous solution of 3a with
acetic acid gave aquo-cyano-neocobyrate. Dimeric -cyano-
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neocobyrate (3-3) recrystallized in about 80% yield upon
addition of acetone. The crystal structure of 3 was deter-
mined by using synchrotron radiation and diffraction data
extending to a resolution of 0.95 A. The asymmetric unit of
the thombohedral crystal contained four independent neo-
cobyrate molecules, which were arranged as (two) very simi-
larly structured (C,-symmetric) dimers 3-3 (Figure 2). Dime-
rization was effected by coordination of the carboxylate
function of the f-propionate of one corrin moiety to the Co
centre (a-face) of the other.

Figure 2. Model of the structure of the f-cyano-neocobyrate dimer (3-3). Left: ball-and-stick representation.
Carbon atoms are shown in white and yellow, nitrogen in blue, oxygen in red and cobalt in magenta. Major
components only are shown of the disordered side chains. The H bond between the carboxylate of the f-side
chain and the d-propionamide is indicated by green dashes. Right: Stick representation of the dimer 3-3
viewed along an axis perpendicular to the dimer generating two-fold axis (acet- and propionamide side chains

have been omitted for clarity).

This is the first structure of a corrinoid dimer in which the
a-faces of the corrin moieties interact. In other corrinoid
dimers, tetramethylene-bis(cobalamin)™ and iodo-Co"-
cobester (see ref. [6]), the corrinoids form dimers via cobalt-
coordinated ligands at the less encumbered (-faces. In the
crystal structure of 3, the distance between the almost paral-
lel corrin rings is approximately 7 A. The regions with great-
est vertical overlap are ring D and the C15 meso-bridge
(Figure 2). In a projection perpendicular to the corrin
planes, the two Co atoms are displaced by roughly 4 A.
Close intra-dimer contacts exist between ClA--ClA’
(3.8 A), 0183-~C1A’ (3.5 A) and C12A--CI2A’ (3.7 A). The
only polar contact between the corrin moieties in a dimer is
an H-bond between N84 and O175" of the d- and f-side
chains, respectively (for atom numbering see Supporting In-
formation).

The geometry of the inner coordination sphere of the
cobalt centre in 3 is comparable to that of f-aquo-a-cyano-
cobyric acid (5):1°"! The structure of the corrin ring in 3 is
remarkably similar to that of the corrin moiety of neovita-
min B, (4) (Figure 3) and only the pucker of rings D differs
significantly in 4 and 3. Thus the fold angle of 22.5(5)° in 3
is only slightly smaller than the one in 4 (23.7°).5%% In con-
trast, the related comparison between a-cyano-f3-aquo-coby-
ric acid (5) and vitamin By, (2) revealed an increase of the
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fold angle from 4.3° (in 5)*"! to 18.0° (in 2), which was sug-
gested to reflect steric strain excerted by the coordinated di-
methylbenzimidazole (DMB) base in 2. The fold angle is
characteristically larger in 3 than in 5 and in other “normal”
corrinoids (average fold angle 7.5(5)°).>

The conformational switch in ring C of 3 breaks the
pseudo-C, symmetry of the corrin ligand, observed in
“normal” cobyrinic acid derivatives." Concomitant with
“inverting” the conformation of ring C, the corrin ligand of
3 locally adopts a “wave-shaped” (W)-conformation!!! and
exhibits an increased folding
angle. Indeed, similar confor-
mational coupling between the
macrocycle and (one of) the
five-membered  hydropyrrolic
rings has been analyzed in crys-
tal structures of the hydropor-
phyrinoid nickel-complex F430
and its C-12/C-13 epimer.[**

The f-propionic acid substitu-
ent of corrinoids typically dis-
plays less conformational disor-
der than the other propionic
acid side chains."” In the struc-
ture of 3-3 the (C-171/C-172)-
bond and the carboxylate func-
tion of the f-substituent are
nearly eclipsed (see Figure 2).
This conformation apparently is

C131

C1 C10 c19

Figure 3. Top: Superposition of crystal structures (on the four corrin ni-
trogen atoms). Left: of -cyano-neocobyric acid (3, cyan) and neovitamin
B, (4, pink). Right: of 3 (cyan) and a-cyano-f-aquo-cobyric acid (5,
pink). In the structures of 3, only the major components of the disor-
dered side chains b, d, and e are shown for clarity. Bottom: Cylinder pro-
jection of B-cyano-neocobyric acid (thick lines) and o-cyano-f3-aquo-co-
byric acid (thin lines) based on a mean plane through the four corrin ni-
trogen atoms (for atom numbering, see Supporting Information).
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required by the proper cobalt
coordination of the f-carboxyl-
ate. NMR-analysis of B-cyano-
neocobyric acid in aqueous so-
lution (where water is the o-
ligand) did not reveal a tenden-
cy to form dimers.

The formation, in the crystal,
of an a-bridged dimer provides
a new structural motif for B,
derivatives. While this motif is
present in the neocobyrate 3,
the structure of 3 also indicates
that its particular type of dime-
rization would be unlikely for
the “normal” cobyric acid. A
crude model of such an f-carboxylate bridged dimer (ob-
tained by superimposing the structure of cobyric acid™
onto each component of the neocobyric acid dimer) indi-
cates dimerization to be obstructed by clashes of the e-pro-
pionamide side chains of each subunit, see Figure 4).

The a-configuration of the e-side chain in “normal” corri-
noids and the absence of an acetamide group at ring C have
been suggested to be important, first of all, for the proper
function of coenzyme B,,.'?) A crystal structure of neo-
coenzyme By, (6) is not available and 6 still functions as co-
factor in some B,,-dependent enzymes, for example, diol de-
hydratase.”” However, the crystal structures of coenzyme
B, (1)P% and of neovitamin B,, (4)® indicated the e-propio-
namide side chain in 6 and the organometallic 5'-deoxyade-
nosyl-functionality to compete for the same region of
space.?”)

In § and other “normal” corrinoids all four propionamide
(propionate) groups are oriented to the a-face of the corrin
ligand, including the e-side chain at C-13. The latter is reor-
iented to the P-face in the neocorrinoids (see Figure 4).*)
As shown here, the altered substituent pattern of the “neo”-
corrinoid 3 sets the stage for dimer formation. Natural B,
derivatives, in contrast, are “notoriously” monomeric,” and
typically differ also in this respect from other natural por-
phyrinoids. These have often been observed in (ligand bridg-
ed) dimeric states (e.g. in Fe"-porphyrins™!) or as higher
aggregates (e.g. with chlorophylls?").

Carboxylate-bridging, as observed in 3-3, is the basis of
aggregation of Fe™heme in p-haematin. Carboxylate
bonded heme dimers were identified as the building blocks
of B-haematin, providing a structural model for hemozoin,
the “detoxified” disposal form of heme in Plasmodium ma-
laria.™>*1 The crystal structure of 3-3 reminds of features of
the proposed (dimer) structure of hemozoin. Recently, vita-
min B,,-derivatives were indicated to act as remarkable in-
hibitors of hemozoin formation,”” opening a possible alter-
native for the treatment of strains of Pl malaria, which have
become resistant to chloroquine and other relevant anti-ma-
larials.”® The structural motif of a carboxylate bridged B,
dimer 3-3 may also add a new facet to this subject.
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Figure 4. Left: Model of a cobyric acid dimer generated by superimposing the structure of cobyric acid on
each component of the neocobyric acid dimer. All side chains except for the e-propionamide group were omit-
ted. Carbon atoms are shown in white and yellow. Right: Symbolic stereo-models of “normal” and “neo”-cor-
rinoids (A =acetamide group, P =propionamide (propionate) group, P,=e-propionamide group).

Experimental Section

Preparation of f-cyano-neocobyric acid (3): The title compound was pre-
pared in its dicyano-form (3a) from vitamin B,, (2, Hoffmann-La
Roche)!'”” and was identified by 500 MHz 'H NMR, UV/Vis- and CD
spectra (see Supporting Information): UV/Vis (Hitachi-U3000, in H,O,
¢=525%10"M, A, (loge): 279.0 (3.87), 310.5 (3.95), 368.5 (4.33),
581.5 nm (3.84 Lmol 'cm™'); CD (JASCO-J715, in H,0, c=5.25x10"m,
Amax and Apin(Ag): 223.0 (2.8), 237.0 (—2.3), 281.0 (13.1) 309.0 (18.6), 341
(—11.5), 377.0 (—5.8), 406.0 (9.3), 436.0 (12.1), 530.0 (—12.7), 575 nm
(-122Lmol 'em™).

Recrystallization and crystal-structure determination of f-cyano-neoco-
byric acid (3): Cyano-neocobyric acid was obtained by treatment of 3a
with dilute aqueous acetic acid and precipitation with acetone. The dark
red powder of 3 was dissolved in water and crystals of -cyano-neocoby-
ric acid (3) grew upon addition of acetone. Diffraction data were collect-
ed at the EMBL beam line BW7b at DESY in Hamburg (Germany). De-
tails of the data collection and structure refinement are given in the Sup-
porting Information. CCDC 641650 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Acknowledgements

Our research was supported by the Austrian Science Fund, FWF Project
No. 13595, by the European Commission, Project Nr HPRN-CT-2002-
00195, and by the Austrian Academic Exchange Service.

Keywords: cobalt - porphyrinoids - stereochemistry -
structure elucidation - vitamins

[1] A. Eschenmoser, Angew. Chem. 1988, 100, 5-40; Angew. Chem. Int.
Ed. Engl. 1988, 27, 5-39.

[2] A.R. Battersby in Vitamin B, and B,, Proteins (Eds.: B. Kriutler,
D. Arigoni, B. T. Golding), Wiley-VCH, Weinheim, 1998, pp. 47-61.

[3] A.L Scott, C. A. Roessner, P.J. Santander, in The Porphyrin Hand-
book, Vol. 12 (Eds.: K. M. Kadish, K. M. Smith, R. Guilard), Elsevi-
er Science, Amsterdam, 2003, pp. 211-228.

[4] M.J. Warren, E. Raux, H. L. Schubert, J. C. Escalante-Semerena,
Nat. Prod. Rep. 2002, 19, 390-412.

[5] C. Kratky, B. Kriutler, in Chemistry and Biochemistry of B, (Ed.:
R. Banerjee), 1999, pp.6-41.

[6] J. P. Glusker, in By, Vol. I (Ed.: D. Dolphin), Wiley, New York,
1982, pp. 23-106.

www.chemeurj.org — 7523


http://dx.doi.org/10.1002/ange.19881000106
http://dx.doi.org/10.1002/ange.19881000106
http://dx.doi.org/10.1002/ange.19881000106
http://dx.doi.org/10.1002/anie.198800051
http://dx.doi.org/10.1002/anie.198800051
http://dx.doi.org/10.1002/anie.198800051
http://dx.doi.org/10.1002/anie.198800051
http://dx.doi.org/10.1039/b108967f
http://dx.doi.org/10.1039/b108967f
http://dx.doi.org/10.1039/b108967f
www.chemeurj.org

CHEMISTRY—

B. Kriutler, K. Gruber et al.

A EUROPEAN JOURNAL

[7] R. Bonnett, J. M. Godfrey, V. B. Math, J. Chem. Soc. 1971, 3736.

[8] H. Stoeckli-Evans, E. Edmond, D. C. Hodgkin, J. Chem. Soc. Perkin
Trans. 2 1972, 605-614.

[9] R. B. Woodward, in Vitamin B, Proceedings of the Third European
Symposium on Vitamin B, and Intrinsic Factor (Eds.: B. Zagalak,
W. Friedrich), de Gruyter, Berlin, 1979, p. 37.

[10] R. Bonnett, J. M. Godfrey, V. B. Math, P. M. Scopes, R. N. Thomas,
J. Chem. Soc. Perkin Trans. 1 1973, 252-257.

[11] A. Eschenmoser, C. E. Wintner, Science 1977, 196, 1410-1426.

[12] P. A. Butler, S. Murtaza, B. Kriutler, Monatsh. Chem. 2006, 137,
1579-1589.

[13] R. Bonnett, J. M. Godfrey, D. G. Redman, J. Chem. Soc. C 1969,
1163-1166.

[14] B. Kréutler, T. Derer, P. L. Liu, W. Miihlecker, M. Puchberger, C.
Kratky, K. Gruber, Angew. Chem. 1995, 107, 66—69; Angew. Chem.
Int. Ed. Engl. 1995, 34, 84-86.

[15] K. Venkatesan, D. Dale, D.C. Hodgkin, C.E. Nockolds, F. H.
Moore, B. H. O’Connor, Proc. R. Soc. London Ser. A 1971, 323,
455-480.

[16] K. L. Brown, D.R. Evans, J. D. Zubkowski, E.J. Valente, Inorg.
Chem. 1996, 35, 415-423.

[17] B. Kréautler, R. Konrat, E. Stupperich, G. Farber, K. Gruber, C.
Kratky, Inorg. Chem. 1994, 33, 4128 -4139.

[18] G. Fiarber, W. Keller, C. Kratky, B. Jaun, A. Pfaltz, C. Spinner, A.
Kobelt, A. Eschenmoser, Helv. Chim. Acta 1991, 74, 697-716.

[19] K. Gruber, G. Jogl, G. Klintschar, C. Kratky, in Vitamin B,, and B,
Proteins (Eds.: B. Kriautler, D. Arigoni, B. T. Golding), Wiley-VCH,
Weinheim, 1998, pp.335-347.

[20] G. Kontaxis, D. Riether, R. Hannak, M. Tollinger, B. Kréutler, Helv.
Chim. Acta 1999, 82, 848-869.

[21] T. Toraya, T. Shirakashi, S. Fukui, H. P. C. Hogenkamp, Biochem-
istry 1975, 14, 3949-3952.

[22] B. Kriutler, C. Caderas, R. Konrat, M. Puchberger, C. Kratky, Helv.
Chim. Acta 1995, 78, 581-599.

[23] W.R. Scheidt, in Structure and Bonding, Vol. 64 (Ed.: J. W. Buch-
ler), Springer, Berlin, 1987, p. 1.

[24] J.J. Katz, L. L. Shipman, T. M. Cotton, T. R. Janson, in The Porphyr-
ins, Vol. V, Physical Chemistry, Part C (Ed.: D. Dolphin), Academic
Press, New York, 1978, pp. 402-458.

[25] A.F. G. Slater, W.J. Swiggard, B.R. Orton, W.D. Flitter, D. E.
Goldberg, A. Cerami, G. B. Henderson, Proc. Natl. Acad. Sci. USA
1991, 88, 325-329.

[26] S. Pagola, P. W. Stephens, D. S. Bohle, A. D. Kosar, S. K. Madsen,
Nature 2000, 404, 307-310.

[27] S. M. Chemaly, C.-T. Chen, R. L. van Zyl, J. Inorg. Biochem. 2007,
101,764-773.

[28] T. E. Wellems, Science 2002, 298, 124-126.

Received: April 29, 2008
Published online: August 4, 2008

7524 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2008, 14, 7521 -7524


http://dx.doi.org/10.1039/p29720000605
http://dx.doi.org/10.1039/p29720000605
http://dx.doi.org/10.1039/p29720000605
http://dx.doi.org/10.1039/p29720000605
http://dx.doi.org/10.1039/p19730000252
http://dx.doi.org/10.1039/p19730000252
http://dx.doi.org/10.1039/p19730000252
http://dx.doi.org/10.1126/science.867037
http://dx.doi.org/10.1126/science.867037
http://dx.doi.org/10.1126/science.867037
http://dx.doi.org/10.1007/s00706-006-0556-3
http://dx.doi.org/10.1007/s00706-006-0556-3
http://dx.doi.org/10.1007/s00706-006-0556-3
http://dx.doi.org/10.1007/s00706-006-0556-3
http://dx.doi.org/10.1039/j39690001163
http://dx.doi.org/10.1039/j39690001163
http://dx.doi.org/10.1039/j39690001163
http://dx.doi.org/10.1039/j39690001163
http://dx.doi.org/10.1002/ange.19951070110
http://dx.doi.org/10.1002/ange.19951070110
http://dx.doi.org/10.1002/ange.19951070110
http://dx.doi.org/10.1002/anie.199500841
http://dx.doi.org/10.1002/anie.199500841
http://dx.doi.org/10.1002/anie.199500841
http://dx.doi.org/10.1002/anie.199500841
http://dx.doi.org/10.1021/ic950951r
http://dx.doi.org/10.1021/ic950951r
http://dx.doi.org/10.1021/ic950951r
http://dx.doi.org/10.1021/ic950951r
http://dx.doi.org/10.1002/hlca.19910740404
http://dx.doi.org/10.1002/hlca.19910740404
http://dx.doi.org/10.1002/hlca.19910740404
http://dx.doi.org/10.1002/(SICI)1522-2675(19990609)82:6%3C848::AID-HLCA848%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1522-2675(19990609)82:6%3C848::AID-HLCA848%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1522-2675(19990609)82:6%3C848::AID-HLCA848%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1522-2675(19990609)82:6%3C848::AID-HLCA848%3E3.0.CO;2-L
http://dx.doi.org/10.1021/bi00689a004
http://dx.doi.org/10.1021/bi00689a004
http://dx.doi.org/10.1021/bi00689a004
http://dx.doi.org/10.1021/bi00689a004
http://dx.doi.org/10.1002/hlca.19950780306
http://dx.doi.org/10.1002/hlca.19950780306
http://dx.doi.org/10.1002/hlca.19950780306
http://dx.doi.org/10.1002/hlca.19950780306
http://dx.doi.org/10.1073/pnas.88.2.325
http://dx.doi.org/10.1073/pnas.88.2.325
http://dx.doi.org/10.1073/pnas.88.2.325
http://dx.doi.org/10.1073/pnas.88.2.325
http://dx.doi.org/10.1016/j.jinorgbio.2007.01.006
http://dx.doi.org/10.1016/j.jinorgbio.2007.01.006
http://dx.doi.org/10.1016/j.jinorgbio.2007.01.006
http://dx.doi.org/10.1016/j.jinorgbio.2007.01.006
http://dx.doi.org/10.1126/science.1078167
http://dx.doi.org/10.1126/science.1078167
http://dx.doi.org/10.1126/science.1078167
www.chemeurj.org

