Inorg. Chem. 2007, 46, 3613—3618

Inorganic:Chemistry

* Article

X-ray Structural Characterization of Imidazolylcobalamin and
Histidinylcobalamin: Cobalamin Models for Aquacobalamin Bound to
the B, Transporter Protein Transcobalamin

Luciana Hannibal, #$ Scott D. Bunge, ' Rudi van Eldik, " Donald W. Jacobsen, *$ Christoph Kratky, “
Karl Gruber,* -© and Nicola E. Brasch* -+

Department of Chemistry and School of Biomedical Sciences, Kent Statersityi, Kent, Ohio
44242, Department of Cell Biology, Lerner Research Institute, Thee@ad Clinic, Cleeland,
Ohio 44195, Institute for Inorganic Chemistry, Wersity of Erlangen-Ntnberg, 91058 Erlangen,
Germany, and Institute of Chemistry, Waisity of Graz, A-8010 Graz, Austria

Received January 5, 2007

The X-ray structures of imidazolylcobalamin (ImCbl) and histidinylcobalamin (HisChl) are reported. These structures
are of interest given that the recent structures of human and bovine transcobalamin prepared in their holo forms
from aquacobalamin show a histidine residue of the metalloprotein bound at the S-axial site of the cobalamin
(Wuerges, J. et al. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 4386—4391). The S-axial Co—N bond distances for
ImCbl and HisCbl are 1.94(1) and 1.951(7) A, respectively. The o-axial Co—N bond distances to the
5,6-dimethylbenzimidazole are 2.01(1) and 1.979(8) A for ImChl and HisCbl, respectively, and are typical for
cobalamins with weak o-donor ligands at the -axial site. The corrin fold angles of 11.8(3)° (ImCbl) and 12.0(3)°
(HisChbl) are smaller than those typically observed for cobalamins.

Introduction the methionine synthase (MS) and methylmalonyl-CoA
mutase (MCM) enzyme reactions in humans, respectivély.

In 1990, using®N-labeling and EPR spectroscopy, it was
discovered that during the MeCbl-dependent MS reaction,
o-DMB is displaced by a histidine (His) imidazole group
from a side chain of the metalloenzyme, the so-called “base-
off/His-on” conformatior® It is now known that this
conformation occurs in several Cbl-dependent enzymes,
including MCM and glutamate muta&e'? all of which have

Imidazole-based ligands frequently directly coordinate, via
the lone pair of electrons of the basic imidazole N atom, to
metalloprotein metal centers, including Fe, Cu, and Zhe
Co-containing B, cofactors known as cobalamins (Cbils;
Figure 1) are comprised of a Co center coordinated at the
equatorial sites by a macrocyclic tetrapyrrole ligand; the
corrin ring. A nucleotide side chain extends from C17 of
ring D of the corrin and terminates with&5,6-dimethyl-

benzimidazole moietyo-DMB). a-DMB can either coor- (2) Banerjee, RChem. Biol.1997, 4, 175-86.

dinate via the imidazole N atom to the lower){axial site (3) Banerjee, R.; Ragsdale, S. Winu. Re. Biochem2003 72 209-
of the Cbl (*base-on” conformation; Figure 1) or remain  (4) Chemistry and Biochemistry of. 8 Banerjee, R., Ed.; John Wiley &
uncoordinated (“base-off” conformation). In cob(lll)alamins, Sons: New York, 1999. ,

various ligands can occupy tifeaxial site, including methyl ~ ® lsgép‘l’ggfg'_ E.; Eisinger, H. J.; Albracht, S.&ur. J. Biochem199Q

and 3-deoxyadenosyl moieties. Methylcobalamin (MeCbl)  (6) Drennan, C. L.; Huang, S.; Drummond, J. T.; Matthews, R. G.;

i i Ludwig, M. L. Sciencel994 266, 1669-74.
and adenosylcobalamin (AdoCbl) are essential cofactors for (7) Mancia, F.. Keep. N. H.. Nakagawa, A Leadlay, P. F.: McSweeney,

S.; Rasmussen, B.; Bosecke, P.; Diat, O.; Evans, BtiRcture1996
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Figure 1. Structures of the major naturally occurring cob(lll)alamins:

= G5'-deoxyadenosyl, adenosylcobalamin (coenzymg);BX = CHj,
methylcobalamin; X= H,O/OH, aquacobalamin/hydroxycobalamin.

X

the conserved sequence DXHXX&Mutagenesis studies
show that substitution of His with another amino acid leads

Hannibal et al.

the Co-C bond?*~2* Furthermore, although initial X-ray
diffraction results suggested that the -@d(Im) bond is
abnormally long for some B-dependent enzymes (2.5 A
for MCM7 and 2.3 A for glutamate muta$}, the structures
may actually represent Co in mixed-ligand and oxidation
states (C and Cd), due to X-ray-induced photoreducti¢f#>2

In protein-free Cblsp-DMB is difficult to displace from
the a-axial site but can be displaced by cyant@eyy
imidazole-type ligand®2°and by protonation of the basic
N of the imidazole moiety! In comparison, substitution of
the -axial ligand of aquacobalamin gBCbl", X = OHy;
Figure 1) is rapid and thermodynamically favorable for many
ligands?®? including imidazole-type ligand®:393338 These
reactions drew little attention until recently, when kinetic
studies using stopped-flow spectroscopy showed that binding
of HOCDbI* to the Cbl transporter protein transcobalamin
(TC) occurs in two steps: a rapid step in whichQ€bl"
initially binds to TC k~ 6 x 10’ M~tst at 37°C) followed
by a slower stepk(~ 0.3 st at 37°C) in which a His side
chain of TC displaces thg-axial aqua ligand of EOCbl*-
bound TC3%4°TC, one of three Chbl transporter proteins in
mammals, transports Cbls from the circulation into tissues.
It does this very efficiently via tight binding of Cbl to TC
(K ~ 10'°-10*> M1 4) and by endocytosis of the T&Chl
complex after binding to a specific extracellular surface
protein; the TC receptor. Plasma and serum levels of holo

to enzyme inactivation for MS (His> Gly)'# and for MCM

(His — Ala or Asn)® For glutumate mutase, substituting
His with Gly or GIn results in a significant decrease in
enzyme turnover and a change in the rate-limiting $tep.
Interestingly, several Chl-dependent enzymes (class 1l AdoCbl-

dependent enzymes) remain instead in the base-on conforma-

tion during catalysis (ribonucleotide reductd&ejol dehy-
dratasé/*® and ethanolamine ammonia lyd3e and it is
unclear what catalytic advantage(s) result from His displace-
ment ofa-DMB.1*1°Recently, it was shown that the rate of
Co—C bond homolysis for 'sdeoxyadenosylimidazolylco-
bamide, in which thex-DMB of AdoChl is replaced by
imidazole, is only 4.3 times slower than that for AdoChbl
(37 °C).2° Model studies and theoretical calculations also
show that displacement of-DMB transto an alkyl ligand

by imidazole-type ligands does not significantly increase the
rate of homolytic cleavage or decrease the bond strength of

(12) Zelder, O.; Beatrix, B.; Kroll, F.; Buckel, WEEBS Lett.1995 369,
252—4.

(13) Marsh, E. N.; Holloway, D. EFEBS Lett.1992 310, 167—-70.

(14) Chen, H. P.; Marsh, E. NBiochemistryl997, 36, 7884-9.

(15) Vlasie, M.; Chowdhury, S.; Banerjee, R. Biol. Chem.2002 277,
18523-7.
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Y.; Yasuoka, N.Structure1999 7, 997-1008.
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803.
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X-ray Structures of Imidazolyl- and Histidinylcobalamin

TC are currently being explored as markers of; B
deficiency??~47

The first crystal structures of a;Btransporter protein,
histidinylcobalamin-bound TC from recombinant human and
bovine TC, prepared in its holo form using®ICbl*, were
recently reported®#°In these structures, substitution of the
pB-axial HO ligand by a His side chain of the metalloprotein

is clearly observed. During the structural refinements, it was

necessary to confine thgaxial Co—N(His) bond to 2.15
A. Furthermore, a reliable estimate of theaxial Co-

Cbl impurities determined by converting the products to dicyano-
cobalamin, (CN)CbI~ (0.10 M KCN, pH 10.0¢363 = 3.04 x 10*
M~1cm 1), was 5+ 1%. ES-MS {-ve), m'z 1396.1 (calcd for
[ImCbI]*, CesHgoN15014PCo= 1396.6); 698.6 (calcd for [ImCbl

+ H]?*, CesHgaN15014PCo= 698.3); 664.9 (calcd for [Cbt 2H]?T,
C52H90N13014PCO = 6653), 1329.5 (calcd for [CbH‘ H]+,
CeoHgoN13014PCo= 13296)

Attempted Synthesis of Histidinylcobalamin (HisCbl). The
procedure was identical to that for ImCbl, except that 1.6 equiv of
L-His was used'H NMR in D,O, pD 7.80 ¢, ppm): 7.28, 7.10,
6.81, 6.72, 6.32 (d), 6.20, and 5.7570% purity (see Figure S2

N(DMB) bond length was not possible, due to the existence in the Supporting Information). Free ligang25%) coprecipitated

of mixed Co oxidation states ((oand Cd) in the crystal,
probably as a consequence of &likduction by the X-ray
beam?’ In this paper we report the first structures of free
Cbls bound at the3-axial site to an imidazole ligand:
specifically, we report the crystal structures of imidazolyl-
cobalamin and histidinylcobalamin.

Experimental Section

General Procedures and ChemicalsHydroxycobalamin hy-
drochloride (HOCbHCI; stated purity by manufacturer 1s96%;
aromatic region of theH NMR spectrum shows that it contains at
least~6% impuritie§® was purchased from Fluka BioChemica.
Imidazole (99%) and.-His (98%) were purchased from Acros
Organics. All chemicals were used without further purification.

with [HisCbl]ClI; its chemical shifts appear at 7.91 and 7.12 ppm.
(At pD 8.80, the chemical shifts efHis and [HisCbl]Cl overlap.)
ES-MS ("FVE), m/z. 1484.3 (calcd for [HISCbﬂ, CsgHoeN16016-
PCo= 1484.6); 742.3 (calcd for [HisCbt H]?", CsgHg7N15014-
PCo= 742.3); 664.9 (calcd for [Cbi 2H]?*, Ce;HgoN13014PCO

= 6653), 1329.5 (CalCd for [CbH‘ H]+, CsoHggN13014PCo =
1329.6). ES-MS (-ve): 1482.5 (calcd for [HisCbt 2H]-,
CesHgaN16016PCo = 14826)

X-ray Diffraction Studies. Crystals of ImCbl were grown from
water. Briefly, HOCbiHCI (8.85 mg) and imidazole (4.00 mg) were
dissolved in water (0.50 mL), NaClkJ1.50 mg) was added, and
the pH was adjusted te 7.5 using concentrated HCJOThe sample
was kept at room temperature, and crystals appeared-a#é.

A crystal specimen was mounted in a glass capillary, and diffraction
data were collected at room temperature on a modified Stoe four-

Water was purified using a Barnstead Nanopure Diamond water circle diffractometer using Mo & radiation ¢ = 0.71073 A).

purification system, and/or HPLC-grade water was used.

UV —vis spectra were recorded on a Cary 5000 spectrophotom-

eter equipped with a thermostatted cell holder, operating with
WinUV Bio software (version 3.00fH NMR spectra were recorded
on a Varian Inova 500 MHz spectrometer equippedchwit5 mm
thermostatted (22.8 0.5 °C) probe. Solutions were prepared in
D,0, and TSP (3-(trimethylsilyl)propioni2;2,3,3-d, acid, Na salt),
was used as an internal reference.

Crystals of HisCbl were grown by adding a solution of histidine
(0.20 mL, ~100 mg/mL, pH= 7.5) to an aqueous solution of
HOCDbIFHCI (0.10 mL, 100 mg/mL, pH= 7.4). The sample was
kept at room temperature, in a closed-cap vial, and crystals appeared
after about 32 h. X-ray diffraction data for HisCbl were measured
at 100 K (Oxford 700 series cryostream) on a Bruker AXS platform
single-crystal X-ray diffractometer upgraded with an APEX Il CCD
detector. Graphite-monochromatized Ma Kadiation was used.

pH measurements were made at room temperature with a CorningCrystals were mounted on a thin glass fiber from a pool of

model 445 pH meter equipped with a Mettler-Toledo Inlab 423
electrode. The electrode was filled via 3 MKCl/saturated AgCI
solution, pH 7.00, and standardized with standard BDH buffer
solutions at pH 4.00 and 7.00.

Synthesis of Imidazolylcobalamin (ImCbl).Imidazole (5.7 mg,
1.3 equiv) was added to HOCHICI (100 mg) dissolved in TES
buffer (1.0 mL, 0.10 M, pH 7.4), and the mixture reacted for 2 h

Fluorolube and placed under a stream of nitrogen.

Both structures were solved by direct methods to yield the Co
atoms plus most remaining atoms of the structure. Missing atoms
(mostly in the solvent region) were located in subsequent electron-
density maps. Full-matrix least-squares refinement F8nwas
performed with the program SHELXL-$?No absorption correc-
tion was applied to the data. Scattering factors, including real and

at room temperature. The product was precipitated by the additionimaginary dispersion corrections, were taken fromlthiernational

of cold (—20 °C) acetone, vacuum-filtered, and dried overnight
under vacuum at 6€C. '"H NMR in DO, pD 8.80 §, ppm): 5.95,
6.20, 6.34 (d), 6.72, 6.80, 6.93, 7.08, and 7.285% purity (see
Figure S1 in the Supporting Informatio?f)The percentage of non-

(42) Baker, H.; Leevy, C. B.; DeAngelis, B.; Frank, O.; Baker, E.JR.
Am Coll. Nutr.1998 17, 235-8.

(43) Tisman, G.; Vu, T.; Amin, J.; Luszko, G.; Brenner, M.; Ramos, M.;
Flener, V.; Cordts, V.; Bateman, R.; Malkin, S.; Browder,Am. J.
Hematol.1993 43, 226-9.

(44) Vu, T.; Amin, J.; Ramos, M.; Flener, V.; Vanyo, L.; Tisman,&Bn.

J. Hematol.1993 42, 202-11.

(45) Herzlich, B.; Herbert, VLab. Invest.1988 58, 332-7.

(46) Herbert, V.; Fong, W.; Gulle, V.; Stopler, Am. J. Hematol199Q
34, 132-9.

(47) Ulleland, M.; Eilertsen, I.; Quadros, E. V.; Rothenberg, S. P.; Fedosov,
S. N.; Sundrehagen, E.; Orning, Clin. Chem.2002 48, 526—32.

Tables of CrystallographyH-atom positions were calculated and
refined as “riding” on their respective non-H atom. The isotropic
atomic displacement parameter (adp) for each H atom was set to
1.5 times the equivalent isotropic adp of the adjacent non-H atom.
Crystallographic residuals at the close of the refinement are also
given in Table 1.

In ImCbl, the B, complex was very well defined except for the
hydroxymethyl group of the ribose in the nucleotide loop, which
was found to be disordered over two alternate conformations. The
solvent electron density was modeled with 22 fully occupied and
anisotropically refined BD molecules.

In HisCbl, the Co-bound histidine is disordered over two alternate
conformations. Discrete disorder was also observed for the amide

(48) Garau, G.; Fedosov, S. N.; Petersen, T. E.; Geremia, S.; Randaccio,(51) Barker, H. A.; Smyth, R. D.; Weissbach, H.; Toohey, J. |.; Ladd, J.

L. Acta Crystallogr., Sect. D: Biol. Crystallog001 57, 1890-2.

N.; Volcani, B. E.J. Biol. Chem.196Q 235 480-8.

(49) Wuerges, J.; Garau, G.; Geremia, S.; Fedosov, S. N.; Petersen, T. E.j(52) Sheldrick, G. M.; Schneider, T. R. Methods EnzymologySweet,

Randaccio, LProc. Natl. Acad. Sci. U.S.2006 103 4386-91.
(50) Brasch, N. E.; Finke, R. Q. Inorg. Biochem1999 73, 215-9.

R. M., Carter, C. W. J., Eds.; Academic Press: Orlando, FL, 1997
Vol. 277, pp 319-343.
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Table 1. Crystallographic Data for ImCbl and HisCbl
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Table 2. H NMR Assignments of the Protons in the Aromatic Region
for ImCbl*, HisCbf*, and (N-Melm)Cbf*+ d

ImCbl HisChl
N : N 29b,
empirical formula GsHoiN15014-  CogHogN16016P- ImCbI* * HisCbr" # (N-Melm)Cbi29b¢
PCo22H,0 Co-20H,0-0.5HCI signal signal signal

H20 sites 22 27 (ppm)  assignment (ppm)  assignment (ppm)  assignment
formula weight 1792.8 1862.1
cryst syst orthorhombic orthorhombic ggg ?310 56?2 %10 56815;( bClO
space group P212:12, P212:12, 6.35(d) R1 632(d) RL 630(d) R1
unit cell dimens 6'80 a 6.69 a 6.43 a

alA] 15.834(10) 15.697(1) 672 B4 6.70 B4 6.68 B4

b [A] 22.469(10) 22.422(1) 6.93 c ’ 6 .85 c

c [A] 25.766(10) 25.417(1) 7:08 B2 7.06 B2 7..06 B2

VIAY 9167(8) 8946(1) 727 BT 725  B7 723 B7

Z 4 4 ’ ’ ’
Dealc[g <13m_3] 1.299 1.383 apD = 8.80.° pD = 8.51.¢ Signals b and c are reassigned herein, as
w [mm=] 0.293 0318 there was a labeling error in our previous rep8re See Scheme 1 for the
F(000) 3840 3980 labeling scheme (a, b, and c) of tfieaxial ligand.
cryst size [mm] 0.3x 0.1x 0.1 0.35x 0.20x 0.15
6 range for data 2.83-22.51 1.2+18.80 Scheme 1. Labeling Scheme for thg-Axial Ligand of ImCbl",

[c?llectlon [deg] HisCblt, andN-MelmCbl*
TIK 298 103

C C

wavelength [A] 0.71073 0.71073 Co © ©
no. of unique refins 5976 6966 T b T T b
no. of refins withl > 2o 3952 6050 N~ N N2~
R[int 0.089 0.079 a,_ </ ] i.</ a, </ E
data/restraints/ params 5976/1787/1076 6966/2611/1249 c OH c
final Rindices: N ™~ ” T ™~
R (I > 20, all data) 0.0811 (0.1420)  0.0734 (0.0869) CH,
Ro(l > 21, all data) 0.1862 (0.2424)  0.1885 (0.2023)
largest diff peak/hole [e 23]  0.61/~0.48 0.56/-0.45 ImCbl* HisCbl* (N-Melm)Cbl*

side chains A and E and for the ribose hydroxymethyl group. The . . .
solvent comprises 20 (partially occupied) water molecules distrib- BONd Elut C18 cartridges) were unsuccessful, with a mixture

uted over 27 sites and a half-occupied Cl ion. of aquacobalamin,-His, and HisCbhl observed in the final
The CCDC database (ImCbl, CCDC 627001; HisChl, CCDC product {H NMR spectroscopy). Purification of the product
627000) contains the supplementary crystallographic data for using reverse-phase HPLC under acidic and neutral condi-
this paper. These data can be obtained free of charge viations was also unsuccessful, with aquacobalamin and HisChbl
www.ccdc.cam.ac.uk/data_request/cif by sending an e-mail to coeluting even at long>20 min) retention times under

data_request@ccdc.cam.ac.uk or by contacting The Cambridge. . o -
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 isocratic cond_mons. This suggests that an exchange between
the two species occurs on the column.

1EZ, U.K,; fax,+44 1223 336033.
IH NMR chemical shifts and assignments for the signals
observed in the aromatic region for ImCband HisChbt
Synthesis and Characterization of ImChbl and HisChl. are given in Table 2 (see Scheme 1 for the labeling scheme
Synthesis of [ImCbI]CI from aguacobalamin and imidazole of the s-axial ligand) and are similar to those previously
was achieved in good purity and yield using a general gpserved folN-MelmCbl+.2° Signal assignments were pos-
procedure developed for the synthesis of non-alkylcobal- sipje with the additional information provided by hetero-
amins?* Upon the addition of imidazole (or histidine) to pcjear single-quantum coherence, heteronuclear multiple-
aquacobalamin, a rapid color change from red to purple is 54 correlation, and heteronuclear multiple-quantum-
observed. [InJ;_ICbI]CI was synthesized in 96% purlty a5 coherence total-correlation spectroscopy experiments. The
%Szﬁfrz??sg Fi l:ljl:gRSipgitrum rt(')f tr:efprostj_ct redis_ol\é%do y products were also characterized by electrospray mass
9 , Supporting Information) and in ° spectrometry (see Experimental Section) and-i$ spec-

yield. The percentage of non-cobalamin impurities was Fi S3 S ing Inf . Wavel h
assessed by converting the products to dicyanocobalamin,tros?Opy (Figure S3, Supporting Information). aye engt
maxima for ImCbt (357, 413, and 536 nm) and HisCbhl

(CN),Cbl~ (0.10 M KCN, pH 10.0¢36s = 3.04 x 10* M1 _ 1a-
cm )51 and was found to be & 1%. However, using a (358, 414, and 538 nm) are in agreement with literature

similar procedure to synthesize [HisCbI|CI resulted in a Values®

product that was only-70% pure, as assessed iy NMR X-ray Structural Characterization of ImCbl and His-
spectroscopy, with the major impurity beingHis (Figure Cbl. The three-dimensional structures of ImCbl and HisCbl
S2, Supporting Information). Using a smaller equivalent of \ere determined by X-ray crystallography. Crystal data and
L-His resulted in incomplete conversion of aquacobalamin stryctural refinement parameters are given in Table 1. ImChl
to histidinylcobalamin. Attempts to remove L-His from the g4 HisChl crystallize in the orthorhombic space group
product by column chromatography (C8-SPE or Varian HF P2:2,2;, the most common space group observed for Cbl

structure$°° Cbl structures can be classified into three to
four packing types, based on the unit cell ratlwa and

Results and Discussion

(53) Suarez-Moreira, E.; Hannibal, L.; Smith, C. A.; Chavez, R. A.;
Jacobsen, D. W.; Brasch, N. Balton Trans.2006 5269-77.
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X-ray Structures of Imidazolyl- and Histidinylcobalamin

In both structures, the Co atom lies in the least-squares
plane through the four corrin nitrogen atoms (maximum
deviation, 0.01 A in HisCbl). The fold angles of the corrin
rings are very similar in the two structures and were
measured as 11.8(3and 12.0(3) for ImCbl and HisChl,
respectively. The fold angles are smaller than those typically
observed for cobalamin structures with relatively short-Co
N(o-DMB) bond distance%! The imidazole rings of ImCbl
and HisCbl are oriented along the line connecting atoms C5
and C15 of the corrin ring, bisecting the angles between N21
Figure 2. Two approximately perpendicular views of the molecular and N22 as well as those between N23 and N24. Both

structure of ImCbl in a stick representation. The central Co atom is depicted [ . . . .
as a pink sphere. N, O, and P atoms are drawn in blue, red, and orangejmidazole rings in each Cbl structure are aligned with the

respectively. C atoms are drawn in gray in thg Bunk and in light blue lower ao-DMB |igand_
in the S-ligand (imidazole conformation with higher occupancy). H atoms L . . . .
have been omitted for clarity. The figure was prepared using the program AN ambiguity exists with respect to the orientation of the

PyMol (http://www.pymol.org/). imidazole in ImCbl. Two different orientations related by a
180 rotation about the CeN bond were tested in the
refinement and yieldedR; values of 0.0811 and 0.0816,
respectively. The rotation about the -€d bond interchanges
two pairs of atoms of the imidazole ring (C2 and C5; N3
and C4). Because of the interchange between a nitrogen and
a carbon atom, the correct orientation of the imidazole ligand
should be detectable from refined adp’s. These values were
0.083(4) and 0.072(4) (conformation 1) vs 0.089(4) and
0.066(4) (conformation 2). Thus, conformation 1 fits the data
better, but the difference in tHevalue and the dissymmetry
Figure 3. Molecular structure of HisCbl depicting the two alternate  Of the adp’s are not large enough to rule out the presence of

conformations observed for the upper histidine ligand. The central Co atom w0 alternate conformations of the imidazole. Therefore. the
is depicted as a pink sphere. N, O, and P atoms are drawn in blue, red, and '

orange, respectively. C atoms are drawn in gray in thetBink and in B-ligand in ImCbl was finally modeled by two alternate
yellow or orange in thg8-ligand. H atoms have been omitted for clarity. ~ conformations with refined occupancies of 0.64 and 0.36
The figure was prepared using the program PyMol. (Figure 2)

c/a.3+-%6 Both ImChl and HisCbl fall into the range of cluster In principle, thes-ligand in ImChl can be either a neutral
type Il (for ImChbl, b/a and c/a = 1.419 and 1.627, imidazole or an anionic imidazolate. The compound itself
respectively; for HisCblp/a andc/a = 1.428 and 1.619, was crystallized at neutral pH. Since th mf Cbl bound
respectivelyf® imidazole is ~1030365859gnly a very minor fraction is
Both structures show the;Bcomplex in its standard base-  present as imidazolate in solution under these conditions.
on form with imidazole and histidine as tifeaxial ligand The current version of the Cambridge Structural Database
(Figures 2 and 3). The distances between Co and the imino(version 5.27, Nov 2005) holds 46 entries with the term
N of the 5-ligands (see Scheme 1) are 1.94(1) A (in ImCbl) “cobalamin” in the compound name. In most of these entries,
and 1.951(7) A (to M2 in HisChl). The Ce-N bond  the Chl complexes are overall neutral in charge. There are
distances to the lower-DMB ligand are 2.01(1) and 1.979-  only five examples of nonneutral Cbls in the database:
(8) A, respectively. Since the-DMB is a weaker nucleo-  ammonium sulfitocobalamin (refcodes: DEMSIX and
phile %" in addition to being more sterically demanding, it is NOJKIG)556° sodium thiosulfatocobalamin (EJADI®),
not surprising that the CeN(Im) and Co-N(His) bond  thjoureacobalamin chloride (DEMTUK};thioureacobal-
distances are shorter than those of the-Glga-DMB) in amin hexafluorophosphate (NOJNCP¥? and aquocobal-
both structures. The GeN(a-DMB) bond length of cobal- - amin perchiorate (SUNYEFY.In the present crystal structure
amins can vary from 1.95 to 2.27 A depending on the of |mcpl, there is no indication of a counteranion, which
o-donor strength of the liganttans to Co-N(a-DMB); would be expected to be Clor CIO,~ (see method of

values of 2.01 and 1.98 A fall within the range ‘?XP;%ted for synthesis). Of course, the occurrence of hydroxide at one of
weako-donor ligands such as imidazole and histidine. the modeled water sites cannot be ruled out, but it is also

(54) Gruber, K.; Jogl, G.; Klintschar, G.; Kratky, C. Mitamin B, and
Bi-Proteins: Lectures Presented at the 4th European Symposium on (58) Eilbeck, W. J.; West, M. Dalton Trans.1976 274-278.

Vitamin By and By-Proteins Kréautler, B., Arigoni, D., Golding, B. (59) Hamza, M. S. A.; Pratt, J. MDalton Trans.1994 1367-1371.

T., Eds.; Wiley-VCH: Weinheim, Germany, 1998; pp 33%47. (60) Randaccio, L.; Geremia, S.; Stener, M.; Toffoli, D.; Zangrando, E.
(55) Randaccio, L.; Geremia, S.; Nardin, G.; Slouf, M.; Srnovéndrg. Eur. J. Inorg. Chem2002 93-103.

Chem.1999 38, 4087-4092. (61) Perry, B. P.; Fernandes, M. A,; Brown, K. L.; Zou, X.; Valente, E. J.;
(56) Randaccio, L.; Geremia, S.; Nardin, G.; Wuerges;dord. Chem. Marques, H. M.Eur. J. Inorg. Biochem2003 2095-2107.

Rev. 2006 250, 1332-1350. (62) Kratky, C.; Farber, G.; Gruber, K.; Wilson, K.; Dauter, Z.; Nolting,
(57) Fasching, M.; Schmidt, W.; Krautler, B.; Stupperich, E.; Schmidt, A.; H. F.; Konrat, R.; Krautler, BJ. Am. Chem. Sod.995 117, 4656~

Kratky, C.Helv. Chim. Acta200Q 83, 2295-2316. 4670.
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Figure 4. Two approximately perpendicular views of the superposition
of one conformer of HisChl with one of the;Bmoieties present in the
monoclinic structure of bovine TC (PDB entry, 2BB6). The;Bunks are
shown in white (HisCbl) and green (TC). The histidine residues are shown
in yellow and magenta (His-175 in TC).

conceivable that the minor fraction of imidazolatocobalamin
present in solution preferentially crystallized.
In HisChl, the histidine ligand is clearly disordered over

Hannibal et al.

ligand were restrained to 2.1 A (with an estimated standard
deviation of 0.03 A) during the refinement of the protein
structures. The resulting mean distance (averaged over five
crystallographically independent molecules of bovine TC)
was 2.13(2) A, significantly longer than the bond distances
observed in ImCbl and HisCbl (1.94(1) and 1.951(7) A,
respectively). The distance to theDMB is also longer (2.08
A) in the protein structure compared with our structures of
the isolated Cbls (2.01(1) A and 1.979(8) A, respectively).
The fold-angle of TC-bound Bis 9(1y (average value for
five independent Cbl moieties present in the two structures
of bovine TC), which is slightly smaller than that found for
ImChbl and HisCbl (11.8(3) and 12.0(3) for ImChbl and
HisCbl, respectively). Minor differences are also observed
for the conformations of the nucleotide loop and of some
amide side chains.

Of the three known B transporter proteins (haptocorrin,
intrinsic factor, and TC), displacement of theaxial ligand

two approximately equally occupied (0.54 vs 0.46) alternate of protein-bound HOCbI* by a side-chain residue from the

conformations related by a 18@otation around the CeN

protein only occurs for TG? Furthermore, there is no

bond (Figure 3). With respect to the protonation state of the evidence for -axial ligand substitution for other Cbl
B-ligand, it is assumed that the amino group is protonated derivatives upon binding to T&:*° The biological signifi-
and the carboxyl group is deprotonated. The difference cance of this reaction, if any, is currently unclear. Replacing

electron density close to the carboxylate of one of the

the S-axial ligand of HOCDbI" limits the possibility of

alternate histidine conformers was modeled as a chloride ionotherwise rapigB-axial ligand substitution chemistry, which

with ~50% occupancy indicating the presence of a mixture
of histidine ligands with neutral and anionic imidazole
moieties.

For ImCbl, the Co-bound imidazole does not form any
direct interactions with symmetry-equivalent,Bnolecules.
Two weak H bonds exist between N3 (of the major
component) and two water molecules with heavy-atom

occurs for HOCbI* with a wide range of nucleophiles,
regardless of whetherJCbl" is free or protein-boungéf:*°

It has also been suggested that the resulting conformational
change of the protein from an open form (with respect to
the g-axial site of the Cbl) to a closed form, which occurs
upon substitution of thg-axial H,O of TC-bound HOCbI*

for a histidine side chain, may be important ifp Bafficking

distances of 3.3 and 3.5 A. In HisCbl, most of the interactions and/or provide a mechanism by which extracellular surface

of the 5-ligand are formed with water molecules. Only one

TC receptors can distinguish between the various Cbl forms

H bond exists between one of the carboxylate O atoms andof holo-TC2°

the amide N of side chain d of a symmetry-equivalent B
molecule.

Recently, the structures of human and bovine TC were
determined and revealed a histidine residue from the protein

as the upper)-axial ligand of the cobalamin. Of the
available TC structures, the monoclinic and triclinic forms
of the bovine proteins (PDB entries, 2BBC and 2BB6) are
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the most accurate, and Figure 4 shows a superposition of dImCbl]CI (Figure S1) and [HisCbl]CI (Figure S2); UWis spectra

TC-bound Cbl (taken from PDB entry 2BB6) and our HisCbl
structure. The orientation of the imidazole with respect to

the corrin ring is the same in the bound protein and in the

isolated cofactor. The CeN distances to th¢-axial His
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of HOCbFHCI, [HisCbl]CI, and [ImCDbI]CI (Figure S3). This
information is available free of charge via the Internet at
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