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The solution structure of methylcob(III)alamin (MeCbl; 3), a natural organometallic corrinoid-B12 cofactor
whose crystal structure was published in 1985, was established by NMR-spectroscopic analyses of 3 in aqueous
solution. The full set of unambiguously assigned 1H, 13C, and amide 15N signals was consistent with identical con-
stitutional and configurational properties of 3 in solution and in the crystal. Specifically investigated were the
conformational characteristics of 3 in solution, in particular of its unique Co-coordinating nucleotide moiety. An
extensive set of NOE-derived distance constraints was acquired for this purpose, and of angle constraints, based on
three-bond coupling constants. These data were used to calculate the solution structure of 3. Our data revealed
that the conformation of the nucleotide loop of 3 differs significantly in aqueous solution and in the crystalline
state and indicated the presence of a specific H2O molecule �bound� via cooperative H-bonds to three H-bonding
functionalities of the nucleotide loop. The observed conformational differences are attributed to structuring
contributors to the nucleotide conformation that differ in solution and in the crystal. Most of these can be
assigned to H2O molecules, whose position in the crystal is controlled, in part, by the specific crystal packing.

1. Introduction. ± The elucidation of the structure of vitamin B12 (�cyanocob(III)-
alamin, 1) [1] by X-ray crystallography and the acquisition of the decisive information
on the organometallic nature of coenzyme B12 (� (5'-deoxy-5'-adenosyl)cob(III)ala-
min, 2) [2] were milestones in structural chemistry (see Fig. 1), set by the work from the
laboratory of Hodgkin [3]. Today still, much of our understanding of the structures and
reactivities of vitamin-B12 derivatives is based on such single-crystal analyses [4 ± 5] that
provide precise structural information (even for reactive, paramagnetic CoII derivatives
[6]) in the solid state. In the last dozen years, studies by 2D-NMR spectroscopy of
solutions of diamagnetic vitamin-B12 derivatives have begun to complement the X-ray
crystallographic work [7 ± 9] and have revealed interesting dynamic aspects of the
structures of organometallic vitamin-B12 derivatives, notably of 2 and of its organo-
metallic moiety [7] [9].

A pioneering study in this respect concerned the analysis by combined X-ray and
NMR techniques of the structure of methylcob(III)alamin (MeCbl; 3) [10] (see Fig. 1),
the simplest organocob(III)alamin. MeCbl (3) represents the second type of vitamin-
B12 coenzymes and organometallic cofactors and is an important reference point for the
vitamin-B12 field. Methylcorrinoids such as 3 are organometallic methyl-transfer
catalysts that are widely distributed in Nature and are employed in important enzymatic
methyl-transfer reactions [11]. Therefore, there is strong interest in the structure and in
the chemical and spectroscopic properties of 3. Extensive assignments of signals of the
1H- and 13C-NMR spectra of 3 were recently published by Calafat and Marzilli [12], by
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Brown et al. [13], and from our laboratory [14]. Based on these, we have now carried
out a thorough NMR-spectroscopic analysis of the structure of 3 in aqueous solution at
room temperature. A major finding of this study concerns the conformation of the
nucleotide loop of 3 : in solution, the nucleotide moiety was found to bind a water
molecule via multiple and cooperative H-bonding and to adopt a structure significantly
different from that in the crystal.

2. Results and Discussion. ± 2.1. Preamble. The analysis of the structure of
methylcob(III)alamin (MeCbl; 3) in aqueous solution was performed by means of
heteronuclear NMR spectroscopy. As a first step towards this goal, a complete
assignment of the signals of all (but one of the two exchange-labile OH) protons (65
signals accounting for 90 protons), of all (but two of the corrinato ligand) N-atoms, and
of all 63 C-atoms of methylcob(III)alamin (3) in its �base-on� form (at pH 5.5) was
achieved recently, by means of complementary sets of two-dimensional gradient-
enhanced homo- and heteronuclear experiments [14]. Making use of �watergate�-
ROESY experiments [15] [16] that do not require presaturation of the H2O signal, we
were able to detect H2O-exchangeable protons as well as NOEs to these protons.
Accordingly, the assignment of the 1H- and 15N-NMR signals in the spectra of 3
included signals due to all exchangeable amide protons, the corresponding N-atoms,
and one OH proton [14]. All spectroscopic data collected for 3 in aqueous solution [10]
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Fig. 1. Structural formulae of the cob(III)alamins vitamin B12 (1, X�CN), coenzyme B12 (2, X� 5'-deoxy-5'-
adenosyl), methylcob(III)alamin (3, X�CH3), chlorocob(III)alamin (4, X�Cl), aquocob(III)alamin cation

(5��, X�H2O), and atom-numbering system used [5]



[12 ± 14] agreed with and supported the available structural picture of 3 with respect to
its constitution and the (relative) configuration of its stereogenic centers.

2.2. Conformation of the Nucleotide Loop of Methylcob(III)alamin (3). In the
crystallographically and spectroscopically characterized (base-on) form of 3, the
nucleotide moiety extends from the f-side chain of the corrinato ligand and coordinates
intramolecularly to the corrinato-bound CoIII centre. It forms the nucleotide loop,
unique to �complete corrins� in their �base-on� form [1 ± 6]. Particular interest is given to
this part of the cobalamin structure, as the Co-coordinating nucleotide moiety is known
to modify the reactivity of the metal center in the (organometallic) reactions of 2 and 3
and of other organocobalamins [17 ± 20]. Variability in the nucleotide-loop confor-
mation has mostly been associated with the conformational flexibility of the ribose link,
as was established crystallographically by comparison of the available cobalamin
crystal structures [3 ± 4] [21]. The discovery of the existence of the base-off forms of 2
and 3 in cobamide-dependent enzymes [11] [22] has spurred further interest in deeper
knowledge on the structure and dynamics of the nucleotide segment of the organo-
cobalamins and of other organocobamides [9].

Detailed information concerning the conformational properties in aqueous solution
of the nucleotide loop of MeCbl (3) was obtained from ROESY data and from three-
bond homo- and heteronuclear scalar coupling constants.

ROESY Data: Signals in ROESY experiments represent internuclear cross-relaxation
between neighboring protons in the molecule and, therefore, provide information on
spatial proximity by comparing distance constraints from the observed NOE intensities
with internuclear distances found in the crystal structure of 3. Due to resonance offset
effects in ROESY experiments, NOE enhancements were interpreted in a qualitative
manner. Therefore, NOE-derived distance constraints correlate with distance ranges
rather than exact distances, i.e. strong, medium, and weak NOEs were found for calculated
interproton distances in the ranges 2.2 ± 4 �, 2.5 ± 5 �, and 3.3 ± 6 �, respectively.

In detail, NOEs from protons at various sites to HÿN(174) and OHÿC(2R)
provided substantial information about the conformation of the nucleotide loop in
solution (for numbering of atoms, see Fig. 1). Fig. 2 shows the cross section through the
200-ms �watergate� ROESY of 3, taken at the frequency w1 of the f-side chain amide
proton HÿN(174), which exhibits the NOEs with HÿN(174). Thus, the NOE between
HÿN(174) and OHÿC(2R) was strong, and that between HÿN(174) and HÿC(2N)
was of intermediate intensity. On the other hand, the NOE between HÿN(174) and
HSiÿC(171) was found to be of little intensity, and that between HÿN(174) and
HÿC(18) could not be detected. In fact, the NOE of HÿN(174) to HÿC(4R) is five
times more intense than the NOE to HSiÿC(171) (see Fig. 2 and Table 1). These data
are inconsistent with the interproton distances indicated by the crystal structure of 3 : In
the crystal HÿN(174) points �outwards�, placing HÿN(174) at a distance of 4.0 � from
HÿC(18), 3.3 � from HSiÿC(171), and 4.0 � from O(2R). In contrast to the
expectations from such distances, the lack of a detectable NOE between HÿN(174)
and HÿC(18), a very weak NOE between HÿN(174) and HSiÿC(171), as well as a
very strong NOE between HÿN(174) and OHÿC(2R) indicate that the HÿN bond is
pointing rather �inwards� into the f-loop �cavity�, towards the hydroxy group OHÿC(2R).
Furthermore, the crystal structure indicates a distance of 4.1 � between HÿN(174)
and HÿC(4R), in contrast to the NOE of medium intensity between these two protons.
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Homo- and Heteronuclear Vicinal Coupling Constants. Vicinal coupling constants
were used to determine the magnitude of several decisive dihedral angles, such as ei

(around the O(3R)ÿC(3R) bond): P,C-coupling constants between the P-nucleus of
the phosphodiester moiety and the atoms C(2R) and C(4R) were obtained from a 1H-
decoupled 13C-NMR spectrum. They can be related to the dihedral angle
e1(PÿO(3R)ÿC(3R)ÿC(2R)) and e2(PÿO(3R)ÿC(3R)ÿC(4R)) with the RNA
Karplus relationship for P,C couplings (3J(POCC)� 6.9 ´ cos2 eÿ 3.4 ´ cos e� 0.7) [23].
The P,H-coupling constant between P and HÿC(3R) was measured in a 31P-NMR
experiment without proton decoupling1) and can be related to the angle
e3(PÿO(3R)ÿC(3R)ÿH) with the RNA Karplus relationship for P,H couplings
(3J(POCH)� 15.3 ´ cos2 eÿ 6.1 ´ cose� 1.6) [24] [25]. Experimental coupling constants
and calculated values associated to the dihedral angles e1, e2 , and e3 are given in Table 2.
Specifically, the 3J(C,P) and 3J(H,P) coupling constants suggest a value of e1 close to
either � 90 or ÿ 908. However, this ambiguity is resolved, since only one of these
dihedral angles (e1��908) is compatible with a base-on structure where the
dimethylbenzimidazole moiety is attached to the Co-atom [9] [10] [12 ± 14]. These
data clearly show that e1 in the solution structure of 3 amounts to ca. 208 less than in the
crystal structure of 3, leading to an �inwardly� tilted phosphate group.

Qualitative information on the conformation of the a-d-ribose moiety in 3 was
derived from vicinal C,H coupling constants 3J(CH) [24] [25], estimated from cross-
peak intensities in the PFG-HMBC spectra [14] [26] [27]. Six conformationally
sensitive dihedral angles HÿCÿCÿC or HÿCÿOÿC are found within the ribose
moiety: HÿC(1R)ÿC(2R)ÿC(3R), HÿC(1R)ÿO(4R)ÿC(4R), HÿC(2R)ÿ
C(3R)ÿC(4R), HÿC(3R)ÿC(2R)ÿC(1R), HÿC(4R)ÿC(3R)ÿC(2R), Hÿ
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Fig. 2. Cross section through the 200-ms �watergate� ROESY of 3 at the frequency of the f-side chain amide
proton HÿN(174) . NOEs are labeled by their proton designations (Fig. 1) and are listed in Table 1. NOEs at
2.2 ± 2.3 ppm cannot be individually assigned due to overlapping signals of HSiÿC(171), HReÿC(172) and

HÿC(151) and are, therefore, not shown in Table 1.

1) The P,H-coupling constant was deduced from the line splitting in the 31P resonance, which appears as a
1 :2 :1 t.



C(4R)ÿO(4R)ÿC(1R). None of the corresponding 3J(C,H) long-range correlation
peaks were present in the PFG-HMBC experiment, with the exception of a cross-peak
due to 3J(HÿC(2R)ÿC(3R)ÿC(4R)). In the 3'-endo conformation, the magnitude of
the dihedral angle HÿC(2R)ÿC(3R)ÿC(4R) is ca. 1708, while all other relevant
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Table 1. Diagonal Plot Representing Experimental NOE Intensities Used for the Determination of the
Conformation of the Nucleotide Loop in Methylcob(III)alamin (3) (upper part) and Theoretical (calculated)
NOE Intensities Deduced from the Solution Structure (lower part). Experimental NOEs were classified as strong
(30 ± 100% rel. intensity), medium (5 ± 30% rel. intensity), and weak 0.5 ± 5% rel. intensity). Strong, medium,
and weak NOE correlations are indicated by dark, darkly hatched and lightly hatched fields, respectively. X

indicates a scalar coupling (TOCSY artefacts).

Table 2. Dihedral Angles e1(P{O(3R){C(3R){C(2R)), e2(P{O(3R){C(3R){C(4R)), e3(P{O(3R){C(3R){

H), q1(H{N(174){C(175){HRe), and q2(H{N(174){C(175){HSi) and Vicinal Coupling Constants 3J(POCC),
3J(POCH), and 3J(HNCH) of Methylcob(III)alamin (3). Comparison of results from NMR and X-ray analysis
of 3 ; coupling constants were calculated with Karplus relationships as designed for RNA (3J(POCC),

3J(POCH)) and proteins (3J(HNCH)), respectively.

Solution structure X-Ray structure
3J (exper.) [Hz] Dihedral angle [8] 3J (calc.) [Hz] Dihedral angle [8] 3J (calc.) [Hz]

e1 < 1 � 89.1 0.6 � 112.0 2.9
e2 8.5 ÿ 153.0 9.2 ÿ 131.1 5.9
e3 7.4 ÿ 34.8 6.9 ÿ 4.5 10.7
V1 5.0 � 129.2 5.4 ÿ 124.8 4.8
V1 5.0 ÿ 124.2 4.8 ÿ 4.1 7.0



dihedral angles are close to 908 (between � (75 to 1108) and ÿ (75 to 1108)2).
Therefore, the ribose unit of 3 in aqueous solution appears to exist in a 3'-endo
conformation, consistent also with the crystal structure of 3.

The values of the homonuclear H,H-coupling constants between the amide proton
HÿN(174) and the two protons HReÿC(175) and HSiÿC(175) can be converted into
conformational information on the dihedral angles q1(HÿN(174)ÿC(175)ÿHRe) and
q2(HÿN(174)ÿC(175)ÿHSi), i.e. , into information on qi (around the N(174)ÿC(175)
bond at the f-side chain), with the protein Karplus relationship for NH,HÿC(a)
couplings (3J(HNCH)� 6.64 ´ cos2 qÿ 1.43 ´ cos q� 1.86) [28]. The roughly equal cou-
pling of HÿN(174) with HReC(175) and HSiC(175) were deduced from the line splitting
of the HÿN(174) 1H-resonance which is a 1 : 2 : 1 t. Although three different
conformations around the N(174)ÿC(175) bond could account for this coupling
scheme within the experimental limitations (ca. � 1258/ÿ 1258, ca. � 358/� 1258, and
ca. ÿ 358/ÿ 1258), NOE-derived distance constraints exclude the latter two possibil-
ities, so that j q1 j�j q2 j� 1258 (see Table 2).

As mentioned above, we detected the 1H-NMR signal of the solvent-exchangeable
proton OHÿC(2R) of 3 in aqueous solution. This H-atom exchanges remarkably
slowly (ca. 4 sÿ1 at pH 5.5) [29], indicating protection from exchange with bulk H2O. In
this situation, favorable to slow exchange, even the determination of a coupling
constant between OHÿC(2R) and HÿC(2R) was possible: the OH resonance was
observed as a resolved d with a 4.5-Hz splitting at pH 5.5 in 10 mm phosphate-buffer
solution3). Up to now, only a few 3J(HOCH) coupling constants have been reported
[30] [31], and a Karplus relationship for a similar system is not yet available in the
literature4). The observed coupling constant of 4.5 Hz for 3J(HOCH) allowed
approximate determination of the spatial orientation of OHÿC(2R), consistent only
with a structure in which OHÿC(2R) points roughly towards HÿN(174), and
suggested a gauche conformation (ca. 608) rather than a torsion angle close to 0 or 1808
(Karplus maxima) or 908 (Karplus minimum).

The combination of NOE-derived distance constraints from ROESY experiments
and dihedral-angle constraints from coupling constants provided the basis for modeling
the (time-averaged) solution structure of the nucleotide loop in methylcob(III)alamin
(3) as shown (in part) in Fig. 3. The structure calculations (Sybyl 6.2, Tripos Associates)
included all NOE and dihedral-angle constraints (but were independent of H-bonding
constraints). In addition, theoretical NOEs were calculated for the solution structure
with the full relaxation matrix approach (RMA) [32] as implemented in the computer
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2) Three-bond scalar C,H-coupling constants are expected to follow the general Karplus type curve trend,
with large values at torsion angles close to 08 or 1808 and very small values close to 908.

3) The line splitting was observable only at low phosphate buffer concentrations, i.e., < ca. 20 mm.
Phosphate catalysis caused broadening of the OHÿC(2R) resonance, resulting in a broad signal without
detectable line splitting in 100 mm phosphate buffer solutions, which were used for all other NMR
experiments. For details, see Konrat et al. [29].

4) A 3J(HOCH) coupling constant of 10.3 Hz was correlated with a dihedral angle of ca. 1808 for a threonine
residue in the trypsin inhibitor BPTI, while for small coupling constants (< 5 Hz), the dihedral angles have
been restricted to ranges excluding the trans arrangement of the HÿOÿCÿH moiety by Wüthrich and co-
workers [30].



program Insight II (Biosym Technologies). The experimental and calculated NOEs are
compared in Table 1.

Comparison of the NMR-derived structural data with those from X-ray diffraction
studies [10] accordingly reveals major conformational differences in the nucleotide
loop between the solution and crystal structures of 3 (see, e.g., Fig. 4)5). The dihedral
angle e1 of ca. � 908 in the solution structure is considerably smaller than that in the
crystal structure (� 1128), while correspondingly e2 of ca. ÿ 1508 in the solution
structure is considerably more negative than in the crystal structure (e2�ÿ1318). In
the solution structure of 3, the phosphodiester bridge is tilted �inwards� by ca. 208 and
towards the �nucleotide-loop cavity�. The second main difference concerns the
conformation of the f-side chain. Our observed homonuclear H,H-coupling constants
and NOE data suggest an average orientation of the f-side chain in which the amide
group and HÿN(174) point towards the nucleotide-loop �cavity�, with torsional angles
t1 (C(171)ÿC(172)ÿC(173)ÿN(174)) of 1708 and t2(C(173)ÿN(174)ÿC(175)ÿ
C(176)) of 1608. In contrast, in the crystal structure, the amide proton HÿN(174)
points out of the �cavity� and towards an H-bonded H2O molecule there (torsion angles:
t1� 118.48 and t2� ÿ 97.48). As more extensively discussed below, both of these
conformational differences between the solution and crystal structure of 3 can be
correlated with the formation of H-bonds of the methylcob(III)alamin molecule to
H2O molecules, whose positions differ in the crystal and in aqueous solution.
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Fig. 3. Ball-and-stick representation of the nucleotide-loop conformation in the solution, methylcob(III)alamin
(3), including all protons in the nucleotide-loop structure, as well as HÿC(19), HÿC(20), and the Co-
coordinated Me group. NOEs used for the calculation of this structure are indicated by dotted lines and shown in
Table 1. Element colours: P large, grey; C medium, black; N medium, grey; O medium, black; Co medium,

black; H small, grey.

5) Aside from conformational differences in the nucleotide loop, on which our discussion focuses, the time-
averaged conformations of the flexible amide side chains in solution is not, as a rule, reflected in the
corresponding positions in the crystal structures. In particular, the carboxamide function at the d-
propionamide side chain (C(83), N(84), and O(84)) is shown to be oriented parallel to the plane of the
nucleotide base in solution, while it is rotated by about 908 in the crystal, see Fig. 4 [10].



2.3. A �Bound�-Water-Molecule Bridge in the Nucleotide Loop of 3 in Aqueous
Solution. The available crystal structures of cobalamins (such as that of MeCbl (3) [10],
of aquacob(III)alamin [8], and of other �base-on� vitamin-B12 derivatives) reveal the
presence of (a) �conserved� H2O molecule(s), which is (are) found H-bonded to the
phosphate moiety [4]. The published crystal structure of MeCbl (R value 15%) [3] [10]
suffers from considerable disorder of the solvent molecules. A H2O site has been
localized within H-bonding distance to the amide atom N(174). It has been suggested
that this H2O molecule acts as H-bond donor for the ribose hydroxy group OHÿC(2R)
which, in turn, is a H-bond donor to O(3R), one of the phosphate O-atoms. Both of the
terminal phosphate O-atoms O(1P) and O(2P) of 3 are involved in H-bonds only to
H2O molecules that make (external) contacts between symmetry-equivalent molecules
of the vitamin-B12 derivative [10].

In the following section, we provide experimental evidence for the existence in
aqueous solution of an intramolecular H-bonded bridge formed by a single H2O
molecule between the hydroxy group OHÿC(2R) of the ribose moiety, the phosphate,
and the f-amide group of MeCbl (3), in contrast to the result derived from the crystal-
structure analysis of 3 [10].

H-Bonding of the OH group at the 2-position of the nucleotide ribose unit is clearly
manifested by the spectral observation of the proton OHÿC(2R) in aqueous solution.
The spectral observation of a solvent-exchangeable proton indicates a diminished
rate of intermolecular exchange with bulk-H2O protons due to protection by H-
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Fig. 4. a) Overlay of relevant parts of the time averaged structure of 3 in aqueous solution (red), including the
internal bridging H2O molecule (orange), and of the crystal structure of 3 (light blue) with the O-atom O(W5)
(green) of the corresponding H2O molecule, localized in the crystal structure (overlay was generated by matching
the positions of C(19) and N(4) of the corrinato ligand in the two structures). b) Model of the time-averaged
structure of 3 in aqueous solution (including the bridging H2O molecule) as determined by the described NMR-

restrained analysis. Colour coding of atoms: P orange; C white; N green; O red; Co yellow; H light blue.



bonding6). The model of relatively strong H-bonding of OHÿC(2R) is further
supported by the observed difference of the exchange-relayed D/H fractionation
factors concerning the two exchange-labile ribose functions OHÿC(2R) and
OHÿC(5R) of MeCbl (3) [29]. These findings, first of all, assign to the OHÿC(2R)
group the role of a H-donor in a strong H-bond. In contrast, the crystallographic results
attribute to OHÿC(2R) the role of an H-bond acceptor (from the bound H2O
molecule) and of an H-bond donor to the bridging phosphate atom O(3R). The latter
H-bond would not be expected to be particularly strong [33].

As mentioned above, the observed value of 4.5 Hz for 3J(HOCH), together with
NOE data, restrict the dihedral angle HÿO(2R)ÿC(2R)ÿH to a nearby gauche
conformation (ca. � 608), as shown in Fig. 4. In this conformation, no intramolecular
H-bond can be formed, since all potential H-bond acceptors (phosphate O-atoms) are
not compatible with typical H-bond limitations (lengths of H-bonds and/or bond
angles). Therefore, only H-bonding to a H2O molecule can account for the protection
(and the orientation) of the OH group at the 2-position of the ribose moiety in 3.
Assuming an H-bond length of ca. 2.8 ± 3.0 � between the ribose atom O(2R) and the
O-atom of H2O, the H2O molecule is at a location where it can also form H-bonds to the
amide N(174) atom of the f-side chain. The position of such a H2O molecule that is
compatible with our experimental data is shown in Fig. 5, a. The existence of the
suggested H-bond to N(174) is supported further by the comparison of 15N-chemical
shifts of all amide N-atoms in MeCbl (3) in aqueous solution [14] and in dimethyl-
sulfoxide solution [34]. A striking feature of these data is that the 15N-resonance of the
f-amide N(174) occurs at lowest field in aqueous solution, resulting in the chemical-
shift sequence f-a-c-g-e-b-d of the seven amide N-atoms, while in dimethyl-sulfoxide
solution, the resonances of the acetamide N-atoms N(23) and N(73) occur below that
of N(174) [9] [34]. 15N-Chemical shifts are very sensitive to H-bonding [35] as well as
to solvent effects [36], and the interpretation of 15N-chemical shifts determined in
different solvents has to be approached with care. However, the relative shift of the 15N-
resonance of the f-amide is consistent with the formation of a strong H-bond in aqueous
solution [37]. The orientation of the amide function (vide supra), with the HÿN bond
pointing �inwards� into the f-loop �cavity� and towards OHÿC(2R), excludes any
H-bond acceptor other than the internally bound H2O molecule, which also acts as
H-bond acceptor for the ribose OH group at the 2-position of the ribose moiety.

Taking into consideration optimal H-bond geometries with respect to the distances
between H-bonded donor and acceptors (ca. 2.8 � for OÿH ´´´ O and ca. 2.7 � for
NÿH ´´´ O) [33] and the bonding angles at the H-bond H-atom (1808), the two
spectroscopically detected H-bonds of the �internally bound� H2O molecule (to
HÿN(174) and HÿO(2R)) restrict it to a rather distinct location. In this arrangement,
the H2O molecule would be in good position for the formation of an additional H-bond
to the phosphate pro-R endo atom O(1P) of the phosphodiester bridge, as shown in
Fig. 5, a. The formation of such an H-bond (between the phosphate pro-R O-atom and
the �bound� H2O molecule) would tend to fix the distance also between the phosphate
atom O(1P) and the bridging �bound� H2O molecule. The role of the �bound� H2O as H-
donor in an additional H-bond to the phosphate group in solution requires a distance of
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6) In contrast, the unprotected proton OHÿC(5R) is unobservable due to efficient intermolecular exchange.



ca. 3 � between H2O and one of the phosphate O-atoms. Such a distance constraint is
fulfilled by tilting the phosphate group towards the nucleotide-loop �cavity�, but is
incompatible with the conformation of the phosphodiester bridge in the crystal
structure of methylcob(III)alamin (3) (see Fig. 5, b). Accordingly, a conformational
restructuring of the nucleotide loop in aqueous solution is indicated by the NMR data.
This can be rationalized on the basis of a cooperative H-bonding network involving a
single �bound� H2O molecule. This bridging H2O molecule serves as proton acceptor for
the H-bonds to the ribose proton OHÿC(2R), and to the f-side chain amide proton
HÿN(174) and as proton donor in the H-bond to the phosphate pro-R endo atom
O(1P). The combination of the three cooperative H-bonds (H2Obound ´ ´ ´ HÿN(174),
H2Obound ´ ´ ´ HOÿC(2R) and O(1P) ´´ ´ H2Obound) results in a tetrahedrally coordinated
O-center of the involved H2O molecule and in a strong H-bonding network [33] [38].

Most of the crystal structures of �complete� vitamin-B12 derivatives are remarkably
conservative with respect to the observed space group (P212121) and the crystal packing
[4] [5]. In the crystal, H2O molecules are typically observed to be involved in H-
bonding to the ribose OHÿC(2R) and to H-bond (�intramolecularly�) either to N(174)
(in MeCbl [10]) or to the phosphate pro-R atom O(1P) (in the structure of the
aquacob(III)alamin cation 5�) [8]. In the crystal structure of 5�, this specific H2O
molecule is also observed to form an �intermolecular� H-bond to the phosphate pro-S
atom O(2P) of a symmetry-equivalent B12 molecule of 5� [8]. The crystal structure of
MeCbl (3) showed both of the terminal phosphate atoms O(1P) and O(2P) to be
involved only in such �intermolecular� H-bonds between symmetry-equivalent mole-
cules of 3 and mediated by H2O molecules [10]. An alternative scenario involving an
H-bonded pair of two bridging H2O molecules as H-bonding partners of the f-amide
atom N(174) and the OHÿC(2R) has been discovered in the crystal of 10-
chloromethylcobalamin [39]. An H-bonded pair of two well characterized H2O
molecules has recently been found also in the crystal structure of chlorocobalamin (4)/
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Fig. 5. a) Internally bound bridging H2O molecule in the solution structure of 3, including the H-bonding
network (H-bonds are indicated by dotted lines; H-bond lengths and H-bond angles: O(2R)ÿO(water): ca.
2.8 � and ca. 1608 ; N(174)ÿO(water): ca. 2.7 � and ca. 1708 ; O(P4)ÿO(water): ca. 2.9 � and ca. 1808).
b) Crystal structure of 3, including the O-atom of the hydration H2O molecule W5 (H-bonding contacts and close
contacts as suggested by Rossi et al. [10] are indicated by dotted lines; H-bond lengths and H-bond angles:

O(2R)ÿO(P3): 2.8 �; O(2R)ÿO(W5): 2.9 �; N(174)ÿO(W5): 3.1 �; N(174)ÿO(177): 2.9 �)



lithium chloride [40]: one of these H2O molecules is H-bonded to N(174) of the f-amide
and OHÿC(2R), while the other contacts the phosphate pro-R endo atom O(1P) of the
phosphodiester bridge. As observed in both of these crystal structures [39] [40], the
incorporation of two bridging H2O molecules allows again for a nucleotide
conformation in which the amide moiety directs its HÿN(174) out of the nucleotide-
loop �cavity�.

Recently, a different space group (P21) and a conformation of the nucleotide loop
that differs significantly from that in all other crystal structures [1 ± 6] [10] [39] [40] were
observed in the crystal of 10-chloroaquacobalamin perchlorate [39]. Remarkably, in
this structure, the amide atom N(174) and the ribose OH group are interacting via a
direct H-bond, and neither of these two centers appears to possess a neighboring, H-
bonded H2O molecule7). This finding is an interesting example of a crystal structure of
a complete vitamin-B12 derivative where both the nucleotide conformation and the
crystal packing deviate significantly from what is generally observed in vitamin-B12

crystallography.
The observed differences of the nucleotide conformation in the solution and crystal

structures of MeCbl (3) must be attributed to �bonding partners� that differ in solution
and in the crystal. A factor that is likely to contribute to the generally invariant
nucleotide conformation observed in crystals of vitamin-B12 derivatives [5] is the
existence of H2O molecules that are H-bonded to the terminal phosphate O-atoms
(O(1P), O(2P)) and that mediate �intermolecular� contacts between symmetry-
equivalent molecules [4] [5] [41]. In this way, the noted preference of the nucleotide
conformation of crystalline complete vitamin-B12-derivatives, that crystallize predom-
inantly in the space group P212121, can be rationalized to arise in part from specific
crystal-packing effects. In aqueous solution, H2O-mediated �intermolecular� contacts
between molecules of vitamin-B12 derivatives have not been observed and indeed, they
may be considered to be unlikely at the typical concentrations (mm) used for NMR-
spectroscopic analysis of these derivatives in aqueous solutions. However, solvation of
the ionic phosphate group of cobalamins in aqueous solution (and in crystals of
vitamin-B12 derivatives grown from aqueous solutions) tends to localize specific
(�conserved�) H2O molecules. Even in the known crystal structures of cobamide-
dependent enzymes, the phosphodiester moiety of the protein-bound corrinoid
cofactors is observed to H-bond to H2O molecules [11] [22].

Conclusions. ± An extensive NMR-spectroscopic analysis of the structure of
methylcob(III)alamin (MeCbl; 3) in aqueous solution was used to obtain detailed
information on the conformation of the nucleotide moiety of the base-on form of 3 in
solution. It revealed conformational properties of the nucleotide loop in aqueous
solution that are not consistent with those of the crystal-structure analysis of 3 [10].
The observation of the signals of slowly exchanging amide and OH protons significantly
enlarged the experimental basis for the analysis of the solution structure and led to the
detection of a �bound� H2O molecule linking the polar phosphodiester function, the

Helvetica Chimica Acta ± Vol. 82 (1999)1606

7) As deduced from the X-ray data, the distance between the amide proton HÿN(174) and HÿC(4R) of the
nucleotide ribose unit amounts to ca. 3.5 � only. Accordingly, the observation of significant NOEs in
solution would be expected, in case the nucleotide portion of the solution and crystal structures would
closely match each other.



OHÿC(R2) group of the ribose moiety, and the amide N-atom of the nucleotide chain
of 3 via cooperative H-bonds. Such a doubly bridging H2O molecule, as discovered in
the solution structure of MeCbl, appears to be a structural determinant also in
coenzyme B12 and in other organometallic vitamin-B12 derivatives in aqueous solution
[9]. While H2O molecules are typically found in the crystals of �complete� vitamin-B12

derivatives to bind to some of the polar functionalities of the nucleotide portion, they
frequently mediate �intermolecular� contacts between molecules of the vitamin-B12

derivative. So far, a H2O molecule doubly bridging the nucleotide loop via three
�internal H-bonds� has not been reported for crystals of vitamin-B12 derivatives.

In most of the crystal structures of �complete� vitamin-B12 derivatives (including
MeCbl), a strong preference to crystallize in a single space group has been found [4][5].
This correlates with a remarkable conformational invariance of the nucleotide portion
and with the existence of an important packing motif. This latter structural motif in the
larger part of the crystalline vitamin-B12 derivatives involves H-bonded H2O that
mediates intermolecular contacts with the phosphate moiety of the nucleotide moiety.

In the solution and crystal structures of methylcob(III)alamin (3), a conforma-
tional difference of the nucleotide is observed. Such conformational differences may be
systematic for organocobalamins and reflect the existence of the different H-bonding
networks in aqueous solution and in the crystal. Crystal packing and the resulting
positions of the H-bonded H2O molecules may thus be assigned a specific restructuring
effect in the crystalline solid.

Experimental Part

Materials and Methods. Methylcob(III)alamin 3 was prepared as described in [14]. NMR Experiments:
Varian-500-UNITY-plus spectrometer with a 5-mm indirect detection probe equipped with field-gradient
facilities and a 5-mm broadband direct detection probe; at 268 and 499.887 (1H), 125.15 (13C), or 50.66 MHz
(15N); 10 mm solns. of 3 in H2O/D2O 9 :1, sample size 0.7 ml, pH 5.5, buffered with 100 mm phosphate buffer
(unless otherwise stated); signal assignment of 1H-, 13C-, and 15N-resonances by experiments as described in
[14]; 1D experiments for the determination of vicinal coupling constants: 1H-NMR using presaturation for
solvent suppression, 13C-NMR (1H-broad-band-decoupled) and 31P-NMR; 2D experiments: �Watergate�
rotating frame Overhauser enhancement spectroscopy (�watergate�-ROESY) [15] [16] and pulsed field gradient
enhanced heteronuclear multiple bond correlation spectroscopy (PFG-HMBC) [26] [27]; all NMR experiments
were performed as described in [8] and [14].

Structure Calculations. The solution structure was modelled with the program Sybyl 6.2 (Tripos Associates)
on the basis of all experimentally observed NOEs and dihedral-angle restraints. The conformation of the
nucleotide loop was adjusted manually to satisfy the observed NOE intensities and dihedral-angle restraints.
The relative NOE intensities for structurally relevant protons were determined with cross sections through the
200-ms �watergate� ROESY. This was done separately for each proton of the nucleotide loop. No H-bond
restraints were used. As a final step, the structure was minimized using the Tripos force-field as implemented in
the programme Sybyl 6.2, where the length of the axial CoÿN bond was fixed at the crystallographically
determined value [10].

The calculation of the theoretical NOEs for the solution structure was performed based on covalently fixed
distances and with the full relaxation matrix approach as implemented in the program Insight II (Biosym
Technologies). An overall correlation time of 3 in aq. soln. of 250 ps [29] was used. The calculated NOEs were
classified into three classes corresponding to the relative intensity ranges 30 ± 100% (strong), 5 ± 30%
(medium), and < 5% (weak). The experimentally observed NOEs were classified likewise and were compared
to calculated ones (see Table 1).
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