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The structure of nitrosylcobalamin (NOCDI) in solution has been studied by NMR spectroscopy and

the 'H and *C NMR spectra have been assigned. *C and *P NMR chemical shifts, the UV-vis spectrum
of NOCDbI and the observed pK ..o Value of ~5.1 for NOCbI provide evidence that a significant
fraction of NOCDbI is present in the base-off, 5,6-dimethylbenzimidazole (DMB) deprotonated, form in
solution. NOE-restrained molecular mechanics modelling of base-on NOCbI gave annealed structures

with minor conformational differences in the flexible side chains and the nucleotide loop position
compared with the X-ray structure. A molecular dynamics simulation at 300 K showed that DMB
remains in close proximity to the o face of the corrin in the base-off form of NOCbI. Simulated
annealing calculations produced two major conformations of base-off NOCDbI. In the first, the DMB is
perpendicular to the corrin and its B3 nitrogen is about 3.1 A away from and pointing directly at the
metal ion; in the second the DMB is parallel to and tucked beneath the D ring of the corrin.

Introduction

Two vitamin B,,-dependent enzyme reactions occur in mam-
mals — methylcobalamin-dependent methionine synthase and
adenosylcobalamin-dependent L-methylmalonyl-CoA mutase.'
The early stages of B, deficiency in humans lead to hyperho-
mocysteinaemia and/or methylmalonic acidaemia followed by
megaloblastic anaemia and/or neurological disorders.? The nitric
oxide (NO) derivative of vitamin B,,, nitrosylcobalamin (NOCb],
also referred to as nitroxylcobalamin or nitrosocobalamin in the
literature), is also of potential interest in mammalian biochemistry.
It has recently been proposed that cobalamins (Cbls, vitamin B,
derivatives) scavenge nitric oxide to form NOCDbI in vivo,** and
that Cbl is beneficial in treating pathological disorders associated
with high NO, including sepsis.** NO regulates vasodilation,
neurotransmission, and the immune response and is an inhibitor of
platelet aggregation and cell proliferation.®” Aquacobalamin sup-
presses NO-induced relaxation of smooth muscle,*** NO-induced
vasodilation' and NO-mediated inhibition of cell proliferation.?
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Vitamin B,, (cyanocobalamin) also reverses NO-induced neural
tube defects.”” Furthermore, both MeCbl-dependent methionine
synthase and adenosylcobalamin-dependent methylmalonyl-CoA
mutase are inhibited by NO or NO donors.”*™"

The extremely air sensitive NOCbI can be prepared by bub-
bling NO(g) through anaerobic solutions of cob(II)alamin or
glutathionylcobalamin, by photoreduction of an aquacobalamin
(H,OCDbl*) solution in the presence of NO(g) using a laser, or
reacting aquacobalamin with NO donors."** There has been
some controversy in the literature concerning whether H,OCbl*
reacts directly with NO to form NOCDI, although it is now
generally accepted that this is not the case.”** There has also
been controversy as to whether H,OCbl* reacts directly with
NO to form NOCbI in acidic solution (pH < 4); however
commercial NO(g) is contaminated with nitrogen dioxide which
reacts with NO to ultimately produce NO* and nitrite in aqueous
solution,? and a recent study provides convincing evidence that
the initial reaction step instead involves the formation of base-off
NO,Cbl.*

NOCbDI has been characterized in solution by UV-vis, 'H
NMR (aromatic region only) and "N NMR spectroscopy.!#1%3
Although the v(N-O) stretch of NOCbl was not observed in
solution by resonance Raman spectroscopy, a Co-N(O) band
was observed at 514 cm™." Recently some of us determined the
structure of NOCbI-15H,0 by X-ray diffraction.® On the basis
of the Co-N-O angle (117.4-121.4°) it was concluded that the
oxidation state of the Co centre in NOCbI is +3 in the solid
state, since the Co-N-O group of low spin NO—Co™ complexes
is bent (~120°) as a consequence of the lone pair on the N
atom of NO~,* whereas Co-N-O is essentially linear for Co"—
NO complexes.® A similar conclusion was reached for NOCbl in
solution based on resonance Raman spectroscopy measurements,
the observation of well defined '"H and "N NMR resonances
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indicative of a diamagnetic complex and the "N NMR chemical
shift of "NOCbI.'®"

Some of us have previously successfully applied a molecular
mechanics (MM) force field to address a variety of questions
in the structural chemistry of corrins.?3! We have also used
NMR-derived distance restraints in molecular dynamics (MD)
and simulated annealing (SA) calculations to explore the solution
structure of a number of corrins, including those that fail to
crystallize.>® In the present work we have investigated the
structure of NOCDI in solution using 2-D NMR spectroscopy
techniques combined with NOE-restrained molecular dynamics
calculations. The '"H and "C NMR chemical shifts of NOCbl
were completely assigned by ROESY, TOCSY, HSQC, and HMBC
experiments. Molecular mechanics modelling of NOCbl was
performed using the parameters derived specifically to model
the cobalt corrins®*® as an extension of Allinger’s MM2 force
field.*® Our results suggest that the electronic effects exerted by
the NO ligand of NOCDbI are closer to alkyl ligands rather than
other inorganic ligands such as CN-, NO, and H,O and that,
consequently, a significant fraction of NOCDI in neutral solution
exists in the DM B-deprotonated, base-off form.

Experimental
Synthesis of NOCbl

Both the synthesis and handling of NOCbl were carried out inside
a glove box under an argon atmosphere. NOCDbI was synthesized
according to our published procedure,?® with minor modifications.
A freshly prepared anaerobic solution of HOCbI-HCI (35 mg
HOCDbI-HCI in 1 mL H,0) was added to solid DEA-NONOate
(8.73 mg, 2.5 equiv.). The product solution was shaken gently
to ensure complete mixing and the reaction left to proceed at
room temperature for 12 h. The final pH of the mixture was 10.8.
Formation of the desired product was checked by UV-vis and
'"H NMR spectroscopy.?® The product was precipitated by drop-
wise addition to cold acetone (20 mL, —20 °C), filtered and dried
under vacuum (2 x 10~ mbar) for 3 h. We observed that both the
unreacted DEA-NONOate and the reaction product DEA-NO
co-precipitated with NOCDbI, with their corresponding 'H NMR
signals in the aliphatic region of the spectrum interfering with
our measurements. Therefore, the acetone precipitation step (and
dissolution back into H,O) was repeated two more times, resulting
in removal of most of the interfering compounds. NOCbl remained
stable during the procedure, yielding a final purity of ~97% by 'H
NMR spectroscopy.

Preparation of the NOCbl NMR spectroscopy sample

NOCDI (35 mg) was dissolved in 0.80 mL of anaerobic phosphate
buffer (0.15 M, pH 7.40) made up with 90% H,0/10% D,0O, and
containing 1 mg of TSP. The final pH of the sample was 7.70.
The NMR tube was flame-sealed under vacuum and the purity
of the sample checked by '"H NMR spectroscopy. The sample
was stable for at least 3 months at room temperature, in the
dark, as assessed by '"H NMR and UV-vis spectroscopy (the latter
experiment requiring the NMR tube to be broken open and the
sample diluted with anaerobic buffer prior to transferring to a
Schlenk cuvette for a UV-vis spectroscopy measurement).

3P NMR spectroscopy experiments

SO;Cbl and NO,Cbl were prepared using published procedures.*!
3P NMR spectroscopy measurements were made at 25 °C on a
Bruker Avance 400 MHz spectrometer operating at 161.975 MHz.
Samples (~6-7 mM) were dissolved in D,O (1 ml), and chemical
shifts externally referenced to an NMR tube containing 85%
H,PO, equipped with a concentric insert containing D,O.

NOCDI 2-D NMR spectroscopy experiments

Two-dimensional homonuclear (TOCSY and ROESY) exper-
iments with Watergate solvent suppression and heteronuclear
(HSQC and HMBC) experiments for resonance assignment were
carried out as previously described* on a Brucker DMX 600 NMR
spectrometer. Assignments were made as described elsewhere.*

For molecular modelling distance restraints, ROESY spectra
were obtained on a Brucker DRX 800 NMR spectrometer at
mixing times of 40, 80, 120, and 160 ms.

Attempted determination of pK,..; for NO,Cbl

'"H NMR spectra of samples of NO,Cbl (5 x 10° M) in acidic
solution (H,SO, + D,0) were recorded at 25 °C on a Bruker
Avance 400 MHz spectrometer with TSP used as an internal
reference.

Molecular modelling calculations

All modelling calculations (energy minimizations, MD runs and
SA calculations) were performed with HYPERCHEM v. 7.03%
using the potential energy functions of the MM+ force field (as
MM2 is called in this suite of programs) and the parameters
derived for the cobalt corrins.®** Parameters for NO coordinated
to Co(IIT) in NOCbI were not available. We therefore developed
preliminary parameters based upon the crystal structures of
NOCDI*? and four Co(III)NO porphyrins.**” NO is disordered
over three positions in NOCDbI; the mean N-O bond length is
1.18(3) A. It is not significantly different in the CONO porphyrins
(1.14(6) A). We used a value of k, = 10.0 mdyn A-' for the bond
force constant and I, = 1.175 A for the strain-free bond length
for modelling the bond between N (atom type nl) and O (atoms
type o1). In NOCbI, the Co-N bond length is 1.927 A and shorter
in CoNO porphyrins (1.839(8) A). We used k, = 2.0 mdyn A~
and /, = 1.865 A in the force field. NO coordinates to Co(III)
in a bent manner (Co-N-O = 120(2)° in NOCbI and is similar
(122.9(9)°) in CoNO porphyrins. The angle was modelled using
an angle bending force constant k, = 1.0 mdyn A rad and a strain
free bond angle of 6, = 116°.

A total of 64 NOE cross peaks (Table S11), not including those
resulting from geminal hydrogens, could be resolved and assigned
in the ROESY spectra in H,O at the longest mixing time (160 ms)
for NOCbI. These cross peaks were classified® as strong, medium,
weak, or very weak, depending on whether they first appeared in
the ROESY spectra at mixing times of 40, 80, 120, or 160 ms,
respectively.

The crystal structure of NOCbL,?® from which we excluded
all solvent molecules, was used as starting point for the mod-
elling. Energy minimization was performed using a Polak-Ribiere
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conjugate gradient algorithm with a convergence criterion of
0.01 kecal A~ mol™' r.m.s. gradient.

We used a set of parabolic potential energy functions of the
form Uxog(ry) = knoe(r — 1i°)* to restrain the distance r; between
protonsiand jdetermined from the 2D ROESY spectra. Following
the definition of Clore and co-workers,* and as we have explained
elsewhere,® we used values of the restraining force constant, kyor =
1.2, 0.52, 0.3, and 0.075 kcal mol™ A2 at 300 K for strong,
medium, weak and very weak NOE’s, respectively. Violations of
these distance restraints were taken when r; > 3.0, 3.8, 4.8 and
5.3 A, respectively.

The assignments of all pro-chiral protons were made on a trial
and error basis until the minimum number of violations of distance
criteria were obtained during a series of 100 ps MD simulations at
300 K. Where a number of NOE’s to the same achiral centre occur,
care was taken to choose for each restraint the proton pair with
the smallest inter-proton distance. The leapfrog algorithm>** was
used to solve the Newtonian equations of motion that describe the
dynamics trajectory for MD simulation calculations. A small time
step of 0.5 fs was used. Temperature scaling with coupling to an
external heat sink®? (using a temperature relaxation time of 0.1 ps),
was used to control the temperature. Initial velocities for MD
simulations were assigned to fully energy minimized structures
using a random number generator. In a typical simulation, the
molecule was heated from 0 K to the run temperature (300 or
800 K) during a 20 ps heating phase. The run phase at 800 K was
varied between 1 and 750 ps for simulations designed to find stable
conformations while a run phase of 500 ps was used to determine
inter-proton distances at 300 K. The run phase was followed by
an annealing phase of 20 ps to 0 K for simulations designed to
find stable conformations, followed by full energy minimization.
A consensus structure was obtained by averaging the coordinates
of each atom of each of 25 annealed structures and then energy
minimizing again.

Results and discussion

NMR spectroscopy measurements for NOCbl

2-D NMR experiments (TOCSY, ROESY, HSQC, and HMBC)
allowed the complete assignment of the '"H and *C NMR reso-
nances for NOCbl in solution (pH 7.70, 25 °C). Table 1 summarizes
the final 'H and “C chemical shift assignments for NOCbl and
Table S11 shows the 2-D NMR correlations which support these
assignments. A labelling scheme for NOCbI is given in Fig. 1.
Significant (1.0 ppm) "“C chemical shift differences between
NOCbI and two “normal” Co(IIT)Cbls with nitrogen-linked upper
axial ligands, nitrocobalamin (NO,Cbl) and amminocobalamin
(NH;Cbl), are summarized in Table 2. As 19 of 62 (31%) chemical
shifts are significantly different, it is reasonable to conclude that
NOCHb! is not a typical Co(IIT)Cbl with a nitrogenous upper axial
ligand. In particular, the chemical shift differences at the corrin
ring carbons C15, Cl14, C9, C16, and C4 suggest significantly
different corrin ring electronic effects in NOCbl.

As depicted in Scheme 1, in aqueous solution Cbls exist in
three forms: base-on, base-off with the 5,6-dimethylbenzimidazole
(DMB) deprotonated, and base-off with the DMB protonated.
Under more acidic conditions, Cbl species that are mono and
diprotonated at the phosphodiester also exist (pK, ~ —0.1 and

Table 1 'H and "C NMR assignments for NOCbl*

Group 8“C(ppm) &'H(ppm) Group &“C(ppm) &'H (ppm)
Cs53 17.87 2.42 R1 88.51 6.26°
C35 18.03 2.51 C10 97.40 6.34
C25 19.39 1.39 Cl5 107.60

C54 20.34 1.30 C5 109.91

Pr3 21.42° 1.24¢ B7 113.43 7.19
C36 22.09 1.82 B4 121.29 6.77
C47 22.09 1.50 B5 133.99

B10 22.24 2.11 B8 134.21

B11 22.24 2.11 B6 135.75

C20 24.48 0.54 B9 142.20

C30 28.50 1.89,2.01 B2 144.53 7.44
C41 28.91 1.40, 2.04 Cl4 166.30

C48 29.25 1.88,2.03 C6 166.40

C46 34.33 0.98 C9 174.53

C55 34.78 1.81, 2.37 C38 177.36

C42 34.78 1.72,2.06 C57 177.91

C31 34.95 2.47,2.73 Cl16 178.23

C56 34.95 1.87, 2.47 C27 178.71

C49 36.04 2.20, 2.35 Cl1 178.71

C60 37.86 2.52,2.56 C4 178.71

C18 41.88 2.75 C32 178.71

C26 45.83 2.28,2.37 C43 180.37

C37 46.51 1.98,2.44 C50 180.73

Prl 47.46 3.26, 3.49 C61 180.73

C2 49.12 dHS 6.52
C12 49.86 cHS 6.75
C7 53.31 dHA 6.81
C13 55.31 3.18 eHS 6.85
C8 57.93 3.60 bHS 6.94
C3 58.18 4.11 aHS 7.09
C17 61.22 gHS 7.13
RS 63.55 3.79, 3.89 eHA 7.52
R2 72.91 4.50 cHA 7.57
Pr2 75.334 4.35 bHA 7.66
R3 76.46 4.77 aHA 7.84
C19 77.27 4.12 gHA 7.99
R4 85.40 4.32 fH 8.05
Cl 88.24

“In 0.15 M phosphate buffer, pH 7.70, 90% H,0/10% D,0, 25 °C. Chem-
ical shifts are relative to internal TSP. The syn and anti amide H’s are
designated aHs, aH,, bHg, bHy, etc., respectively, where a, b, etc., refer to
the standard side chain lettering. * 3Jpc = 4.2 Hz. ¢ Jpiopi; = 6.1 Hz. 42 Jpc =
5.4Hz.¢Jp x> = 3.2 Hz.

X X X
| PK base-off | Keo |
Co — Co — Co
CT T (L T (]
NH OH, N OH. N
base-off base-off base-on

DMB protonated DMB deprotonated

Scheme 1 Cobalamin forms present in aqueous solution.

—1.6%). The ground state structural and thermodynamic trans
influence of the B-axial ligand of Cbls is well established, with
strong ¢ donor ligands resulting in long Co-NB3 bond distances,
small K, values (Scheme 1) and higher pK ;... values.>>

A pKyueorr Value of 5.1 was recently reported for NOCDbI using
UV-vis and '"H NMR spectroscopy,'® which is the highest reported
value for any Cbl (pKyueor for other Cbls are in the —2.1 to
4.1 range®). We also obtained a similar value using '"H NMR
spectroscopy. Using pK,;, = 5.56, a value of Ko, = 1.9 is
calculated; that is, under neutral conditions approximately one
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Table 2 Comparison of *C NMR chemical shifts for NOCbl, NO,Cbl
and NH,Cbl¥7“

Group  dNOCbl  §NO,Cbl (A SNH,Cbl  (AS)

C54 20.34 18.31 (2.03) 19.16 (1.18)
C20 24.48 22.45 (2.00) 22.73 (1.75)
C49 36.04 37.33 (=1.29) 37.36 (-1.32)
C60 37.86 34.05 (3.81) 34.01 (3.85)
C37 46.51 44.80 (1.71) 48.09 (-1.58)
R2 7291 71.29 (1.62) 71.28 (1.63)
R1 88.51 89.64 (-1.13) 89.77 (-1.26)
Cls 107.60 106.05 (1.55)  106.41 (1.19)
B4 121.29 119.07 (2.22)  118.81 (2.48)
BS 133.99 135.64 (-1.65)  135.88 (~1.89)
BS 134.21 132.05 (2.16)  132.09 (2.12)
B6 135.75 137.80 (-2.05)  138.07 (-2.32)
BY 142.20 139.17 (3.03)  139.11 (3.09)
Cl4 166.30 167.96 (-1.66)  168.23 (-1.93)
C9 174.53 175.89 (-1.36)  177.01 (-2.48)
Cl6 178.23 180.73 (-2.50)  182.50 (=4.27)
c4 178.71 182.47 (=3.76)  183.73 (=5.02)
Cc32 178.71 180.44 (-1.73)  180.42 (-1.71)
C61 180.73 178.23 (2.50)  177.63 (3.10)

“Only chemical shifts which differ by >1.00 ppm from those for NOCbl
are shown.

H r7 B1y B8 B11

Fig. 1 Labeling scheme for cobalamins. X = Me, Ado, H,0, CN, NO,
NH;, NO,, SO, etc.

third of NOCbDI exists in a DMB deprotonated, base-off form,
Scheme 1.

It was of interest to us to determine pKy,...; for NO,Cbl for
comparison purposes. To our knowledge, this value has not been

reported. Upon conversion of Cbls to their base-off, protonated
forms, large changes are observed in the aromatic region of the
'"H NMR spectrum.’® However, measuring 'H NMR spectra for
acidic solutions of NO,Cbl at varying pD values showed that
hydrolysis of NO,Cbl to H,OCDbl* occurs prior to formation of
significant amounts of protonated, base-off NO,Cbl. For example,
at pD 0.8, only ~18% NO,Cbl remains, with chemical shifts
identical within experimental error to those for base-on NO,Cbl
at pD 6.7. Assuming that at this pD condition 290% NO,Cbl is
base-on, a value of pKy,..or < —0.15 is calculated. Hence unlike
NOCDI, pKiueor NO,Cbl is within the range expected for Cbls
with inorganic ligands at the B-axial site (pKpue.or (H,OCbI*) =
=213, pKpuseor (CNCbI) = 0.15%8),

A linear relationship between the apparent Gibbs free energy
for coordination of 5,6-dimethylbenzimidazole to cobalt, ~AG,°,
and the Co-NB3 bond distance, dc,nps, has previously been
established.®* Using K, = 1.9, a value of 0.38 kcal mol™ is
calculated for NOCDI. Fig. 2 gives a plot of ~AG¢,° versus dc, ngs
for a series of Cbls, including NOCbl. —AG,° is remarkably small
for NOCbDI, in accordance with the high pKi,..; value. It is
apparent from this plot that NOCbI deviates significantly from
the line of best fit for other non-alkyl and alkylcobalamins, and is
closer to that expected for an alkylcobalamin.

124

+
10.).. = Hoco!

CNCbl ¥

CF.Chl ® .
. CHF.Cbl

hi IChli-g ™ 2
4. chioroviny .. a MeChl

vinyICbl N
AdePrChl ™. AdoCbl

-AG_,° (kcal/mol)

0. NOCbI m

1.90 1.95 2.00 2.05 210 215 2.20 2.25
dgones (A)

Fig. 2 Plot of —“AG,° versus the Co-NB3 bond distance for Cbls. The
data has been fitted to a straight line (+* = 0.93; data for NOCbl excluded)
with slope = —22.6 + 2.4 and intercept 53.2 + 5.1. Co-NB3 bond lengths
and —AGc,° values are taken from the literature,235359:60.66.67.70,79,80-82

Given that the pKy.or value of 5.1 for NOCDbI is unexpectedly
high, it is informative to evaluate the importance of the DMB de-
protonated, base-off conformation by other means. The chemical
shift of the DMB carbons have been shown to be sensitive to the
strength of coordination of the axial DMB to the cobalt atom in
base-on Cbls.*%* Table 3 shows a comparison of the *C DMB
chemical shifts of adenosylcobalamin (AdoCbl), methylcobal-
amin (CH;Cbl), cyanocobalamin (CNCbl), and aquacobalamin
(H,OCDbl*) to those of NOCDbl and those of two base-off (but DMB
deprotonated) Cbls, dicyanocobalamin, (CN),Cbl" and a-AdoCbl
(Ado (= 5’-deoxyadenosyl) ligand in the lower or a-axial position).
Clearly, the DMB of NOCb] more closely resembles that of
AdoCbl or CH;Cbl, where the equilibrium constant for formation
of the base-on species from the base-off, DMB deprotonated
species, Kc,, is of the order of 10' to 10%, than that of CNCbl

This journal is © The Royal Society of Chemistry 2009

Dalton Trans., 2009, 424-433 | 427



Table 3 Comparison of the DMB "C NMR Chemical Shifts for NOCbl with those of other XCbl®-""-

Carbon AdoCbl CH,Cbl CNCbl H,OCbl* NOCbI (CN),CbI o-AdoCbl
B7 113.14 113.12 114.04 114.50 113.43 113.63 113.89
B4 120.98 120.83 119.00 118.00 121.29 121.59 121.38

B8 133.03 133.06 132.49 131.82 134.21 134.15 134.29

B5 136.27 136.28 135.60 136.41 133.99 135.07 135.91

B6 136.40 136.37 137.67 137.52 135.75 135.92 135.09

B9 140.62 140.75 139.25 138.70 142.20 142.96 142.40

B2 144.20 144.40 144.39 144.70 144.53 145.22 145.20
Ke* 76.6 467 2.88x10° 4.90 x 107 0 0

“ K¢, is the equilibrium constant for formation of the base-on species from the base-off, DMB unprotonated species (Scheme 1).%' * These Cbls are

completely base-off.

or H,OCbl* where K, is >10°. Indeed, the C NMR chemical
shifts of the DMB of NOCDbl are quite close to those of the base-off
species (CN),Cbl™ and o-AdoCbl, Table 3, which again suggests
that the base-off, DMB deprotonated conformation of NOCbl
(Scheme 1) is important in neutral, aqueous solution.

One of us has previously shown that for a series of 10 Cbls, the
3C NMR chemical shift of the DMB carbons of the nucleotide
loop also correlates directly with AG¢,°.®* Table 4 shows attempts
to use the correlations of the DMB chemical shifts with the Gibbs
free energy of formation of the base-on species, AG,°, from this
work to estimate the value of K¢, and pK ... for NOCDI. The first
three columns show the slope, intercept, and correlation coefficient
of the correlation of each DMB carbon with AG,° for the 10 Cbls
studied. The B7 carbon was omitted, since the chemical shifts of
the alkylcobalamins do not fall between those of XCbls (X = CN-,
H,O) and the base-off Cbls. The B2 carbon was also omitted,
since its chemical shift shows little dependence on AG¢,°. The
correlations for B4, BS, and B6 all give values of K, for NOCbl on
the order of 10, i.e., similar to an alkylcobalamin with a strongly
electron donating alkyl ligand such as nPrCbl. The B8 and B9
correlations give K¢, values << 1 for NOCDI, characteristic of
a base-off Cbl. The value of 1.9 determined from pKye.or = 5.1
lies in between these two extremes. Importantly, although the lack
of consistency of these estimates is somewhat disconcerting, it
is consistent with NOCDbI being an outlier, as observed in the
—AGg, versus dc, nps correlation (Fig. 2), and in the 3P NMR
chemical shift versus dc, g; correlation (Fig. 3, see below), albeit
to a much lesser extent. Furthermore all of the correlations suggest
that in solution NOCDbI behaves more like an alkylcobalamin, with
a covalent upper axial Co—X bond, than an inorganic Cbl with
a dative Co—X bond, consistent with the deprotonated base-off
conformation of NOCDbI being an important species in neutral
aqueous solution.

— 0.2+

£ 04] oo’

Q_ N

= o0l s _ mNOChl

§ : ~® CNCbI

= -0.14 N N

ﬁ CF,CbI &

. 0.2 N
= N. mSOChl
% -0.3- SN mCFHChl
0.4 N
DE: 1 NOCbIm \M\er'
S 0.5+ AdePrCbl B~
o -0.6- AdoCbl =™
” 19 20 21 22
deo-ng3 (A)

Fig.3 Plot of *'P NMR chemical shift versus the Co-NB3 bond distance
for Cbls (in D,O or H,O, referenced to 85% H;PO,, 25 °C). The data has
been fitted to a straight line (* = 0.91) with slope = —2.26 + 0.26 and
intercept 4.51 £ 0.54. P NMR chemical shifts for SO;Cbl (-0.24 ppm)
NO,Cbl (0.03 ppm) and NOCDbI (-0.45 ppm, in excellent agreement with
a literature value') were determined in this study. All other P NMR
chemical shift data taken from the literature.”** Co-NB3 bond lengths
taken from reported structures,?-:6466-68.70.73.75-82

It has also previously been shown that the P NMR chemical
shift of the nucleotide phosphodiester moiety of Cbls correlates
directly with the Co-NB3 bond distance.?%*%¢* The 3'P NMR
chemical shift reflects changes in the phosphodiester bond angles,
which become less strained as the Co-NB3 bond lengthens.’*% A
plot of *'P NMR chemical shift versus Co-NB3 bond distance,
dco N3, 18 given in Fig. 3. In line with the —AG,° versus dc, nss plot
(Fig. 2), the *'P NMR chemical shift of NOCbDI is unexpectedly

Table4 Estimates of K, and pKy,..r for NOCbl from the DMB *C NMR chemical shifts*

Correlation Calculated for NOCbl
Carbon Slope (ppm kcal™) Intercept (ppm) ? AG¢,° (kcal mol™) K, PKpaseort
B4 0.380 £0.025 122.10£0.14 0.966 -2.14 37.1 3.98
B5 -0.306 £0.016 133.087 £ 0.084 0.980 -2.17 39.0 3.96
B6 -0.282+£0.014 135.437 £ 0.076 0.981 -1.11 6.56 4.68
B8 0.151£0.010 133.420 £ 0.055 0.966 5.22 1.49x 10 5.56
B9 0.277 £0.020 141.64 +0.11 0.960 2.67 1.10x 107 5.56

“See Ref. 61 and 62.
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low and is closer to *' P NMR shifts of alkylcobalamins rather than
other Cbls with inorganic ligands. A single 3P NMR resonance is
observed for NOCbl under neutral and acidic conditions; hence
on the NMR time scale, the base-on and base-off forms of NOCbl
are in fast exchange, as observed for alkylcobalamins (CH;Cbl,
nPrCbl, CF;CHCbl, CF,HCbl, CF;Cbl and NCCH,Cbl**). The
same is not true for CNCbl and H,OCbl*, for which two
distinct peaks corresponding to the base-on and base-off, DMB
protonated forms are observed in acidic solution at pH(pD) values
close to pKiage.or. >

Large spectral shifts of the o band region (400—-600 nm) of the
UV-visible spectrum to higher energy accompanied by a colour
change from red to yellow occur upon conversion of base-on
XCbls to their deprotonated (or protonated) base-off forms.®s In
Fig. 4, the UV-vis spectrum of NOCDbI is compared with MeCbl,
protonated base-off MeCbl, CNCbl and NO,Cbl. The off band
region of NOCbI is noticeably shifted towards shorter wavelengths
compared with the other XCbls with inorganic ligands (X = CN~
or NO,"), providing further compelling evidence that the base-off,
DMB-deprotonated form is especially important for NOCbl under
neutral pH conditions. The spectral differences observed in Fig. 4
are also reflected in the colours of the solutions. Whilst CNCbl
(Kco > 10°, Scheme 1) and NO,Cbl are red, MeCbl (K¢, = 467)
is red-orange, NOCbl (K, = 1.9) is bright orange and base-off,
protonated MeCbl is yellow.

1.5
CNCbl
—— base-on MeCbl
- === base-off MeCbl
= NOCbI
—-—- NO_Cbl
1.04. 2

Absorbance

T T T T T T 1
400 500 600 700
Wavelength (nm)

Fig. 4 Visible region spectra of selected Cbls (6.0 x 10~° M) in H,O or at
pH 1.37 (base-off MeCbl only), 25 °C.

Importantly, there was no evidence for a deprotonated, base-
off NOCbI species in the X-ray diffraction electron density map
for NOCbDI;® hence it appears that significant amounts of this
form occurs in solution only. However, the finding that the NO
ligand behaves electronically more like an alkyl ligand rather than a
typical inorganic ligand is supported by the X-ray structural data.
For NOCbI, the Co-NB3 bond length is 2.13 A.? which is similar
in length to that reported for MeCbl (2.16 A%). The Co-NB3
bond lengths for Cbls with typical inorganic ligands such as CN-,
NO,", H,0 and N-acetyl-L-cysteine are 2.01-2.04, 1.99-2.01, 1.93,
and 2.06 A, respectively.*° In pentammine complexes of Co,
[CoX(NH;)s]**, NO was found to exert an even stronger trans
influence than Me.” Interestingly, the Co-NB3 bond distance for
AdoCbl (2.24 A™) is considerably longer than that for MeCbl
(2.16 A%). Finally, like NOCbI, sulfitocobalamin (SO,Cbl) also
has a longer Co-NB3 bond distance (2.13-2.15 A7™) compared

with other Cbls with B-axial inorganic ligands. The longer Co—
NB3 for SO;Cbl and NOCDbI can be attributed to the strong
o donor properties of these ligands, in addition to NO being a
moderately good & acceptor ligand.”™

Molecular dynamics and simulated annealing

Table S27 lists all the NOE’s, their assigned strength, and the
average, standard deviation, maximum, minimum and median
H-H distances during a 500 ps molecular dynamics simulation at
300 K of the base-on form of NOCbI. Given the clear importance
of a base-off form of NOCbl in solution (vide supra) we then broke
the Co—NB3 bond and repeated the simulation for the base-off
form; the data are also listed in Table S2.

The modelling accords well with the solution structure of
NOCDI. Of the 64 NOE’s only 3 (4.7%) violate the distance criteria
outlined above in both the base-on and the base-off forms of
NOCBb!. The distance between C26” and C3 (2.55 and 2.56 A on
average for the base-on and base-off forms, respectively) accords
with a strong NOE, but that between C3 and C26” is too long
(3.53 A for both forms of NOCDbI); this is in line with the relative
inflexibility we see in the a side chain (vide infra). The C53 and
C18 protons are well separated (the average modelled distance is
5.08 A for base-on NOCbI and 5.24 A for base-off NOCb); that
this gives rise to a clear, albeit weak NOE, is puzzling. The average
modelled distance between the B7 proton and the proton on R4 is
long even for a very weak NOE (5.67 and 5.69 A for base-on and
base-off NOCDbI, respectively) but we note the wide range of inter-
proton distances (6.41 to 2.32 A, and 6.41 to 4.42 A, respectively)
and the relatively large standard deviation of the distance (0.21
and 0.25 A, respectively) and conclude that the violation is
marginal.

Two NOE’s violate the distance criteria in the base-on form of
NOCDI. The distance violation between C56” and C18 is marginal
in the base-on form (the average distance is 3.36 A) but is very well
accounted for in the base-off form (average 2.56 A). The distance
between the f,; proton and that on R3 (5.09 A in the base-on form)
is too long for even a weak NOE, but is also well accounted for in
the modelling of the base-off form (3.04 A). There is a single NOE
that is compatible only with the base-on form. The weak NOE
between C56” and the R4 proton cannot be due to the base-off
form (average 5.92 A) but is within the expected distance in the
base-on form (average 4.53 A).

Simulated annealing calculations were performed on both the
base-on form of NOCbDI (omitting the C56’-C18 and the f;—R3
NOE’) and the base-off form (omitting the C56”-R4 NOE).
Fig. 5A shows 25 annealed structures for base-on NOCblI overlaid
at the Co ion and four corrin N donor atoms. Two views of the
consensus structure of base-on NOCbDI are shown in Fig. 6A and
6B (in black) overlaid with the crystal structure of NOCbI (white).
Base-off NOCDbI annealed into two principal conformations. In
the first (Fig. 5C; the consensus structure is shown in Fig. 6D)
the base is perpendicular to the corrin and the B3 nitrogen is
about 3.1 A away from and pointing directly at the metal ion.
In the second structure (Fig. 5B, consensus structure in Fig. 6C),
the base is virtually parallel to and tucked beneath the D ring
of the corrin. Two other annealed structures in which the base is
more remote from the metal were also identified and are shown in
Fig. 5D.
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Fig. 5 Superposition at the Co centre and the four corrin N atoms of
(A) 25 annealed structures of base-on NOCDI; (B) 13 annealed structures
of base-oftf NOCbl with DMB parallel to corrin and anti to ribose; (C) 10
annealed structure of base-off NOCbl with DMB perpendicular to corrin;
and (D) 2 annealed structures of base-off NOCbl with DMB parallel to
corrin and syn to ribose.

Fig. 6 (A) and (B) show two views of the consensus structure obtained
from MD/SA calculations of base-on NOCblI (dark lines) overlaid with the
crystal structure of NOCDI (light lines). (C) and (D) show the consensus
structures of the two main classes of structures into which base-off NOCbl
annealed.

Structural metrics

In Table S31 we compare some structural metrics of the base-
on consensus structure and the crystal structure. The O atom
of the NO ligand in the modelled structures, as in the crystal
structure, occupies three different positions. When we developed
the force field parameters for modelling the corrins® we surveyed
the structures of the then available Co(III) corrins and based our
force field parameters on the averages of the structural metrics.
We found that the average Co—N bond length to N21 and N24 is
1.885(38) A, whilst that to N22 and N23 is longer, 1.924(44) A.
This is well-reproduced in the modelling of NOCbI (Table S3).
The Co-N bond length to coordinated NO and the N-O bond
lengths are well-reproduced (1.175 versus an average of 1.176 A
in the X-ray structure). The Co—NB3 bond length to coordinated
DMB in the consensus structure (2.063 A) is significantly shorter
than that observed in the X-ray structure of NOCbI (2.123 A). It
is well established that the Co-NB3 bond length is influenced by
the electronic donor power of the trans B ligand.*** Since MM
methods are insensitive to such electronic effects, when modelling
alkylcobalamins®” we use a different parameter for the Co-NB3
bond (k, =2.8 mdyn A 1,=2.138 A) than when modelling cobalt
corrins where the B ligand is an “inorganic” moiety such as CN-,
H,O or S,0;* (k, = 2.8 mdyn A, [, = 2.010 A). The Co-NB3
bond length of 2.063 A (or 0.06 A too short) was produced using
the “inorganic” parameter; it increased to 2.173 A (i.e., 0.05 A
too long) when we used the parameter appropriate for modelling
alkylcobalamins. Thus, NO behaves in NOCbl somewhat like an
alkyl ligand of moderate frans influence. For convenience, all
modelling was performed with the “inorganic” parameters and
the axial bond lengths to coordinated DMB are too short by
about 0.06 A.

The C-N bond lengths observed in the X-ray structure of
NOCbIl are within the range for cobalt corrins (N21-C1, N24-C19,
1.49(4) A; N21-C4, N24-C16, 1.31(4) A; N22,N23-C, 1.37(5) A)
and are well reproduced in the modelling. The same is true for
the C-C bonds with double bond character (crystallographic
mean 1.40(7) A) and the C—C single bonds (crystallographic mean
1.55(6) A).

Bond angles are generally well-reproduced (Table S37); the
average difference between the base-on consensus structure and
the solid state structure is 1.5° and 85% of the bond angles reported
in Table 2 are reproduced to better than 2.5°.

The corrin fold angle is defined as the angle between the
mean planes through N21, C4, C5, C6, N22, C9 and CI10,
and through N24, C16, C15, C14, N23, C11 and C10.7 In the
X-ray structure of NOCDI the corrin has a fold angle of 15.9°. The
consensus structure is slightly more folded (16.8°) and changing
the parameters for modelling the Co-NB3 bond thus elongating
that bond (vide supra) changes the fold to 15.3°, lower than the
X-ray structure value. The fold angles of the 25 annealed structures
from which the consensus structure was derived vary between 9.8°
and 18.9° (mean 14.4(3.1)°).

The annealed structures

The annealed structures illustrated in Fig. 5 provide insight into
the considerable flexibility of NOCDbI. In both the base-on and
base-off forms, the O atom of the NO ligand occupies one of three
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positions, very similar to the positions observed in the crystal
structure. In the base-on form the a, d and g side chains are all
in approximately the same orientation, whilst the b, ¢ and e side
chains occupy a number of orientations. In the base-off form the
a and d side chains are more flexible. In the base-on form the
greatest variability is seen in the f side chain and the nucleotide
loop; this leads to a variety of dispositions of the ribose and DMB
relative to the corrin. Fig. 7 shows the extremes; at one extreme
DMB is parallel to the C5--- C15 line and the ribose is beneath
the C15-C16 bond and at the other extreme DMB has rotated
by 17° in a counter clockwise fashion towards C4 when viewed
from above the corrin and the ribose is nearly beneath the C ring.
We have previously noted this considerable flexibility in the f side
chain in the modelling of other cobalamins.’’

Fig. 7 Superposition of base-on NOCbI showing the extremes of the
orientation of the f side chain and the nucleotide loop in the annealed
structure. This results in a range of orientations of the ribose and the
DMB relative to the corrin.

There is little variation in the A ring of the corrin in the base-on
form. C1, N21 and C4 are planar with C2 and C3 below the plane.
Similarly, in the B ring C6, N22 and C9 are planar, C7 is above
the plane and C8 below. On the other hand, both the C and D
rings show considerable flexibility. The C ring adopts a range of
conformations. At one extreme the ring is virtually planar, and
both the C46 and C47 methyl groups are in a pseudo equatorial
position. At the other, C11, N23 and C14 are planar, C12 is above
the plane so that the C46 methyl group is in an axial position whilst
the C47 methyl is equatorial, and C13 is below the plane. The D
ring adopts a range of conformations between two extremes. In
the first, C16, N24, C17 and C19 are virtually coplanar and C18
is displaced towards the o face of the corrin, whilst in the second
C17,C18, C19 and N24 are coplanar and C16 is displaced towards
the P face.

As might be expected, untethering of the nucleotide loop
imparts greater flexibility to the corrin, and especially the /" side
chain; however, in all annealed structures of the base-off form of
NOCbDI that we obtained DMB remains close to the o face of
the corrin. Annealing produced structures that fit broadly into
one of three classes. In the first (13 of the 25 structures, 52%,
Fig. 5B) DMB is anti to the ribose, and nearly parallel to the
corrin beneath the A ring (Fig. 6C shows the consensus structure).
The distance between NB3 and Co ranges between 7.4 and 8.3 A
(average 7.9(2) A; 7.78 A in the consensus structure). In the second
(10 structures, 30%, Fig. 5C), DMB is perpendicular to the corrin
with the distance between Co and NB3 between 2.9 and 3.8 A

(3.11 A in the consensus structure, Fig. 6D). In two structures
(8%, Fig. 5D) DMB annealed syn to ribose and is nearly parallel
to the corrin. As only two structures were found we could not
determine a consensus structure for what is likely to be a minor
conformation of base-off NOCbl.

In a 250 ps dynamics simulation at 300 K, in which the distance
between Co and NB3 and between C20 and NB3 was monitored
every 10 fs, the largest distance between Co and NB3 was 8.35 A
and that between C20 and NB3 was 5.94 A (see Figure S1 of
the ESIf). If all the NOE’s are removed, the nucleotide loop
swung out by rotating about the Pr1-Pr2 bond (see Fig. 1) and the
structure energy-minimised, the distance between C20 and NB3
is over 17 A whilst the Co--- NB3 distance is over 18 A. Hence
the 300 K dynamics simulation shows that DMB remains tucked
in near the o face throughout the dynamics trajectory. Removing
the weak NOE between C56”H and R4H, which is unique to the
base-off species, and repeating the dynamics trajectory does not
significantly alter the results. It is clear that, probably because of
the sentinel-like effect of the three propionamide side chains and
the C20 methyl that point downward towards the o face, the DMB
ligand does not readily move from the vicinity of the corrin’s o
face. These results are in broad agreement with those we obtained
previously when we modelled a base-off cobalamin, methyl-3,5,6-
trimethylbenzimidazolylcobamide (CH;Me;BzmCba*), in which
the B3 nitrogen of DMB is blocked by a methyl group.® In that
case we found that in the absence of tethering by the metal ion,
the nucleotide loop has considerable motional freedom but that in
an extended dynamics simulation at 300 K the base also remains
near the o face of the corrin.

Conclusion

'"H and *C NMR chemical shifts of NOCbI have been assigned
using 2-D NMR techniques. Interproton distances obtained by
NOE experiments have been used in conjunction with molecular
mechanics to obtain the structure of NOCbl in solution, with over
95% agreement between the resulting structures and the NOE
data. *C and *'P NMR chemical shifts, pKyue.or/—AGc,° and UV-
vis spectra of NOCbl compared with other Cbls suggest that the
NO ligand has electronic properties significantly differing from
inorganic ligands such as CN~ or H,O, closer to the covalently
bound alkyl ligands of alkylcobalamins. Furthermore, pKy,.o
3C NMR shifts and the visible spectrum of NOCbI are consistent
with the base-off DMB deprotonated form being much more
important for NOCbl in solution compared with all other known
Cbl species, including alkylcobalamins. Molecular modelling was
performed separately on a base-on and on a base-off form of
NOCDbI. The solution structure of the base-on form is similar to
that observed by X-ray diffraction, with minor differences in the
conformationally flexible side chains and in the position of the
nucleotide loop. Modelling of the base-off form shows that DMB
can adopt a range of positions relative to the corrin, but remains
in close proximity of the macrocycle’s o face. It was not possible
to obtain a reliable estimate of the Co-NB3 bond distance from
the molecular mechanics calculations, since these calculations do
not take into account electronic effects experienced by the Co—
NB3 from the B-axial NO (the trans influence); however MM
calculations using parameters typical for either B-axial inorganic
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or alkyl ligands provide further support that NO has electronic
properties between those of inorganic and alkyl ligands.
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