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Abstract: 3P NMR observations of aquocobalamin (H,OCbl) in H,SO,/H,O mixtures show that both the base-on and base-off
species may be observed and quantitated. Correlation of the base-off >'P chemical shifts with a generalized acidity function
gives values of —1.59 and —0.09 for the two macroscopic pK,’s for phosphodiester deprotonation, virtually identical with the
values previously obtained for base-off cyanocobalamin and base-off methylcobalamin. Similar studies of five alkylcobalamins
show that all base-off cobalamins have the same phosphodiester pK,’s and chemical shifts. Correlation of the base-on *'P-chemical
shifts of H,OCbl, however, shows that a different acidity function is followed, and the phosphodiester pK,’s are different from
those of the base-off species. It is also shown that while all base-off cobalamins have the same 'P chemical shift at both high
and low jonic strength, the chemical shifts of ten base-on cobalamins vary in a regular way with the apparent free energy
of coordination of the pendant axial 5,6-dimethylbenzimidazole ligand. These effects are interpreted in terms of variations
of the axial Co-N bond length leading to progressive changes in the base-on phosphodiester conformation throughout a series

of ten cobalamins.

In a recent report? we demonstrated that upon protonation and
displacement of the axial dimethylbenzimidazole ligand of cya-
nocobalamin (CNCbl) in sulfuric acid/water mixtures (eq 1, pK,
= (0.112), the chemical shift of the *'P NMR resonance of the
phosphodiester of the nucleotide loop undergoes an upfield shift
of 35.7 Hz (at 81 MHz). This result confirmed that the earlier
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demonstration of an upfield shift of similar magnitude of the 3P
resonance of CNCbl upon reaction with excess cyanide ion* was
indeed due to displacement of the axial nucleotide. However, we
were unable to find any change in *'P chemical shift of me-
thylcobalamin (CH;Cbl) upon displacement of its axial base by
protonation (pK, = 2.89).%¢ As the chemical shifts of the pro-
tonated, base-off forms of CNCbl and CH;Cbl are nearly identical
(-37.40 and -38.47 Hz, respectively, relative to external 85%
H;PO,),? the difference in behavior of the phosphorus chemical
shift upon base displacement is entirely due to the difference in
3P chemical shift of the two base-on cobalamins. One major
difference between these two base-on cobalamins is the apparent
affinity of the free base benzimidazole ligand for the cobalt atom.
This may be appreciated by considering the base-on-base-off
protonic equilibrium of eq 1 to be the sum of two consecutive
equilibria (eq 2 and 3). This treatment readily leads to eq 4 which
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relates the apparent K, of the protonated, base-off species (Kupaseott)
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to the K|, for proton dissociation of the pendant benzimidazolium
ion of the base-off species (Kp,) and the intrinsic affinity of the
free base pendant benzimidazole ligand for the cobalt atom (Kc,).

Kbase-off = (1 + KCO)KBZ (4)

If we assume, as is often done, that pKj, is equivalent to the pK,
of the conjugate acid of the detached benzimidazole nucleoside
(1-a-D-ribofuranosyl-5,6-dimethylbenzimidazole or a-ribazole,
pK, = 5.56 at 25 °C, ionic strength 1.0 M"#), we can show that
the free base benzimidazole ligand of base-on CNCbl is bound
nearly three orders of magnitude more tightly than that of
CH;Cbl. On the basis of the work of Gorenstein and co-work-
ers,>!! who have shown that phosphate ester and phosphodiester
3P chemical shifts are largely, if not completely, determined by
conformation effects, it seemed reasonable that the difference in
3P chemical shift between base-on CNCbl and CH;Cbl was due
to differences in phosphodiester conformation which in turn were
due to the difference in tightness with which the axial base is
coordinated to the cobalt atom. If this hypothesis is correct, several
predictions can be made about the 3'P NMR behavior of coba-
lamins in general. First, all base-off cobalamins should have the
same *'P chemical shift, if indeed all such species have the same
phosphodiester conformation. Second, aquocobalamin (H,OCbl)
in which the axial base is bound some two orders of magnitude
more tightly than that of CNCbl (pKyee.orr = —2.4'%) should have
an even more distorted phosphodiester conformation than CNCbl
and its base-on 3P chemical shift should be even further downfield
than that of CNCbl. Third, a series of organocobalamins whose
PKpase.orr Values vary from above 4.0 to below 2.0% should show
a regular progression of 'P chemical shifts as variations in K¢,
(eq 3) cause progressive distortions of the phosphodiester con-
formation. We consequently have examined the 3'P NMR
properties of H,OCbl plus a series of eight organocobalamins, and
the results are the subject of this report.
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Figure 1. 3'P NMR spectra of H,OCbl in sulfuric acid /water mixtures
at 25 + 1 °C. Chemical shifts are relative to external 85% H;PO,. A:
[H,SO,] = 3.9098 M, §%5n = —146.40 Hz, 5% = ~168.87 Hz, tpgee.cn
= 0.659. B: [H,S80,] = 4.5148 M, sbaseon = 159,37 Hz, gbaseoff =
—179.81 Hz, tggmeoq = 0.528. C: [H,SO,] = 5.2495 M, 58" = —170.70
Hz, 6%t = Z188.98 Hz, ttppgeon = 0.328.

Experimental Section

5’-Deoxyadenosylcobalamin (AdoCbl), CNCbl, H,0OCbl, and CH;Cbl
were from Sigma. All other alkylcobalamins were synthesized by re-
ductive alkylation of H,OCbl with NaBH, as reducing agent and the
appropriate alkyl halide as alkylating agent.® These products were pu-
rified by extraction through phenol,!* chromatography on SP-Sepha-
dex 21413 and crystallization from aqueous acetone. All alkylcobalamins
were characterized by their UV-vis spectra in neutral (base-on) and
acidic (base-off) solution, conversion to the spectrum of H,OCbl (or
HOCbI) upon photolysis and conversion to the spectrum of (CN),Cbl
upon photolysis in excess cyanide, and by migration as a single band
during high-performance liquid chromatography.®!¢ The mixture of
CF,Cbl and CF,HCbl obtained by reductive alkylation of H,OCbl with
CF,Br?® was resolved into pure components (as demonstrated by HPLC
and 'F NMR) by chromatography on Amberlite XAD!” by using mix-
tures of acetonitrile and water to elute, as previously described.® All
buffer components, inorganic salts and acids, chromatography solvents,
alkylating agents, etc., were obtained in the highest purity commercially
available and used without further purification. Glass-distilled, deionized
water was used throughout.

3'P NMR and '°F NMR spectra were obtained at 25 °C on a Nicolet
NT-200 wide-bore superconducting spectrometer (4.7 T) operating at
80.988 and 188.239 MHz, respectively. Samples generally contained 5.0
X 107 to 1.0 X 102 M cobalamin in water, buffered water, or sulfuric
acid/water mixtures, and a deuterium lock signal was provided by a
concentric insert (Wilmad) containing D,O. All chemical shifts were
determined on proton-decoupled spectra by Gaussian line fits to the
singlet resonances and are reported relative to external 85% H,PO,
(negative shifts are upfield from the reference).

Values of pKigge.ofr for AdoCbl and NCCH,Cbl were determined by
spectrophotometric titration at 25.0 °C in buffered aqueous media, and
the ionic strength was adjusted to 1.0 M (KCl) as previously described.?

Results and Discussion

The proton-decoupled 3P NMR spectra of H,OCbl show two
resonances at all acidities between 0.15 and 14.0 M H,SO,, one
of which increases in intensity while the other decreases in intensity
with increasing acidity (Figure 1) and both of which shift upfield
with increasing acidity due to protonation of the phosphodiester
moiety.>® By analogy to CNCbI]? which showed similar *'P NMR
spectra in H,SO,/H,0 these resonances may be assigned to the
base-off and base-on forms of H,OCbl, respectively. In the case
of CNCbl, these assignments were confirmed by simultaneous
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Figure 2. Plots of 8315°%¢" (@) and 310 (W) for H,OCbI at 25 +
1 °Cvs. H (eq 22) at m* = 0.345 and 0.216, respectively. The solid lines
are non-linear least-squares fits to eq 19 and 20, respectively. The final
fit parameters were as follows: base-off, 8 = -337.10 Hz, K5 +
K,8? =-5743.21 Hz, G,Gs6('? = -1969.37 Hz, G, = 38.51, and G,G;
= 47.29; base-on, 6% = -326.03 Hz, K3,0"? + K;,6@3 = -6385.16 Hz,
GG, = 493.31 Hz, G4 = 54.39, GG, = 52.68.

observation of the '>C resonance of *CNCbl in the same media.
However, there are two significant differences in behavior between
CNCbl and H,0OChbl in this regard. First, the concentration of
H,S0O, needed to obtain equal intensity of the two 3!P resonances
is significantly higher for H,OCb|, reflecting the significantly lower
value of pKyeeorr Second, while the equilibrium between the
base-on and base-off forms of CNCbl was establised rapidly on
the time scale of sample make-up and observation, the rate of
equilibration of the two species is substantially slower for H,OCbl.
This latter observation is in accord with results of Hayward et
al.,'? who studied the base-on-base-off equilibrium of H,OCbl
in H,SO,/H,0 mixtures spectrophotometrically and found that
equilibration was achieved “only slowly”. This had two important
consequences for the current measurements. First, in order to
obtain accurate estimates of the relative amounts of each species
present (for determination of pKy,e.orr) it was necessary to take
several sequential sets of scans of each sample where significant
amounts of both species were formed until the ratio of the integrals
of the two peaks became constant. Second, the relatively slow
rate of equilibration allowed observation of both the base-on and
base-off species at acidities where one or the other makes a
negligible contribution at equilibrium. In order to observe the
base-on species at very high acidity, observations were simply made
as rapidly as possible after sample make-up prior to the estab-
lishment of equilibrium. To make nonequilibrium observations
of the base-off species at very low acidity, H,OCbl was prein-
cubated at a higher acidity until equilibrium was established and
the sample was then rapidly diluted to a lower acidity and observed
prior to reestablishment of equilibrium. In this manner both the
base-on and base-off phosphorus chemical shifts could be observed
over the entire range of acidity perturbing both phosphodiester
protonations (Figure 2). It should be pointed out that, as was
the case with CNCbl,? at very high acidities and/or very long scan
times significant phosphodiester hydrolysis of H,OCbl is observed
to give, initially, two phosphorus-containing products (i.e., a-ri-
bazole-3’-phosphate and aquocobinamide phosphate) from
asymmetric phosphodiester hydrolysis and, finally, phosphoric acid.
Fortunately, phosphodiester hydrolysis is sufficiently slow not to
interfere with determinations of the relative amounts of base-on
and base-off species over the necessary acidity range.

As two sequential protonations of the phosphodiester of both
the base-on and base-off species are clearly possible, the complete
ionization scheme for H,OCbl is as given in Scheme I. From
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@ Equilibrium constants subscripted xx1 are for P=OH* ionization, xx2 are for P-OH ionization, and xx3 are for benzimidazolium ioniza-
tion and coordination to cobalt. The ionization scheme for the base-off phosphodiester is enclosed in the dashed line.

the scheme and the law of mass action we can define three ma-
croscopic pK,’s for the overall ionization (eq 5-10) as well as two

G, = (1] + 2] + [3])ag+/{0] )]

G =K + K, +K; (6)

G, = ({12] + {13] + [23])ag+/({1] + 2] + (3]) (7)
Gy = (KiKpp + KiKj3 + KbKyg) /(K + Ky + K3) (8)
Gy = {123]ay+/({12] + {13] + [23]) 9

Gy = KiK 2K/ (K\Kyy + KKy + KyKy3) (10)

additional macroscopic pK,’s each for the base-off (eq 11-14) and
base-on (eq 15-18) phosphodiester ionizations.

Gy = (1] + [2]Day+/{0] (1)
G, =K +K, (12)

Gs = {12]ay+/({1] + {2]) (13)
Gs = KbKy /(K + Ky) (14)
Gs = ({13] + ({23])ay+/(3] (15)
G = K; + Ky, (16)

G; = [123]ay+ /({13] + [23]) an
Gy = K3 K31/ (K3 + K3)) (18)

From these definitions and the law of mass action we can then
derive equations for the dependence of the base-off (eq 19) and
base-on (eq 20) 3'P chemical shifts on the activity of hydrogen
ion, where 8@, 61, etc., represent the *'P chemical shifts of species
0, 1, etc. (Scheme I). In addition, since we can evaluate the

69 + (K130 + K89 Jage + G,G569? /ay?
1 + G4/aH+ + G4G5/0H+2

base-off —

Soip

(19)

6(3) + (K316(13) + K326(23))/QH+ + G6G76(123)/0H+2
1 + Gg/ay+ + G¢G1/ay+?

5 lPbase-on =

(20)

fraction of base-on species present at any acidity (i.e., @pgsen) from
integrations of the two 3!P resonances after equilibrium is es-
tablished, we can also derive eq 21 for the dependence of @y n
on hydrogen ion activity.

) _ Kiag? + (K K13 + KoKy ay+ + GGGy 21
base-on aH*S + GlaH+2 + G,Gay+ + G,G,G;

As was the case with CNCbI® attempts to fit the .57 and
83p%" data to eq 19 and 20 by using established acidity functions
such as Hy'%% or H,21-2 are unsuccessful, the data clearly de-
manding an acidity function which rises less steeply with {H,SO;]
than either of these. Our approach is to use the generalized acidity
function treatment of Cox and Yates® (eq 22), where Cy+ is the

-H = m*X + log Cy+ (22)

concentration of hydrogen ion, X is the “excess acidity”, and m*
is a parameter reflecting the solvation demands of the protonated
species in question. The 8315 data were fit to eq 19 via a
non-linear least-squares routine using a simplex minimization
algorithm and an acidity function based on eq 22 with an arbitrary
value of m*. This procedure was repeated with different values
of m*. The standard deviation of the fit was found to go through
a sharp minimum at m* = 0.216, producing the fit shown in Figure
2 (lower curve). The resulting values of 8:p'®, 8315112, pG, and
pG;s for H,OCbI are collected in Table I along with those pre-
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2721-2739.
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Table I. 'P Chemical Shifts and Phosphodiester Macroscopic pK,’s for Cobalamins, 25 £ 1 °C

base-off species

base-on species

531p0 @ duplid) e 8upME Bap129) e

cobalamin Hz Hz m*® pGs pGs? Hz Hz m**  pG¢  pG/
H,0Cbl -337.10 -41.64 0.216 -1.59 -0.09 -326.03 +9.37 0345 -1.74 +0.01
CNCbl¢ -335.81 -37.40 0.217 -1.57 -0.04
CH;Cble -335.43 -38.47 0.225 -1.62 -0.02
CH,(CH,),Cbl -337.76 -38.18 0.215 -1.58 -0.05
NC(CH,),Cbl -342.14 -36.63 0.204 -1.60 -0.02
CF,CH,Cbl -345.50 -33.51 0.197 -1.56 -0.02
CF,HCbl -342.31 -33.47 0.213 -1.61 -0.03
NCCH,Cbl -342.14 -34.33 0.204 -1.60 -0.02
average -339.88 £ 3.8 -36.70 £+ 2.8 0.212 £ 0.009 -1.59 £0.02 -0.04 + 0.02

¢ From external 85% H;PQ,. Negative shifts are upfield from the reference. ?Equation 22. “Defined in eq 11 and 12. ¢Defined in eq 13 and 14.

¢Defined in eq 15 and 16. /Defined in eq 17 and 18. #Reference 2.

viously determined for CNCbl and CH;Cbl from which it is clear
that the limiting chemical shifts, the phosphodiester pK,’s, and
the acidity function followed (i.e., m*) are virtually identical for
all three base-off cobalamins.

A similar treatment of the d:1p?%%" data for H,OCbl via eq
20 produced the fit shown in Figure 2 (upper line) and the limiting
chemical shifts and base-on phosphodiester pK,’s listed in Table
I. These data show that the acid-base behavior of the base-on
phosphodiester and the protonated and deprotonated base-on
phosphodiester chemical shifts are clearly different than those of
the base-off species. In addition, we may now calculate the change
in chemical shift upon displacement of the axial base from the
phosphodiester deprotonated species, Adup (eq 23), to be +51.01
Hz, significantly larger than the valur of Adsip of +35.68 Hz
previously obtained for CNCbl.2

Adnp = 6123 — 5012 23)

We have also attempted to analyze our data for ap,.o, for
H,OCbl according to eq 21 but with considerably less success.
Unlike the case of CNCbl, the standard deviation of the fit showed
significant variation with m*, had a minimum at m* = 1.005, and
produced the values pK; = -2.13, pG, = -2.14, pG, = 0.06, and
pG; = —0.52. However, all of the equation parameters except K3
were significantly sensitive to initial guesses and hence must be
considered to be poorly determined. As for CNCbl, however, these
data may be successfully treated as a single protonation (i.e., eq
1) by fitting to eq 24. The standard deviation of this fit (Figure

Kbase-off

Ftase-on Kbase-off + ay,0 (24)
3) was minimized at m* = 0.992 (compared t0 0.919 for CNCbl?)
and gave a value of =2.13 for pKye.ofr, in quite good agreement
with the value of -2.4 previously obtained by Hayward et al.!?
from spectrophotometric titrations of H,OCbl in H,SO,/H,0
mixtzléres using the Hammett acidity function, H, (i.e., m* =
1.02%).

In order to determine accurate values of 6:p"% (Scheme I) for
additional cobalamins, five alkylcobalamins (CH;(CH,),Cbl,
NC(CH,);Cbl, CF;CH,Cbl, CF,HCbl, and NCCH,Cbl) were
also subjected to base-off phosphodiester titration in H,SO,/H,0
mixtures by 3P NMR. In all cases the lowest acidity used was
at least two acidity function units below the measured value of
PKiase-off® 10 avoid perturbation of the observed 3'P resonance by
the base-on-base-off equilibrium. Unfortunately, this precluded
the use of CF;Cbl whose pKpqg..or value (1.44%) was too low to
permit accurate determination of the upper end point of the
titration curve. AdoCbl could not be titrated in this manner due
to its known acid lability.6 These data were fit to eq 19 by using
the Cox and Yates acidity function (eq 22) as described above.
The limiting chemical shifts, phosphodiester macroscopic pK,’s,
and minimized m* values for these five base-off cobalamins are
listed in Table I along with those of CN-, H,O~, and CH;Cbl.

08~
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3.0 =20 10 o
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Figure 3. Plot of apgge.n for HyOCHI (25 £ 1 °C) vs. H (eq 22) at m*
= 0.992. The solid line is a least-squares fit to eq 24 from which the
value pKpgge.ort = —2.13 was obtained.

It is readily apparent that all five of these parameters describing
the base-off phosphodiester (8:1p, 8152, m*, pG,, and pGs) are
independent of the nature of the upper axial ligand. The average
values and standard deviations of each parameter are given in
Table I from which it can be seen that all eight values for each
parameter fall within 95% confidence limits of the mean. It seems
reasonable to conclude that all base-off cobalamins will have the
same phosphodiester macroscopic pK,’s, follow the same acidity
function, and have the same limiting values of *'P NMR chemical
shifts (i.e., 831p'® and 8:,(12).

In order to calculate values of Adup (eq 23) for these five
alkylcobalamins and estimate them for two others (AdoCbl and
CF;Cbl), values for the base-on, phosphodiester-deprotonated 3'P
chemical shifts (i.e., 81512, Scheme 1) were measured in pure
water at 25 °C. Calculations based on the measured values of
PKoase-oir (1.44 to 4.10) showed that “hydrolysis” to form the
base-off species in water was negligible at the concentration of
cobalamin used (4.0 X 10~ M). These values of dup(!2 along with
those for CNCbl and H,OCbl are listed in Table II. For values
of Adsip for AdoCbl and CF;Cbl to be estimated, their 8:1p!'? values
were assumed to be equal to the average 8:5'% for the eight
cobalamins listed in Table I (i.e., =36.70 Hz).

In order to check these values of Adsip and to determine the
effects of ionic strength on the 3'P chemical shifts, which are
sometimes very large for phosphate compounds,?” we have de-
termined the values of 8:p12) and 83,12 for seven of the al-
kylcobalamins by 3P NMR titration through the pKj,.c.s regions
in buffered aqueous solution and ionic strength 1.0 M (adjusted
with KCI). For all the alkylcobalamins only a single 3'P resonance
is seen at all pH’s indicating that the equilibration of the base-on
and base-off forms is fast on the NMR time scale for these

(26) Hogenkamp, H. P. C.; Barker, H. A. J. Biol. Chem. 1961, 236,
3097-3101.

(27) Costello, A. J.; Glorek, T.; VanWazer, J. R. Inorg. Chem. 1976, 15,
972-974.
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Table II. 3'P NMR Chemical Shifts of Base-On and Base-Off Phosphodiester Deprotonated Cobalamins, RCbl, 25 + 1 °C*

AGco! I=0M I'=10M
R PKaseoft” K¢t kcal/mol™! 83102, Hz 831,09, Hz  Abup/ Hz  63p0%), Hz  81p('2, Hz  Adup/ Hz

CH;(CH,;),- 4.10 28.0 -1.97 -50.16 -38.18 -11.98 -50.36 -40.45 -9.91
Ado- 3.67¢ 76.6 -2.57 -47.15 -36.70" -10.45 -50.42 -39.98 -10.44
NC(CH,);- 3.50 1.15 x 10? -2.81 -43.66 -36.63 -7.03 -45.84 -39.82 -6.02
CH;- 2.89 4.67 X 10? -3.64 -35.66 -38.47 2.81 -37.93 -40.79 2.86
CF,CH,- 2.60 9.23 X 102 -4.04 -32.91 -33.51 0.60 -34.30 -37.29 2.99
CF,H- 2.15 2.60 X 10° -4.66 -25.58 -33.47 7.89 -28.04 -37.75 9.71
NCCH,- 1.81¢ 6.40 X 10° -5.19 -2591 -34.33 8.42 -26.97 -40.16 13.19
CF;- 1.44 1.32 x 10* -5.62 -11.99 -36.70" 24,71

CN- 0.10 2.88 x 10° -7.44 -1.72 -37.40° 35.68

H,0- -2.13¢ 4,90 x 107 -10.48 +9.37 -41.64 51.01

¢ All chemical shifts in Hz from external 85% H;P0O,. Negative shifts are upfield from the reference. ®8315(!2) from Table I, 8315'2 measured in
plain water. °From fits of §315°° vs. cpgee.on (Figure 4) to eq 25. ¢Reference 8, unless otherwise noted. ¢Calculated from eq 4, assuming pKj, =
5.56.% /Equation 23. #This work. * Assumed to be equal to the average value of 8:1p!? for the eight cobalamins listed in Table I. *Reference 2.
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Figure 4. Plots of 831p°%¢ vs. paeeon (€q 24) at 25 £ 1 °C for seven
alkylcobalamins. The solid lines are linear least-squares fits to eq 25: (@)
CH;(CH,),Cbl, slope = -9.91 Hz, intercept = -40.45 Hz; (B) AdoCbl,
slope = -10.44 Hz, intercept = -39.98 Hz; (o) NC(CH,);Cbl, slope =
—6.02 Hz, intercept = -39.82 Hz; () CH;Cbl, slope = 2.86 Hz, inter-
cept = -40.79 Hz; (@), CF;CH,Cbl, slope = 2.99 Hz, intercept = -37.29
Hz; (@) CF,HCbl, slope = 9.71 Hz, intercept = -37.75 Hz; (®)
NCCH,Cb], slope = 13.19 Hz, intercept = -40.16 Hz.

cobalamins.?®? Data were collected only down to pH 2.20 in
order to avoid perturbation of the upper phosphodiester macro-
scopic pK, (Table I) and the resultant large changes in ésp.
Unfortunately, this precludes the use of CF;Cbl whose pKyzee.ofr
value (1.44) is too low to permit a reasonable extrapolation to
8np12. No decomposition of AdoCbl was detected under these
conditions as evidenced by the lack of a second 3'P resonance at
+9.37 Hz (for base-on H,OCbl).

Data for each alkylcobalamin were fit to eq 25 by the least-
squares method, where ap,e.0n Was calculated from eq 24 and the
measured values of pKye.orrr The data are shown in Figure 4,

631P°b5d = 631P(12) + (6311;(123) - 6”P(12))abase-on (25)

and the values of 81p¢'2, 81129, and Adsp (eq 23) thus determined
are listed in Table II. The data show that the effect of ionic
strength on both 8:p'2 and 8:5(2¥ for these cobalamins is ex-
tremely small, the average value of 83512 for all seven RCbl’s
at ionic strength 1.0 M (-39.43 £ 1.37 Hz) differing by only a
few hertz from that at zero ionic strength (-36.70 = 2.8 Hz). In
addition, the agreement between the values of Adsp obtained by
the two methods is for the most part quite good, although
somewhat less good for those RCbl’s (CF,HCbl and NCCH,Cbl)
requiring a long extrapolation in the application of eq 25 (Figure
4).

Also collected in Table II are the measured values of pKyyse.ofr
for all ten cobalamins, the values of K¢, (eq 3) calculated from
eq 4 (assuming pKp, = 5.56%), and the values of AG,, the apparent

(28) Milton, P. A.; Brown, T. L. J. Am. Chem. Soc. 1977, 99, 1390-1396.
(29) Brown, K. L.; Awtrey, A. W.; Chock, P. B.; Rhee, S. G. In “Vitamin
B,,"; Zagalak, B., Friedrich, W.. Eds.; deGruyter: Berlin, 1977; pp 199-202.
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Figure 5. Plot of Adaip (eq 23) at ionic strength 0.0 (@) and 1.0 M (m)
for 10 cobalamins vs. -AG¢, (eq 3 and 4) at 25 £ 1 °C. The solid line
is a linear least-squares line with slope = 7.93 % 0.40 Hz kcal™! mol,
intercept = -28.06 + 1.90 Hz, and correlation coefficient 72 = 0.964,
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Figure 6. Plot of 8311123 (Scheme I at ionic strength 1.0 (solid symbols)
and 0.0 M (open symbols) vs. the axial Co-N bond distance (dc,-n,)
for the base-on cobalamin: (O, ®) AdoCbl, ref 30; (A, &) CH;Cbl, ref
31; (¢) “wet” CNCbl, ref 32; (O) “dry” CNCbl, ref 33.

free energy of coordination of the pendent 5,6-dimethylbenz-
imidazole ligand in the base-on cobalamins. The obvious trend
of Adaip with increasing strength of axial ligand coordination is
shown graphically in Figure 5. The correlation has two striking
features: it passes through zero on the Adsip axis, and it is sur-
prisingly linear. In addition, Figure 6 shows an apparently sig-
nificant correlation (#2 = 0.882 for all six points, but 2 = 0.971
if the point for “dry” CNCbl is omitted) between dup(1??), which
is solely responsible for the variations in Adsp, and the existing
values of the Co—N(Bz) axial bond distances of base-on cobalamins
from X-ray crystal structure determinations.3®3? These effects

(30) Lenhart, P. G. Proc. R. Soc. London, Ser. A 1968, 303, 45-84.

(31) Marzilli, L. G.; Toscano, P. J.; Summers, M.; Randaccio, L.; Bres-
ciani-Pahor, N.; Glusker, J. P.; Rossi, M. Inorg. Chim. Acta 1983, 79, 29, as
presented at the 1st International Conference on Bicinorganic Chemistry,
Florence, Italy, June 13-17, 1983,

(32) Brink-Shoemaker, C.; Cruickshank, D. W. J.; Hodgkin, D. C.; Kam-
per, M. J,; Pilling, D. Proc. R. Soc. London, Ser. A 1964, 228, 1-26.
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Heteronuclear NMR Studies of Cobalamins

can be understood by reference to the work of Gorenstein and
co-workers on the 3'P chemical shifts of phosphate compounds.>!
These workers have shown that the chemical shifts of phosphate
compounds are virtually totally controlled by O-P-O bond angles
and the coupled R-O-P-O torsion angles. From Gorenstein’s
empirical correlation of 3'P chemical shifts vs. O-P-O bond angles,
phosphodiesters with chemical shifts in the range of approximately
+0.1 to 0.7 ppm (i.e., the base-on cobalamins) would be expected
to have RO-P-OR bond angles of approximately 102 to 103°.
Decreases in the RO-P-OR bond angle would be expected to shift
the 3!P resonance upfield, while increases in the bond angle would
shift the resonance downfield. In the existing X-ray structures
of base-on cobalamins’®¥33 the RO-P-OR bond angles run from
100° to 102°, although it is not at all clear that the solid-state
phosphodiester conformations are not significantly perturbed by
crystal lattice forces. From the Gorenstein work and our data
the following explanation of trends in 8:1p in cobalamins seems
most likely. When the axial ligand is deteched (base-off forms)
the phosphodiester moiety assumes a “relaxed” conformation with
an RO-P-OR bond angle of about 102° to 103°, regardless of
the nature of the upper axial ligand. When the axial ligand is
bound moderately weakly in a base-on cobalamin such as CH;Cbl
(Kco = 4.67 X 102, donepyy = 2.14 At or CF;CH,Cbl (K¢, =
9.23 X 10?), the phosphodiester moiety evidently assumes a so-
lution conformation which results in a nearly identical RO-P-OR
bond angle and hence a negligible value of Adaip results (Table
IT). In those base-on cobalamins where the axial ligand is bound
significantly more weakly, such as AdoCbl (K¢, = 76.6), the axial
Co~-N bond is lengthened (dco-n(pz) = 2.24 A%), the RO-P-OR
bond angle is decreased, and the 3'P resonance is shifted upfield,
producing a negative Adxup. In those base-on cobalamins where
the axial ligand is bound significantly more tightly, such as CNCbl
(K¢, = 2.88 X 10°), the axial Co~N bond distance is shortened
(dCo-N(le) = 2.06 A in “dry” CNCbI*? or 1.97 A in “wet”
CNCbl*?), the RO-P-OR bond angle is increased, and the 3'P
resonance is shifted downfield producing a positive Adsip. It should
be pointed out that Gorenstein’s empirical correlation of d:1p with
O-P-0O bond angles is exceedingly steep in the area of current
interest having an instantaneous slope of about 5.9 ppm per degree
of change in O-P-0 bond angle. Consequently, the changes in
phosphodiester conformation and RO-P-OR bond angle
throughout the series of base-on cobalamins listed in Table II is

(33) Hodgkin, D. C.; Lindsey, J.; Sparks, R. A.; Trueblood, K. N.; White,
J. G. Proc. R. Soc. London, Ser. A 1962, 266, 494-517.
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quite small. Clearly this very small expected excursion of the
RO-P-OR bond angle is responsible for the surprising linearity
of the dependence of Adsip on AG, (Figure 5) since the Gorenstein
correlation is distinctly nonlinear in the whole, and the changes
in RO-P-OR bond angle with changes in dc,n(,) Would also not
be expected to be linear over large excursions. Nontheless, we
are currently attempting to obtain further evidence for changes
in conformatin of the nucleotide loop through the series of co-
balamins listed in Table II.

Finally, Satterlee, who first observed the relatively large value
of Adup for CNCb, suggested that 3'P NMR might serve as an
ideal probe for the possible displacement of the axial ligand of
cobalamins upon binding to proteins. It now appears that 3'P
NMR may be a much more useful probe of nucleotide loop
conformation and Co~N(Bz) bond distances of protein-bound
cobalamins. These may be important factors in the activation
of the coenzymes in AdoCbl- and CH;Cbl-dependent enzyme
systems.
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