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ABSTRACT: The recent structures of cobalamin-dependent methionine synthase and methylmalonyl-CoA
mutase have revealed a striking conformational change that accompanies cofactor binding to these proteins.
Alkylcobalamins have octahedral geometry in solution at physiological pH, and the lower axial coordination
position is occupied by the nucleotide, dimethylbenzimidazole ribose phosphate, that is attached to one
of the pyrrole rings of the corrin macrocycle via an aminopropanol moiety. In contrast, in the active sites
of these two B12-dependent enzymes, the nucleotide tail is held in an extended conformation in which the
base is far removed from the cobalt in cobalamin. Instead, a histidine residue donated by the protein
replaces the displaced intramolecular base. This unexpected mode of cofactor binding in a subgroup of
B12-dependent enzymes has raised the question of what role the nucleotide loop plays in cofactor binding
and catalysis. To address this question, we have synthesized and characterized two truncated cofactor
analogues: adenosylcobinamide and adenosylcobinamide phosphate methyl ester, lacking the nucleotide
and nucleoside moieties, respectively. Our studies reveal that the nucleotide tail has a modest effect on
the strength of cofactor binding, contributing∼1 kcal/mol to binding. In contrast, the nucleotide has a
profound influence on organizing the active site for catalysis, as evidenced by the retention of the base-
off conformation in the truncated cofactor analogues bound to the mutase and by their inability to support
catalysis. Characterization of the kinetics of adenosylcobalamin (AdoCbl) binding by stopped-flow
fluorescence spectroscopy reveals a pH-sensitive step that titrates to a pKa of 7.32( 0.19 that is significantly
different from the pKa of 3.7 for dimethylbenzimidazole in free AdoCbl. In contrast, the truncated cofactors
associate very rapidly with the enzyme at rates that are too fast to measure. Based on these observations,
we propose a model in which the base-on to base-off conformational change is slow and is assisted by
the enzyme, and is followed by a rapid docking of the cofactor in the active site.

Corrinoids are cobalt-containing organometallic cofactors
found in the microbial and animal kingdoms. They are unique
among the family of tetrapyrrolic derived macrocyclic
cofactors in having a nucleotide tail appended from one of
the pyrrole rings (ring D). A number of unusual bases have
been identified in nature as components of the nucleotide
tail, and, depending on their structure, either do or do not
provide the lower axial ligand to the cobalt in solution. In
non-cobalamin corrinoids, the bases that have been described
in this position include 5-hydroxybenzimidazole, 5-meth-
oxybenzimidazole, naphthimidazole, benzimidazole, para-
cresol, 5-methylbenzimidazole, and 2′-methyladenine. In
cobalamin, the cofactor form found in mammals, the intra-
molecular base is dimethylbenzimidazole, and provides the
lower axial nitrogen ligand to the cobalt in solution at
physiological pH (Figure 1). The diversity in the structures
of the nucleotide bases raises questions about their role(s)
in corrinoid-dependent reactions.

Coenzyme B12 (or AdoCbl)1-dependent enzymes catalyze
a variety of 1,2 rearrangement reactions in nature. Spectro-

scopic and structural studies reveal that there are at least
two very different conformations in which AdoCbl is bound
to the active site of proteins. Enzymes containing the
signature cobalamin binding sequence DXHXXG (1) bind
AdoCbl in the base-off conformation in which the dimeth-
ylbenzimidazole moiety is replaced as a lower ligand by a
histidine residue provided by the protein. Enzymes that
belong to this family include methylmalonyl-CoA mutase
(2, 3), methylene glutarate mutase, and glutamate mutase
(4). In addition, this motif is found in some methylcobalamin-
dependent enzymes including methionine synthase (5) and
the methanogenic methyltransferase, Mtr (6). In contrast, a
second subgroup of isomerases binds AdoCbl in the base-
on conformation, retaining the dimethylbenzimidazole liga-
tion in the active site (7, 8).

Methylmalonyl-CoA mutase catalyzes the reversible isomer-
ization of methylmalonyl-CoA to succinyl-CoA, and is the
only member of the isomerase family found in both microbes
and animals (9, 10). An extensive literature on model studies
supports the potential importance of the bulky dimethylbenz-
imidazole ligand in rearrangement reactions (11-19). How-
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ever, crystallographic (3, 5) and spectroscopic (2, 4) insights
into the conformation of cobalamins bound to some enzymes
have forced us to reevaluate the importance of the nucleotide
tail. The crystal structure of methylmalonyl-CoA mutase (3,
20) has revealed that cobalamin binding to the enzyme is
accompanied by replacement of the dimethylbenzimidazole
ligand by His610 provided by the large subunit. The
nucleotide tail is bound to a C-terminal flavodoxin-like
domain comprised of a five-stranded twisted parallelâ-sheet
structure flanked by fiveR-helices. Numerous electrostatic
interactions between the side chain acetamides and propion-
amides of the corrin ring and residues in the N-terminal
domain hold the corrin ring in place (3). In this extended
conformation, the dimethylbenzimidazole is distant from the
cobalt and buried in a hydrophobic pocket, and begs the
following question: What role does the nucleotide tail play
in this and in related enzymes?

Recently, the structure of apo-MutS, the subunit of
glutamate mutase that represents the C-terminal flavodoxin-
like domain in this protein, has provided insight into the
structural reorganization that presumably accompanies co-
factor binding (21). The MutS structure, lacking B12, is very
similar to the corresponding regions of methylmalonyl-CoA
mutase and methionine synthase, indicating that this domain
is largely preorganized. However, a major difference is in a
segment of the protein that is folded into anR-helix and
leads away from the coordinating histidine in the structures
of the B12-bound proteins (Figure 2). In MutS, this segment
is unstructured and forms an extended mobile loop. In this

study, we have evaluated the role of the tail in cofactor
binding, histidine ligation, and catalysis in methylmalonyl-
CoA mutase by studying two truncated cofactor analogues,
AdoCbi and AdoCbi-PMe, that are missing the nucleotide
or nucleoside moieties, respectively. Our results indicate the
relative unimportance of the nucleotide tail to the strength
of cofactor binding in contrast to its critical role in the
organization of the active site for catalysis.

METHODS

Materials. Cyanocobalamin, 5′-iodo-5′-deoxyadenosine,
methyl dichlorophosphate, and AdoCbl were purchased from
Sigma. DEAE-cellulose, cellulose phosphate, Amberlite
XAD-2, and CM-cellulose used for purifying the cofactor
analogues AdoCbi and AdoCbi-PMe were also purchased
from Sigma. Radioactive [14C]-CH3-malonyl-CoA (56.4 Ci/
mol) was purchased from New England Nuclear. All other
chemicals were reagent-grade commercial products and were
used without further purification.

Enzyme Expression and Purification. The recombinant
expression vector (pMEX2/pGP1-2) harboring theP. sher-
manii genes inEscherichia colistrain K 38 (22) was a gift
from Peter Leadlay (Cambridge University). The enzyme was
purified through the step preceding reconstitution with
cofactor as described before (23).

Enzyme Assays.Specific activity of the mutase was
determined in the radiolabeled assay at 37°C as described
previously (24) and was 26 units/mg of protein; 1 unit of

FIGURE 1: Structures of AdoCbl and its derivatives employed in this study.

FIGURE 2: Comparison of the structures of the B12 binding domains of glutamate mutase (A) and holomethylmalonyl-CoA mutase (B). The
figures were generated using the PDB files 1BE1 (A) and 1REQ (B). The arrows point to the region of the two proteins in which the
secondary structures are different. The IIR2 helix (indicated by arrow) in methylmalonyl-CoA mutase is shown in a darker shade of gray.
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activity catalyzes the formation of 1µmol of succinyl-CoA/
min at 37 °C. When the ability of cofactor analogues to
support catalysis was evaluated, the concentration of enzyme
was increased 1000-fold (with AdoCbi) or 4000-fold (with
AdoCbi-PMe) with respect to the standard assay.

Synthesis of AdoCbi and AdoCbi-PMe. AdoCbi and
AdoCbi-PMe were synthesized and characterized as de-
scribed previously (25). Both cofactor analogues were
characterized by FAB-MS analysis at the Midwest Center
for Mass Spectrometry at the University of Nebraska,
Lincoln.

Determination of Equilibrium Binding Constants by Fluo-
rescence Spectroscopy.Fluorescence measurements of equi-
librium binding constants were made on a Perkin-Elmer
LS50 luminescence spectrometer. The excitation wavelength
was 282 nm (slit width, 3µm), and emission was observed
between 300 and 380 nm (slit width, 3µm). The intrinsic
tryptophan fluorescence emission of methylmalonyl-CoA
mutase (monitored at 340 nm) is quenched on binding of
AdoCbl. To determine the equilibrium dissociation constant,
500 µL of 0.4 µM methylmalonyl-CoA mutase in 50 mM
potassium phosphate buffer, pH 7.5, was added to a quartz
fluorescence cuvette, and successive aliquots (2-5 µL) of a
stock 0.1 mM AdoCbl solution prepared in the same buffer
were added. Following each addition, the solution was
incubated at 4°C for 30 min prior to measurement of the
fluorescence emission. Free AdoCbl, even at millimolar
concentrations, did not exhibit fluorescence emission between
300 and 600 nm upon excitation at 282 nm. As an additional
control for nonspecific quenching, fluorescence of lysozyme
was monitored on addition of millimolar concentrations of
AdoCbl. No change in fluorescence emission was observed.

The fractional saturation (y) of the total AdoCbl binding
sites (Eo) was obtained from the ratio∆F/∆Fmax, where∆Fmax

is the limiting value of the difference in fluorescence intensity
(∆F) approached at high concentrations of AdoCbl. The
concentration of bound ligand (Lb) is related to the concen-
tration of free ligand binding sites (E) and to the concentra-
tion of free ligand (L) by the law of mass action and the
dissociation constant,Kd. Using the relationsLb ) yEo and
L ) Lo - yEo, the fractional saturation of the ligand binding
sites is related to the total concentration of added ligand,Lo,
as given in eq 1 (26):

A plot of 1/(1 - y) versusLo was fitted to a straight line
according to the above equation using the experimentally
obtained value of∆F and the known value ofEo (total
concentration of methylmalonyl-CoA mutase) as constraints.
The value for the dissociation constant,Kd, was obtained
from the slope of the line. TheKd values for AdoCbi and
AdoCbi-PMe were similarly determined. The concentration
of methylmalonyl-CoA mutase used in each of these experi-
ments was 0.25µM.

Equilibrium Binding Constants Measured by UV-Visible
Absorption Spectroscopy. Binding of AdoCbl and AdoCbi
to methylmalonyl-CoA mutase was followed spectrophoto-
metrically using a Cary-118 spectrophotometer (Olis Instru-
ments), in which the cuvette holder was maintained at 4°C
by a thermostated water circulator. Methylmalonyl-CoA
mutase (19.6µM) in 150µL of 50 mM potassium phosphate

buffer, pH 7.5, was employed as a blank. Spectra were
recorded from 800 to 306 nm after each addition of AdoCbl
(3-5 µL aliquots prepared in the same buffer), following
incubation at 4°C for 30 min. The final AdoCbl concentra-
tion used in these experiments was 29µM. The change in
absorbance at 522 nm at each concentration of AdoCbl was
obtained by subtracting the absorbance in a solution contain-
ing the same concentration of free AdoCbl. Since the affinity
of methylmalonyl-CoA mutase for AdoCbl is high (27), the
assumption that the total concentration of AdoCbl is equal
to the free concentration of the cofactor at equilibrium does
not hold. Hence, the free AdoCbl concentration was calcu-
lated assuming a single binding site (28), using eq 2:

whereLb is the concentration of bound ligand,Eo andLo are
the total concentrations of methylmalonyl-CoA mutase and
AdoCbl, respectively, andKd is the dissociation constant
obtained from the equilibrium fluorescence experiments. The
free ligand concentration (L) is given by the relation shown
in eq 3:

The experimentally obtained values for∆A522 nmwere plotted
versus the concentration of free AdoCbl,L, and the data were
fitted using eq 4 as described in (28).

wherecL is the contribution from a low-affinity nonspecific
binding site with partition coefficientc, andKd ) 0.17µM.

Binding of AdoCbi was followed using a similar proce-
dure. The enzyme concentration used in this study was 32
µM, and AdoCbi was added to a final concentration of 29.7
µM. The binding isotherm was plotted using the value of
∆A460nm instead of∆A525 used for AdoCbl.

Stopped-Flow Fluorescence Spectroscopy.Rapid-scanning
stopped-flow kinetic measurements were made using the
RSM-2 software for the OLIS stopped-flow fluorescence
spectrophotometer. An external water bath was used to
maintain the temperature of the loading syringes at 30°C.
The concentration of AdoCbl was at least 8-fold greater than
the enzyme concentration to obtain pseudo-first-order condi-
tions. Fluorescence emission spectra were recorded between
310 and 450 nm using an emission slit width of 3.16µm
acquired at 62 scans/s or 31 scans/s depending on the time
course of the decay. The excitation wavelength was 282 nm,
and two consecutive slits of 0.6µm width were used.

The concentration of enzyme used was 0.4µM after
mixing, and AdoCbl concentrations ranged from 3.4 to 15
µM after mixing. The enzyme and cofactor were prepared
in potassium phosphate buffers (50 mM) with pH varying
from 6 to 8.2. Fluorescence decay was observed at five
different concentrations of AdoCbl at each pH. Sigmaplot
(Jandel Scientific) was used to analyze the fluorescence
quenching data. Best fits were obtained using eq 5:

whereF is the observed fluorescence at timet, ∆A is the

1/(1 - y) ) Lo/[y(1/Kd)] - Eo/Kd (1)

Lb ) 0.5{Eo + Lo + Kd - [(Eo + Lo + Kd)
2 - 4EoLo]

1/2}
(2)

L ) Lo - Lb (3)

Lb ) EoL/(Kd + L) + cL (4)

F ) Ai + ∆Ae(-k1t) - k2t (5)
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amplitude of exponential decay,k1 is the rate of exponential
decay,k2 is the rate of background decay, andAi is the offset
for the exponential decay. The rate of background fluores-
cence decay (k2) was recorded with 0.4µM enzyme in the
absence of ligand, and was pH-independent in the range used.

The observedk1 value at each concentration of AdoCbl
was plotted as a function of AdoCbl concentration at a given
pH and was fitted to eq 6:

The slope of the line representskon and was plotted as a
function of pH to obtain the pKa.

RESULTS

Fluorometric Determination of Equilibrium Binding Con-
stants. Addition of AdoCbl to methylmalonyl-CoA mutase
results in a decrease in fluorescence emission at 340 nm as
shown in Figure 3A. However, the change in fluorescence
is not completely saturated even at very high concentrations
of AdoCbl (>10Kd) and is likely to result from nonspecific
binding. The value of∆Fmax, the maximum decrease in
fluorescence, used for calculating the fractional saturation,
y, was thus chosen by inspection of the titration curves and
refined so that the intercept from the plot fitted to eq 1
matchedEo (the total enzyme concentration, Figure 3A,
inset). The final values of∆Fmax obtained from the fits were
always consistent with the approximations obtained from the
titration curves (see figure legends). The high affinity of
AdoCbl for methylmalonyl-CoA mutase poses a limitation
on the use of Scatchard analysis which assumes that the
bound concentration of ligand is very small with respect to
the total ligand concentration, which is the case whenKd .
Eo. Under the conditions of our experiment whereEo ≈ Kd,
the data were treated according to a previously published
method (26), as described under Methods. From this analysis,
a Kd of 0.17( 0.012µM is estimated, which is in excellent
agreement with the value obtained by equilibrium dialysis
(0.16 µM) using radiolabeled AdoCbl (Maiti, Brown, and
Banerjee, unpublished data).

Similar experiments with AdoCbi (Figure 3B) and AdoCbi-
PMe (Figure 3C) yieldedKd values of 0.62( 0.09 and 3.33
( 0.028µM, respectively. These results are summarized in
Table 1.

UV-Visible Spectroscopic Determination of Equilibrium
Binding Constants. Binding of AdoCbl to methylmalonyl-
CoA mutase is accompanied by an increase in absorbance
across the 300-600 nm spectral range (Figure 4). A plot of
∆A522 versus the concentration of free AdoCbl at equilibrium
is shown (Figure 4, inset). The free ligand concentration was
calculated at each point in the titration curve by using the
Kd obtained from the fluorescence experiments according to
eqs 2 and 3. The excellent fit for the absorbance data using
the Kd value obtained from the fluorescence data indicates
the correspondence between the two independent methods,
and confirms that the binding isotherms monitored by
fluorescence spectroscopy reflect specific binding of cofactor
to the mutase.

The same procedure was followed for studying equilibrium
binding of AdoCbi (Figure 5). In contrast to AdoCbl, the
absorbance maximum for both AdoCbi and AdoCbi-PMe
(not shown) bound to the mutase is at 460 nm rather than at

525 nm. This indicates that His610 in the large subunit is
not coordinated to cobalt in the bound forms of the truncated
cofactors. The fit to the binding isotherm (Figure 5, inset)
again shows that theKd values obtained for AdoCbi from
the equilibrium fluorescence and UV-visible experiments
are in close agreement.

Cofactor ActiVity of AdoCbi and AdoCbi-PMe. Activity
of methylmalonyl-CoA mutase with AdoCbi could be
detected only when the concentration of enzyme was
increased 1000-fold with respect to the level used in the
standard assay (data not shown). In the case of AdoCbi-
PMe, no activity was detected even when a 4000-fold higher
concentration of enzyme was employed. Since AdoCbi is
synthesized from OH-Cbi derived by hydrolysis of OH-Cbl,
trace contamination of AdoCbi with AdoCbl (resulting from
adenosylation of residual OH-Cbl) cannot be ruled out, and,
in fact, seems likely especially since AdoCbi-PMe does not
support catalysis. At an∼1000-fold lower level than AdoCbi,
contamination by AdoCbl would escape detection by both
the mass spectroscopic and HPLC methods that were
employed for analysis of purity.

Stopped-Flow Fluorescence Spectroscopy. The kinetics of
tryptophan fluorescence quenching caused by binding of
AdoCbl were measured under stopped-flow conditions
(Figure 6). A plot of thekobs for fluorescence decay as a
function of ligand concentration at different pH values
(Figure 7) yields values ofkon andkoff as described in eq 6.
From the pH dependence ofkon, a pKa of 7.32 ( 0.19 is
obtained (Figure 7, inset).

DISCUSSION

Binding of AdoCbl to methylmalonyl-CoA mutase is
expected to involve a significant conformational rearrange-
ment in both the enzyme and the cofactor. The bulky and
intramolecular base dimethylbenzimidazole, which is coor-
dinated to the cobalt to give the base-on conformation in
the free cofactor, must be displaced. This is replaced by
coordination to His610 provided by the flavodoxin-like
domain of the large subunit (3). In addition, a structural
change is expected in the protein based on comparison of
the B12 binding domains of apoglutamate mutase and
holomethylmalonyl-CoA mutase (Figure 2). The sequence
corresponding to an unstructured and extended mobile loop
in apo MutS [designatedR1 (21)] is organized into anR-helix
in holomethylmalonyl-CoA mutase [helix IIR2 (29)]. The
differences in secondary structure in this region are note-
worthy since the rest of the elements in the flavodoxin-like
domain are virtually superimposable in the two proteins
whether or not the cofactor is present. In addition, thisR-helix
is immediately downstream of the loop containing two of
the three residues of the catalytic triad (Asp608 and His610
in methylmalonyl-CoA mutase) that are located on the lower
face of the cofactor. Hence, a comparison of the apo- and
holoenzyme structures suggests that a major role of the
cofactor tail may be to organize the binding pocket so as to
orient His610 for coordination to cobalt in methylmalonyl-
CoA mutase. To test this hypothesis, and to evaluate the
contribution of the tail to binding and to catalysis, we have
synthesized and characterized two truncated cofactor ana-
logues, AdoCbi and AdoCbi-PMe.

Binding of AdoCbl is accompanied by an overall quench-
ing in tryptophan fluorescence (Figure 3A). The large subunit

k1 ) kon[AdoCbl] + koff (6)
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of methylmalonyl-CoA mutase, which binds B12, has 11
tryptophan residues. While the residues that report on the
conformational change accompanying cofactor binding are
unknown, it is interesting to note that W334 is fairly close
to the cofactor and may experience the most significant
change in its environment following cofactor binding. The
fluorescence change accompanying cofactor binding was
employed to determine the equilibrium binding constants for

FIGURE 3: Fluorometric determination of the equilibrium binding
constant for AdoCbl and its analogues. (A) Methylmalonyl-CoA
mutase (0.40µM) was titrated with AdoCbl (0.32-1.87µM). The
change in fluorescence at 340 nm is plotted as a function of total
AdoCbl concentration. Inset: The fractional saturation,y, is plotted
versus [AdoCbl]total/y according to eq 1. The estimated∆Fmax that
gave the best match forEo (0.34 ( 0.017 µΜ), the total
concentration of binding sites, was 65 arbitrary units. TheKd
determined from this analysis is 0.17( 0.012µM. (B) Fluorometric
determination of the equilibrium binding constant for AdoCbi.
Methylmalonyl-CoA mutase (0.25µM) was titrated with AdoCbi
(0.20-2.38µM). The change in fluorescence at 340 nm is plotted
as a function of total AdoCbi concentration. Inset: Fractional
saturation is plotted versus [AdoCbi]total/y according to eq 1. The
estimated∆Fmax that gave the best match forEo (0.18( 0.02µΜ),
the total concentration of binding sites, was 100 arbitrary units.
The Kd determined from this analysis is 0.62( 0.09 µM. (C)
Fluorometric determination of the equilibrium binding constant for
AdoCbi-PMe. Methylmalonyl-CoA mutase (0.25µM) was titrated
with AdoCbi-PMe (0.40-12.7 µM). The change in fluorescence
at 340 nm is plotted as a function of total AdoCbi-PMe concentra-
tion. Inset: The fractional saturation is plotted versus [AdoCbi-
PMe]total/y according to eq 1. The estimated∆Fmax which gave the
best match forEo (0.19( 0.04µΜ) was 85 arbitrary units. TheKd
determined from this analysis is 3.33( 0.28 µM.

Table 1: Summary of Dissociation Constants for Cofactor
Analogues

cofactor Kd (µM) ∆∆Gb (kcal/mol)

AdoCbl 0.17( 0.012
AdoCbi 0.62( 0.09 -0.69
AdoCbi-PMe 3.33( 0.028 -1.64

FIGURE 4: UV-visible spectra of free and enzyme-bound AdoCbl.
The dotted line represents the spectrum of 7.4µM free AdoCbl,
and the solid line is the spectrum of 7.4µM AdoCbl with 19.6µM
methylmalonyl-CoA mutase. Inset: Plot of∆A522 as a function of
free AdoCbl concentration at equilibrium. The concentration of free
AdoCbl was calculated using eqs 2 and 3 using a value ofKd for
AdoCbl of 0.17µM (as described in Figure 3A legend). The solid
line represents a fit obtained with eq 4.

FIGURE 5: UV-visible spectra of free and enzyme-bound AdoCbi.
The dotted line represents the spectrum of 8.6µM free AdoCbi,
and the solid line is the spectrum of 8.6µM AdoCbi with 32 µM
methylmalonyl-CoA mutase. Inset: Plot of∆A460 as a function of
free AdoCbi at equilibrium. [AdoCbi]free was calculated at each
point using eqs 2 and 3 using a value ofKd for AdoCbi of 0.62
µM (as described in Figure 3B legend). The solid line represents a
fit obtained with eq 4.
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all three cobalamin derivatives (Table 1), and to study the
kinetics of association with AdoCbl under stopped-flow
conditions (Figure 7).

Both AdoCbi and AdoCbi-PMe lack the appended di-
methylbenzimidazole tail, and are, perforce, base-off. This
is readily confirmed by their absorption maximum being at
460 nm rather than 525 nm observed for base-on AdoCbl at
physiological pH (30). Remarkably, loss of the nucleotide
tail has a modest effect on the binding of these cofactor
analogues to methylmalonyl-CoA mutase. Hence, AdoCbi,
missing the nucleotide moiety, has a 3.5-fold higherKd than
AdoCbl, which corresponds to a difference in the Gibbs free
energy of only-0.7 kcal/mol (Table 1). Addition of the
phosphate methylester to AdoCbi extends the tail but results
in an ∼20-fold weakening in the association between the
cofactor and enzyme. This is contrary to what may have been
expected a priori, i.e., an incremental recovery of some of
the favorable binding energy by an incremental increase in

the length of the nucleotide tail. However, the phosphate
appears to be involved in electrostatic interactions with water
molecules in the dimethylbenzimidazole binding pocket (3),
and it is possible that the presence of the nucleoside is
required to facilitate these. The conclusion from these studies
is that the nucleotide tail contributes approximately 1 kcal/
mol to the binding interactions between AdoCbl and meth-
ylmalonyl-CoA mutase, and that the relatively tight binding
of AdoCbl must be due to multiple interactions between the
protein and corrin side chains.

The persistence of the base-off conformation of AdoCbi
(Figure 5) and AdoCbi-PMe (not shown) in the mutase active
site is surprising given the existence of His610 in the vicinity.
This suggests that the absence of the nucleoside results in
failure of the cofactor to organize the disordered loop into a
rigid R-helix that steers His610 into the coordination sphere
of the cobalt.2 This is accompanied by the inability of the
truncated cofactor analogues to support catalytic activity. This
is most likely due to the interactions between the IIR2 helix
in methylmalonyl-CoA mutase and the N-terminal domain
of theR-subunit that are likely to be important in organization
of the active site. Since mutation of His610 to alanine results
in significant retention of enzyme activity (Chakraborty and
Banerjee, unpublished results), the lack of coordination by
this residue could not be the explanation for the failure of
AdoCbi and AdoCbi-PMe to support enzymatic activity. In
combination with the binding data presented above, these
observations lead to the conclusion that the intrinsic cofactor
binding energy is primarily utilized to reorganize the enzyme
active site, and that these distal effects are essential for
catalysis.

Binding of AdoCbl to the enzyme is accompanied by
electronic changes in the spectrum (Figure 4). Notably, the
shoulder at 377 nm is more pronounced in the spectrum of
the bound cofactor, and there is a general increase in
absorption across the 310-560 nm range. This is similar to
the spectra reported for OHCbl in which an increase in the
molar absorptivities was reported for theR, â, andγ bands
on decreasing the polarity of the solvent (31). Hence, the
spectral changes associated with AdoCbl binding to meth-
ylmalonyl-CoA mutase suggest sequestration in an active site
with a lower dielectric constant relative to water.

The kinetics of AdoCbl binding to the mutase were studied
by stopped-flow fluorescence spectroscopy. In solution, the
equilibrium between the base-on and base-off species of

2 We have previously reported that binding of AdoCbi to methyl-
malonyl-CoA mutase is accompanied by a red shift in the spectrum
and interpreted this as evidence for histidine coordination to AdoCbi
in the active site (2). This conclusion was, however, in error, since a
closer examination of the published spectrum reveals it to be that of
hydroxocobinamide (characterized by a prominent absorption maximum
at 350 nm). In that experiment, enzyme treated with AdoCbi was
purified by gel filtration chromatography in the dark to separate
unbound cofactor. We have since repeated this experiment 3 times and
each time have noted loss of the adenosine moiety and formation of
hydroxocobinamide, although under identical conditions used routinely
in the laboratory, the enzyme retains the adenosine moiety of AdoCbl!
The difference in the lability of the two cofactor forms bound to the
mutase is similar to the higher rate of photolysis of base-off methyl-
cobalamin in the His759G mutant of methionine synthase (34) as well
as to similar observations made with model compounds (35). During
the time course of the binding titrations reported in this study, homolysis
of AdoCbi and AdoCbi-PMe was not a problem. We thank Dr. John
Pratt for pointing out the error in the spectral assignment in Figure 1
(2).

FIGURE 6: Kinetic analysis of AdoCbl binding to methylmalonyl-
CoA mutase. Concentrations of AdoCbl and methylmalonyl-CoA
mutase after mixing were 7.6 and 0.4µM, respectively. Data were
fit to eq 5 and yielded an observed rate constant,kobs, of 5.9 ×
10-2 s-1. Inset: dependence ofkobson AdoCbl concentration (from
3.4 to 13.7µM). The slope of the best fit line giveskon at pH 7.28.

FIGURE 7: Dependence of fluorescence decay rates on AdoCbl
concentration at different pH values. Inset: Dependence ofkon for
AdoCbl binding on pH. Thekon values determined in Figure 7 were
plotted as a function of pH. A value of 7.32( 0.19 is obtained for
the pKa from this analysis.
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AdoCbl is governed by the pKa of the dimethylbenzimidazole
base, which is 3.7 (32). In the simple model described in
Figure 8A, protonation of the cofactor in solution leads to
the base-off state, which then rapidly associates with the
enzyme in a step that results in fluorescence changes. At
physiological pH, the slow step in this mechanism would
be protonation of the base since the equilibrium would greatly
favor the base-on species. If this mechanism accurately
described binding of AdoCbl to methylmalonyl-CoA mutase,
then thekon would increase with decreasing pH, titrating to
a pKa of 3.7. Instead, the pH dependence ofkon for AdoCbl
titrates to a pKa of 7.3( 0.19, suggesting an enzyme-assisted
deprotonation of the cofactor in the active site (Figure 8B,
C). According to the model in Figure 8B, the slow step
precedes formation of the base-off species. However, this
conformational change occurs in a preassociation complex,
accounting for the observed perturbation of the pKa toward
physiological pH. This is followed by rapid docking of the
base-off cofactor in the active site, in a fluorescently sensitive
step. Alternatively, the pH-sensitive step could represent a
conformational change in the protein rather than the cofactor
that precedes ligand substitution by His610 in the active site
(Figure 8C). In both models, the fluorescently sensitive step

must follow the pH-sensitive step. If the preassociation step
resulted in fluorescence changes, then it would be difficult
to explain why the kinetics of AdoCbi and AdoCbi-PMe
association are too rapid to be measured but those of AdoCbl
are not. The slow association of AdoCbl with methylmalonyl-
CoA mutase is consistent with the>30-fold faster homolysis
of the cobalt-carbon bond under turnover conditions when
holoenzyme is mixed with substrate versus when apoenzyme
is mixed with substrate and cofactor (33).

In summary, these studies provide the first evaluation of
the relative importance of the nucleotide loop in AdoCbl to
binding versus catalysis in a B12-dependent enzyme that binds
the cofactor in a base-off, “histidine-on” conformation. The
cofactor binding energy contributed by the nucleotide tail
appears to play a critical role in the organization of the active
site and in steering the histidine residue into the correct
orientation for ligation to cobalt. In contrast, the nucleotide
tail makes a minor contribution to the affinity of the cofactor
for the enzyme. The slow step in the binding of the cofactor
involves the conformational change to the base-off state that
is assisted by the enzyme, and is bypassed in analogues
lacking the base.

FIGURE 8: Alternative mechanisms describing binding of AdoCbl to methylmalonyl-CoA mutase. The difference between the upper and
lower two pathways is that protonation of dimethylbenzimidazole occurs in solution in pathway A and in an enzyme-cofactor complex in
pathway B. In pathway B, the pH-sensitive step is ascribed to a protein-linked pKa for deprotonation of dimethylbenzimidazole whereas in
pathway C it is ascribed to a conformational change in the protein.∆F refers to the fluorescently sensitive step.
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