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The kinetics of the thermal CeC bond homolysis of the complexes of a vitamip Binding protein (haptocorrin)

with a series of analogs of neopentylcobalamin modified in side chain structure have been studied. The analogs
include the C13 epimer in which treepropionamide side chain adopts an “upwardly” axial conformation and a
series ofc side chain-modified analogs, including tltemonocarboxylate, the-N-methylamide, thec-N,N-
dimethylamide, and the-N-isopropylamide. Activation parameters for the thermal homolysis of these complexes
show that the previously observed stabilization of alkylcobalamins by haptocorrin is due to both enthalpic and
entropic factors. With the exception of that for the analog having the bulkieside chain substituent,
neopentylcobalamin-N-isopropylamide, the enthalpies of activation are independent of analog structure, but the
entropies of activation increase with the steric bulk ofdls&le chain and with the number of “upwardly” projecting

side chains, as previously observed for protein-free neopentylcobalamin and its analogs. The results are discussed
in terms of the solvent cage effect on-€6 bond homolysis and the importance of corrin ring side chain thermal

motions to the entropy of activation for this reaction.

Introduction

Coenzyme B, (5'-deoxyadenosylcobalamin, AdoChFigure
1) is involved in the catalysis of a number of enzymatic reactions
most of which involve 1,2-intramolecular substrate rearrange-
ments. Direct ESR observations of intermediates with unpaired
sping~% have produced general agreement that the first step in
the catalytic cycle of such enzymes is the homolytic cleavage
of the carbon-cobalt bond of AdoCbl to produce a'-5
deoxyadenosyl radical and paramagnetic cob(ll)alamin, the-so
called “activation” of coenzyme B> Studies of the nonen-
zymatic thermolysis of AdoCbl at elevated temperatres
suggest that the AdoCbl-dependent enzymes, ribonucleotide
reductas¥® and ethanolamine deaminddeare capable of
catalyzing the thermal homolysis of AdoCbl by some 12

T Mississippi State University.
* Cleveland Clinic Foundation.
® Abstract published ifAdvance ACS Abstract®ecember 1, 1995.
(1) Abbreviations: AdoCbl, sdeoxyadenosylcobalamin (coenzymg)B
NpChbl, neopentylcobalamin; HC, chicken serum haptocorrig; H
OCbl*, aguacobalamin; CNCbl, cyanocobalamin (vitamin)BCHs-
Cbl, methylcobalamin; Np-13-epiCbl, neopentyl-13-epicobalamin;
NpCblc-COO™, neopentylcobalamin-monocarboxylate; NpChg-
NHMe, neopentylcobalamio-N-methylamide; NpCbt-NMe;, neo-
pentylcobalamire-N,N-dimethylamide; NpCbE-NHiPr, neopentyl-
cobalamine-N-isopropylamide.
(2) Valinsky, J. E.; Abeles, R. H.; Mildvan, A. S. Biol. Chem 1974
249, 2751.
(3) Valinsky, J. E.; Abeles, R. H.; Fee, J. A.Am. Chem. S0d974 96,
4709.

(4) Babior, B. M.; Moss, J. H.; Gould, D. Q. Biol. Chem 1972 247,
4389.
(5) Orme-Johnson, W. H.; Beinert, H.; Blakley, R.1..Biol. Chem1974
249, 2338.
(6) Zhao, Y.; Such, P.; Rey, J.Angew. Chem., Int. Ed. Endl992 31,
215.
(7) Finke, R. G.; Hay, B. Plnorg. Chem 1984 23, 3041. Correction
published: Finke, R. G.; Hay, B. Phorg. Chem.1985 24, 1278.
(8) Hay, B. P.; Finke, R. GJ. Am. Chem. Sod 986 108 4820.
(9) Hay, B. P.; Finke, R. GPolyhedron1988 7, 1469.
(10) Tamao, T.; Blakley, R. LBiochemistryl973 12, 24.
(11) Hollaway, M. R.; White, H. A.; Joblin, K. N.; Johnson, A. W.; Lappert,
M. F.; Wallis, O. C.Eur. J. Biochem1978 82, 143.

0020-1669/96/1335-0217$12.00/0

orders of magnitude®12 While details of the mechanism(s) by
which these enzymes achieve this level of catalysis remain
obscure, there is general agreement that the flexibility of the
corrin ring is important and that enzymes exploit this property
by inducing an upward flex in the corrin ring to sterically
accelerate CeC bond cleavagé®2°

AdoChbl itself is only slowly thermolyzed at elevated
temperature$;,® and its thermolysis results in competing-60
bond homolysis and heterolysis? the latter resulting from the
presence of & oxygen atom in its organic ligand, which permits
elimination of cob(lll)alamir=24 Consequently, simpler model
compounds, particularly benzyl- and neopentylcobalamin
(NpCbH), have been widely studied, as these complexes
decompose strictly by CeC bond homolysis since they lack
both ag heteroatom ang@ hydrogens, thus preventing elimina-
tion of either cob(lll)alamin or cob(l)alami#.2>32 Recent
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» o NH: c upwardly projecting side chains in the ground state by the bulky
j PN Np ligand decreases the ground state entropy of the complex.

NH,
0 Nﬁx In the homolysis transition state, the increased separation of
o/ fNH: Ny N>
O
(o]

the Np ligand from the cobalt corrinoid decreases this steric
" suppression of side chain motion so that reaction progress

\\\\\\

Adocol &= increases the net entropy of the system. In the case of the

ln, side chain substituted analogs, increasing the steric bulk of the
JO‘\ e substituent progressively increases the steric resistance to side
NH, chain rotation, progressively decreasing the ground state entropy.
NH N BC cH, Molecular mechanics calculatioihave shown that the steric
:@i NpChl, R= “~CH, barrier to c side chain rotation does indeed increase with

OH

HC increasing size of the side chain substituent and that the barrier

\,

HOJ/\_y to rotation decreases substantially as the—Cobond is
Figure 1. Structure of 5deoxyadenosylcobalamin (AdoCbl, coenzyme lengthened, gppfoachlng t_he putative transition state. These
B12) and neopentylcobalamin (NpCbl). values for activation entropies were then used to estithtitat

as much as 3040% of the catalytic power of an AdoCbl-
results from our laboratof§303133suggested that corrin ring dependent enzyme for catalysis of AdoCbl homolysis could
side chain thermal motions might be an important source of come from maximal restriction of ground state side chain
entropic activation for the homolysis of such complexes. The entropy by the enzyme. Such catalysis might by effected by
importance of side chains in the entropy of activation for€o ~ @n enzymatically induced upward flex of the corrin ring, which
bond homolysis is apparent from a comparison of the RCbls to would increase the steric interactions between the acetamide
alkylcobaloximes, simple bis(dimethylglyoximato)cobalt model Side chains and the bulky Ado ligand. _
complexes which lack any side chains, and to alkylcobaltocta- However, the thermal mobility of Cbl side chains could be
ethylporphyrins. The entropy of activation for homolysis of Significantly different at an enzyme active site from that in
(1-phenylethyl)cobaloximes with substituted pyridine axial solution. Clearly, in solution, when ttueside chain is sterically
ligands is characterized by entropies of activation in the range Prevented from inwardly projecting conformations, it may still
—3.9 to+3.9 cal mot? K~1,34 while homolysis of benzylco- ~ adopt many outwardly projecting conformations. This may not
baltoctaethylporphyrin complexes with phosphine axial ligands be the case in a protein Cbl-binding pocket, where outward

occurs with activation entropies of-Z cal moft K-135 In rotation of the side chains may be prevented by nearby amino
contrast, the entropies of activation of benzylcobal&fémd acid residues. Presumably, increased-Coseparation as the
NpChbP2 are about 19 cal mot K1, transition state is reached would still provide new conformations

for the side chains in the interior space, providing entropic
activation for the reaction, but it is not clear how the additional

chains is altered, in order to explore the importance of side chain MOtional restrictions in the enzyme-bound ground state would
thermal motions in the activation of €€ bond homolysis.  affect the activation entropy in such circumstances.

These have included Np-13-epiCbl, the NpChl epimer in which !N order to address this question, we have now studied the
the e propionamide side chain (Figure 1) adopts an upwardly thermal Ce-C bond homolysis of the side chain-altered NpCbl

axial position3 and a series of NpCbl analogs in which the anallogs bound to a vitamin,Bbinding protein, a haptocorrin
upwardly projecting: acetamide was systematically altered in (HC) from chicken serum. We have previously used this
order to vary its steric bulk, including themonocarboxylate ~ Protéin as a model for the interactions between Cbls and
(NpCblc-COO"), thec-N-methylamide (NpCbt-NHMe), the enzymes'13738 This haptocorrin is known to tightly bind Cbls
¢-N,N-dimethylamide (NpCbk-NMe,), and the c-N-isopro- with the_ upper axial ligand position open to t_he solutfoand
pylamide (NpCble-NHiPr)12 The enthalpies of activation for ~ 1© Stabilize RCbls toward thermal homolysis by some32
these analogs were essentially unaltered from that of NpChbl orders of magnitude, an effect which has not yet been explained

itself32 suggesting that alteration of the number of side chains @nd is also addressed by these studies.
at the upper corrin face or substitution at thgide chain, even
with very bulky groups, does not induce any ground state strain
in the Co-C bond. For the series @fside chain substituted Fresh blood obtained from chickens at slaughter was centrifuged
analogs, NpCh&-COX, the entropy of activation increases in for 20 min at 900@, and the serum was stored a0 °C. A
the order X= O~, NH,, NHMe, NMe,, NHiPr, the same order modification of the method of Jacobsen etalvas used to purify
as the van der Waals volume of X, from 16:40.4 to 24.9+ hapt_ocorrin from chicken serum. Serum was thavv_ed and filtered by
0.3 cal moft K1, although the last two compounds have suction through cotton gauze and Whatman No. 4 filter paper. Under
) . ' dim red illumination, 50 mL (settled volume) of Sephacryl beads (S-
essentially the samaS' value. 200-HR; Sigma Chemical Co., St. Louis, MO) containing 1.8dol/
These effects on the activation entropy for homolysis of mL of covalently attached (aminopropyl)cobalaffimere added to
NpCbl analogs can be interpreted in terms of the importance 2.9 L of filtered chicken serum, and the mixture was stirred for 16.5 h
of side chain rotational motions to the entropy of the complex. at4°C. The unsaturated CNCbl binding capacity of the serum before

In this view, steric interference of the rotational mobility of the treatment with the cobalamin affinity beads was 511 ng of CNCbl/
mL. After treatment, the binding capacity was 0.24 ng/mL, signifying
that essentially all of the apo-HC had been adsorbed by the beads. The
serum was then aspirated from the settled beads, and the beads were

Recently, we studied the thermolysis of NpChbl analogs in
which the number and/or structure of “upwardly” projecting side

Experimental Section
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packed inb a 3 cmdiameter column. The column was washed
sequentially with 350 mL of 0.05 M sodium phosphate (gH7.0)
containing 0.5 M NacCl, 400 mL of 0.05 M sodium acetate (pH.5)
containing 0.5 M NacCl, 150 mL of 0.05 M sodium phosphate éH
7.0) containing 0.5 M NacCl, 400 mL of 0.05 M sodium glycinate (pH
= 9.0) containing 0.5 M NaCl, 150 mL of 0.05 M sodium phosphate
(pH = 7.0) containing 0.5 M NaCl, and 100 mL of 1.0 M guanidine
hydrochloride (ultrapure; GIBCO BRL, Gaithersburg, MD) (gH7.0).
The column was then treated with 45 mL of 7.5 M guanidine
hydrochloride (pH= 7.0) (fraction A) for 15 min to release apo-HC.
This was followed by two additional treatments with 50 mL of 7.5 M
guanidine hydrochloride (pk= 7.0) (fractions B and C) for 30 min
each which contained the bulk of the released apo-HC. The three
fractions were dialyzed exhaustively against 0.05 M sodium phosphate
(pH = 7.0) containing 0.5 M NacCl to remove guanidine hydrochloride,
Fractions A, B, and C, contained total unsaturated CNCbl binding
capacities of 11.9, 404.4, and 214§, respectively. The overall yield
of apo-HC based on the initial CNCbl binding capacity and the
recovered binding capacity in fractions B and C was 42%. The specific
activities of fractions B and C were 12.8 and 34.6 mg of CNCbl bound/
mg of protein. Protein concentration was determined by the BCA
method (Pierce, Rockford, IL) using bovine serum albumin as a
standard.

NpCbl, Np-13-epiCbl, and the side chain-altered NpCli-COX
complexe¥ were obtained as described previod$#j and stored in
1072 M HCI as their protonated, base-off forms-ag0 °C.

Inorganic Chemistry, Vol. 35, No. 1, 199&@19
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Figure 2. UV —visible spectra of NpCbl-c-NHiPr and its complex with
haptocorrin at 3C: solid line, base-off, pH 1.0 in 0.1 M HCI; dashed
line, neutral species, pH 7.5 in 0.1 M potassium phosphate buffer; dotted
line, haptocorrin complex, 5.8 10°% M haptocorrin, pH 7.5in 0.1 M
potassium phosphate buffer. The Np@HNHIPr concentration was

UV —visible spectra and single-wavelength kinetic measurements 4 g5, 10-¢ M for each spectrum, and ionic strength was adjusted to
were made on a Cary 219 recording spectrophotometer equipped withq g pm with KCI.

a five-cell thermostated cell turret. Temperature was controlled and
measured as described previouBlySpectrophotometric samples (0.4
mL total volume in 1.0 cm path length quartz microcuvettes) contained
(5—-9) x 10°® M NpChl derivative and a slight molar excess (3%) of
apo-HC, 0.1 M potassium phosphate buffer, pH 7.5, and KCI to adjust
the ionic strength to 1.0 M. Reactions were run aerobically, as dissolved
O, has been shown to be a kinetically competent trap for theaNgd
cob(ll)alamin radicals.t23%3233 Kinetics were monitored at the
wavelength of maximum absorbance increase {336 nm) and at

the wavelength of maximum absorbance decrease{328 nm). First-

order rate constants were obtained from nonlinear least-squares
regressions of the absorbance vs time data to the appropriate exponential

function. For each derivative, kinetic measurements were madeldl 6
temperatures over the range-350.5 °C, except for NpCbE-NHiPr,

for which the temperature range-30 °C was used. The rate constants
were fitted to the Eyring equation by a weighted least-squares
proceduré® to obtain the enthalpyH") and entropy AS) of activation.

Results

Binding of NpCbl and its analogs to HC results in the spectral
changes shown in Figure 2 for NpCBINHiPr as an example.
These spectra were recorded at& in order to prevent any
significant decomposition of the NpCbNHiPr during the
experiment. As is now well documented, NpChbl and its analogs

exist at neutral pH as a mixture of the base-on and base-off

species, despite the fact that the axial nucleotide is not
protonated under these conditioi#g%.26:30.32.33Thjs is clearly
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Figure 3. Time-dependent spectral changes due to the thermalCCo
bond homolysis of the haptocorrin complex of NpCbl-c-NHiPr at 25.5
°C. The sample was 4.96 1076 M in NpCbl-c-NHiPr and 5.0x 1076

M in haptocorrin, pH 7.5 in 0.1 M potassium phosphate buffer, ionic
strength 1.0 M (KCI). The arrows show the direction of the spectral
changes at = 0, 10, 20, 30, 40, 50, 60, and 110 min. Inset:

seen in Figure 2 where the spectrum at pH 7.5 (dashed line) Semilogarithmic plot of the absorbance changes at 351 nm. The solid
displays some of the spectral features of the base-off species afin€ is a least-squares regression line, slepe0.0355+ 0.0002 min,

pH 1.0 (solid line). Upon addition of apo-HC to the neutral
sample of NpCbk-NHiPr, a large spectral change occurs
immediately, and the spectrum of the complex (Figure 2, dotted
line) strongly resembles that of a base-on RCbl. This confirms

our earlier conclusions that Cbls are bound to HC in the base-

on form31.37

When the HC-NpCbt-NHiPr complex was warmed to 25.5
°C, thermal decomposition of the protein-bound NpCbl analog

intercept= —2.73 £ 0.006,r2 = 0.999, andkops = (5.91+ 0.03) x
4 Sﬁl.

bond homolysis in aerobic solution where cob(ll)alamin is
rapidly oxidized to HOCbI". The kinetics of the thermolysis

of the complexes of each of the NpCbl analogs with HC were
studied at the wavelengths of maximal absorbance decrease (near
322 nm) and increase (near 353 nm). For the HC-NpChl
complex, dissolved oxygen in air-saturated solution was shown

ensued, as shown in Figure 3. First-order spectral changes werg@o be kinetically competent to trap the products since the

observed (Figure 3, inset) with isosbestic points at 336, 369,
409, 454, and 527 nm. The final spectrum strongly resembled
that of HC-bound HOCbI™,37 the anticipated product of GeC

observed rate constant (at 38) was unchanged when the
reaction was run in @saturated solution. In another control
experiment, the rate constant for HC-NpCbl thermolysis at 55
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Table 1. Activation Parameters for the Thermal Homolysis of NpCbl and Its Side Chain-Altered Analogs and of Their Complexes with
Chicken Serum Haptocorfin

NpCblc-COO- NpChl NpCble-NHMe NpCblc-NMe; NpCbl-c-NHiPr Np-13-epiChl
HC Complexes
AH?* kcal mol? 30.2+ 0.1 30.2+0.1 30.9+0.1 31.2+04 28.3+ 0.1 31.6+0.2
AS, cal molrt K1 14.84+ 0.3 15.0+ 0.2 17.9+£ 0.5 22.1+ 0.7 214+ 04 20.5£ 0.5
AAS moa? cal moft K1 —-0.2+04 0 2.9+ 05 7.1+ 0.7 6.4+ 0.4 5.5+ 0.5
Protein-Free Complexes
AH¥ ¢ kcal mol?t 275+ 0.1 28.3+0.M 28.7+£0.2 29.4+ 0.2 29.1+ 0.1 29.7+ 0.2
AS' ¢ cal molFt K=t 16.4+ 0.4 19.3+ 0.6 21.1+0.7 24.8+ 0.6 249+ 0.3 24.0+ 0.6
AAS og° cal molrt K1 —294+0.7 0 1.8+ 0.9 5.5+ 0.8 5.6+ 0.7 4.7+ 0.8
AASyc, cal molFt K1 16+0.5 4.3+ 0.6 3.2+ 0.9 2.7+ 0.9 3.5+ 0.5 3.5+ 0.8

apH 7.5 in 0.1 M potassium phosphate buffer, ionic strength 1.0 M (Kjfference in entropy of activation between the NpCbl analog and
NpChl itself.© Reference 12 except as notédReference 32¢ Reference 33! Difference in entropy of activation between the protein-free and
haptocorrin-bound NpCbl derivative.

°C was also unchanged (within experimental error) by addition ¢ side chain substituent, NpCbiNHiPr, the enthalpies of

of a 2-fold excess of apo-HC. Rate constants at various activation are again essentially independent of structure, the
temperatures were used to construct Eyring plots (not shown)average value being 308 0.6 kcal mot™. This value is 1.9
from which activation parameters for the thermal homolysis + 0.9 kcal mot? (p < 0.1) greater than that of the protein-free
were extracted. These results are collected in Table 1, whichanalogs, demonstrating that the complexes experience some
also contains the activation parameters for the thermolysis of enthalpic stabilization of CoeC bond homolysis upon com-
the protein-free NpCbl analogs. The latter have been carefully plexation to the protein. This could be a microenvironment
corrected for the presence of the base-off species and soeffect of the protein binding pocket, as it is similar in magnitude
represent the activation parameters for the base-on specieso the difference im\H* for NpChbl in ethylene glycdP and in
only123233 |n order to allow a precise comparison of the water3? although other explanations are possible as discussed
activation parameters for protein-bound NpCbl analogs to those below. Nonetheless, with the exception of NpCH¥HIPr, the

of the HC-NpCbl complex itself, kinetics for the latter complex effect of side chain modification on the homolysis of protein-

were reexamined. The resulting activation parameigks (= bound NpCbls is entirely entropic, as is the case for the protein-
30.24 0.1 kcal mot?, ASF = 15.0+ 0.2 cal mot! K1) were free NpCbl analogs. Most importantly, the trendsA§® for

not significantly different from those previously obtainesHF the HC-bound NpCbl analogs are quite similar to those for the
= 29.94 0.5 kcal mofi, ASF = 14.14+ 1.5 cal mott K~1)3L protein-free complexes. Thus, with the exception of that for
but are more precise. the HC-NpCble-COO~ complex, the entropy of activation

As seen in Table 1, there is little or no variation in the increases with increasing bulk of tleeside chain but shows a
enthalpy of activation for the protein-free NpChl analogs, the leveling off for the most bulky side chain substituents, as also
average value being 28.2 0.8 kcal motl. As discussed observed for the protein-free analogs. While the differential
elsewheré? this strongly suggests that the structural modifica- €entropies of activation due to structural modification S mo,
tions considered here do not cause any ground stat€dmnd are larger for each analog when complexed to the protein than
strain which would be expected to significantly affesH®. when free in solution, in all cases but one the increases are not
However, the entropies of activation vary quite significantly statistically significant. We conclude that additional restrictions
with structure. For the NpCll-COX seriesAS' increases with of side chain thermal mobility due to complexation to a protein
increasing steric bulk of the X substituent but levels off at about Cbl-binding pocket, if indeed such occur here, do not signifi-

24.8 cal mot! K~ for the two bulkiest substituents (¢ NMe,, cantly affect the entropic participation of side chain mobility
and NHiPr). This represents an increase in activation entropy, in Co—C bond homolysis.

AAS o4 (Table 1), of about 5.5 cal mol K1 (or about 25%) The HC complex of NpCbt-NHiPr is clearly exceptional.
above that for NpCbl itself. A similar increase (4.7 cal miol  In addition to an increase inS' relative to HC-NpCbl AAS od
K~1) occurs upon epimerization of theside chain in Np-13- = 6.4+ 0.4 cal mof! K1), there is a significant decrease in

epiChl. These results have been interpré¥étto mean that the enthalpy of activation relative to the HC complexes of all
increasing the steric bulk of theside chain, or placing a new  of the other analogs¥AH* = 2.5+ 0.6 kcal mot* (p < 0.02)).

side chain in an upwardly axial position, decreases the ground These effects combine to increase the rate of homolysis of HC-
state entropy of the complex due to increased steric restriction NpCblc-NHiPr by a factor of 700 (at 25C) relative to that of

of upwardly projecting side chain rotation by the bulky Np HC-NpCbl, the effect being nearly equally entropic (43%) and
ligand. In the case of the side chain-modified analogs, the enthalpic (57%) at this temperature. Here it seems likely that,
increased steric hindrancedside chain rotation with increased ~ for the very bulky NHiPr substituent, restriction of side chain
bulk of the side chain is supported by molecular mechanics mobility by enclosure in the binding pocket does cause steric
calculationg2 The partial relief of this steric restriction to side ~ strain in the Ce-C bond since the side chain may be unable
chain rotation as the GeC bond is stretched during the reaction to adopt any conformations which do not cause steric contact
progress, also supported by molecular mechanics calculdfions, between thee side chain substituent and the Np ligand. The

leads to the observed effects &% The leveling off ofASF resultant increase in the ground state-@ bond enthalpy
seen in this series is interpreted to mean that once-BOX presumably generates the observed effecéfi.

moiety has reached a certain size, trgéde chain is effectively ) )

excluded from any inwardly pointing conformations and further DiScussion

increases in bulk have little or no additional effect oside With the exception of NpChbt-NHiPr, NpChl and its analogs
chain rotational mobility. are stabilized toward thermal €& bond homolysis by an

For the HC-bound NpChbl analogs, the data in Table 1 show average of 380-fold (at 25C) upon complexation to haptocorrin.
that, with the exception of that for the analog with the bulkiest Since it is clear that the upper axial ligand position of HC-
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bound Cbls is readily available to solutidf;®° this effect has 1.0), values for fractional cage efficiencies are not readily
not yet been adequately explained. The remote possibility thatavailable. However, the cage efficiency for AdoCbl in water
the HC complexes are totally inert and the observed reactivity at ordinary temperature can be estim&led be 0.7+ 0.8 from

is due to a very small amount of free Cbl in rapid equilibrium the original flash photolysis study of Endicott and Net#elhe

with the complex is eliminated by the observation that the rate precision of this estimate can be increased substantially by using
constant for thermolysis of the HC-NpCbl complex was not a more recent value d§ for AdoCbl/” which givesF. = 0.7
altered by addition of a 2-fold excess of Apo-HC. In our earlier £ 0.2. If this value is approximately correct for NpCbl, then
work on the thermolysis of HC-bound NpCbl and benzyl&bl, complexation to HC would have to incred&gto just over 0.999

we concluded that the stabilization of these complexes by in order to explain the 380-fold decrease in the observed
complexation to HC was entirely an entropic effect. However, thermolysis rate constants. This would require a 1220-fold
in the case of NpCbl, this conclusion rested on values of the reduction inky, which clearly cannot be the case, since the loss
activation parameters for free NpCbl which have subsequently of the contribution to diffusional separation by cob(Il)alamin
been redetermined with greater accuracy and prec#iorhe motion must have a much smaller effectlgrthan this. Thus,
results in Table 1 clearly show that NpCbl and its analogs are if the cage effect is solely responsible for the stabilization of
stabilized upon complexation to HC by both an increase in the RCbls by HC,F. must be increased by both a decreaségin
enthalpy of activation and a decrease in the entropy of activation.and an increase in the rate of geminate recombinatign (

The average increase i&xH* is 1.9+ 1.0 kcal mot?! (with the Further insight into the importance of cage effects here can
exception of that for NpCbt-NHiPr), while the average be obtained by examining the cage effect on the observed
decrease iM\SF (AASfc in Table 1) is 3.1+ 0.9 cal mot? activation parameters. As shown by Koenig et*&lthe

K~1, so that, at 25C, the stabilization is 67% enthalpic and activation parameters for homolysis are altered by the cage effect

33% entropic. asineqgs 4 and 8 As discussed previoush*!the term ASy
It is now clear that metal-carbon bond dissociation reactions
proceed through solvent-caged radical péait$44 and that cage AH*ObS= AH*l + FC(AH*d - AH*C) 4)
effects can contribute significantly to the observed kinetics of
these reactions. Using the formalism of Koenig et'deq 1), AgobS: A§l + Fc(Agd — As*r) (5)
Mol < ML LTI 1) — AS) must be positive, sincaSy is the entropy of activation
Ke k-1

due to diffusional separation of the caged pair, whilgf, must
be negative, since it is the entropy of activation for recombina-

for the case where one or both of the free radical products arefion within the cage. This has led to the conclusion that the
rapidly trapped (as here, byDthe observed rate constant for €2ge isin fact an enthalpic phenomerdwhich in turn implies

homolysis koss is given by eq 2, wherg, the fractional cage ~ that AH*a — AH") must also be positive. This must be true
anyway, sinceAH*; is surely positivé! while AH*. must be

Kops= (1 — Fk, 2) zero (or negativ®® ). Thus, if the fractional cage efficiency is
indeed increased when NpCbl or its analogs complex to HC,
efficiency, is given by eq 3. Frisbie and Chaffdeave reported ~ €0s 4 and 5 predict that bofiH*opsand AS'ops should increase.
As discussed abovedH*,,s does indeed increase (with the
F.=kJ(k. + k) (3) exception of that for NpCbt-NHiPr) upon complexation, and
the cage effect may well be responsible for this increase.
a large decrease in the quantum yield for4CHI photolysis ~ However,AS',s decreases upon complexation to HC, and so,
upon complexation of CkCbl to human HC and attributed this ~ if there is an increase in the cage efficiency upon complexation,
effect to an increase in the rate constégtfor geminate recom- ~ Which seems quite likely, some other factor must counter the
bination within the solvent cage. While such an effect is possi- expected increase iASops . o
ble, it occurs to us that complexation of an RCbl to a protein  We previously suggestétithat the entropic stabilization of
the size of HC should also result in a reduction of the rate NPCbl and benzylcobalamin upon complexation to HC might
constantky, for diffusional separation of the caged radical pair. b€ due to hydrogen-bonding interactions between the corrin side
Although the diffusion constants for cob(ll)alamin and the Np  chains and the protein binding pocket. Such an interaction
radical are not known, it seems quite likely that the diffusional Would decrease side chain thermal mobility and thus lower the
motion of both of these species contributeskgofor NpCbl entropy of activation by decreasing the extent of relief of the
homolysis despite the fact that their mass ratio is 18.7:1. The steric restriction to side chain rotation in the transition state due

situation for HC-complexed NpChl is, however, quite different, t0 the departing Np ligand. The current data can be brought to

since the mass ratio for HC-cob(ll)alamin and*Ng 938:1. bear on this question since the structural alterations of the NpChbl
Clearly, in this case, virtually all of the motion involved in the ~analogs alter the ability of the side chains to act as hydrogen
diffusional separation of the caged pair is due to diffusion. bond donors. Thus, the decrease in the entropy of activation

Thus, on complexation to the protein, the contribution of cob- UPON complexation to the proteidAS'uc, Table 1) should
(Ialamin motion to the diffusional separation of the caged pair reflect the alteration of hydrogen-bonding capabilities of the

is lost andkg must decrease, leading to an increas€dn analogs if such a mechanism is occurring. As a result, NpCbl
Other than Garr and Finké%value of F. for 5'-deoxyad- itself would be expected to have the largest valuAdiSic,
enosylcobinamide in ethylene glycol at 110 (0.94< F. < those analogs which have lost one-N donor (NpCble-NHMe

and NpCble-NHiPr) to have somewhat lower values/mhSfc,
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and those that have lost both-—{# donors (NpCble-NMey, haptocorrin due to an average increase hops of ~1.9 kcal
NpChblc-COO, and, presumably, Np-13-epiChl) to have the mol™ and a decrease iIMSo,s of ~3.1 cal mot? K1,
lowest values ofAAS'c. Inspection of the data in Table 1  Consideration of the expected effect of complexation to the
shows that there is at least a suggestion of such a pattern in theprotein on the solvent cage effect leads to the conclusion that
AASc values for the NpCb&-COX series in which the values  the cage efficiency must increase due to the reduced rate of
decrease in the order NpCbINpCbl-c-NHMe, NpCblc-NHiPr diffusional separation of the caged pair. However, it is clear
> NpCblc-NMe; > NpChbl-c-COO™. However, the differences  that the increased cage efficiency alone cannot account for
between theAASFyc values are small and are not, in general, the observed stabilization of NpCbl and its analogs. This
statistically significant for adjacent members of the order given increased cage efficiency should lead to increases in both
above. In addition, thA ASf,c value for Np-13-epiCbl would the observed enthalpy and entropy of activation. In contrast,
seem to be too large, unless there is a fortuitous hydrogen bondthe entropy of activation is decreased upon complexation to
acceptor in the binding pocket which can interact with this the haptocorrin. This observation is consistent with our
misplaced side chain. We conclude that the present data can-earlier suggestion that entropic stabilization of NpCbl by
not distinguish between the presence or absence of hydro-haptocorrin results from restriction of the motion of the
gen-bonding interactions with the corrin side chains in the Cbl- acetamide side chains by hydrogen-bonding interactions with
HC complexes. This question is currently being addressed bythe protein binding pocket. However, the actual changes in
attempts to measure the thermodynamics of the binding of side AS,ps 0bserved here among the side chain-altered analogs of
chain-altered Cbls to HC and by attempts to observe the amideNpCbl are not sufficiently different to provide direct support
H and*>N NMR resonances of HC-bound Chls. for this hypothesis.
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