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Interactions of Diol Dehydrase and,8-Anhydroadenosylcobalamin: Suicide
Inactivation by Electron Transfer
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ABSTRACT. 3,4'-AnhydroadenosylcobalamiaAdoCbl) is an analogue of the adenosylcobalamin (AdoChbl)
coenzyme (Magnusson, O.Th., and Frey, P. A. (200@m. Chem. Soc. 1228078813). This compound
supports activity for diol dehydrase at 0.02% of that observed with AdoCbl. In a side reaction, however,
anAdoCbl induces suicide inactivation by an electron-transfer mechanism. Homolytic cleavage of the
Co—C bond ofanAdoCbl at the active site of diol dehydrase was observed by spectrophotometric detection
of cob(ll)alamin. Anaerobic conversion of enzyme bound cob(ll)alamin to cob(lll)alamin, both in the
absence and presence of substrate, indicates that the coenzyme dedgeslys3,4' -anhydroadenosine-

5'-yl serves as the oxidizing agent. This hypothesis is supported by the stoichiometric formatids+of 3
dideoxyadenosine-&'-ene as the nucleoside cleavage product, as determined by high-performance liquid
chromatography, mass spectrometry, and nuclear magnetic resonance spectroscopy. Experiments performed
in deuterium oxide show that a single solvent exchangeable proton is incorporated into the product. These
data are consistent with the intermediate formation of a transient allylic anion formed after one electron
transfer from cob(ll)alamin to the allylic sleoxy-3,4'-anhydroadenosyl radical. Selective protonation at

C3 was demonstrated by spectroscopic characterization of the purified product. This study provides an
example of suicide inactivation of a radical enzyme brought about by a side reaction of an analogue of
the radical intermediate.

DDH (diol dehydrase, EC:4.2.1.28) catalyzes the AdoCbl- Scheme 1
dependent dehydration of small vicinal diols to the corre-

H H H
sponding aldehydedl). As in th_e cases of other Ad_oQbI-_ ch——cl:—cI:H H3C—(|:—(.:H
dependent enzymes, the reaction involves the participation (')H 6H /\ 6H CI)H
of organic radical intermediates and a 1,2-migration of a . Ado—CH c
functional substituent, in this case a hydroxyl group, with Ado—CH, P
the concomitant transfer of a hydrogen atom. The minimal \CH2 . .
catalytic mechanism for DDH with 1,2-propanediol as a
substrate is shown in Scheme 2).( Enzyme-induced Co¥/ ——= M &
cleavage of the CeC bond of AdoChl generates Clband | | |
a 5-deoxyadenosyl radical The 3-deoxyadenosyl radical N N N
abstracts a hydrogen atom from C1 of 1,2-propanediol to H oM H OH
form the substrate radicel The rearrangement of this radical |1 \/ L1
to yield the product radical occurs by an as yet unidentified H3C"E—g: HC—C iy :
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anhydroadenosylcobalamin; anhydroadenosyl radicadedxy-3,4'- mechanism. Several mechanistic proposals have been put
anhydroadenosing-§l; Cbl", cob(ll)alamin; Cbl', cob(lIl)alamin; forward 3—5). The reabstraction of a hydrogen atom from

DDH, diol dehydrase; DEAE, diethylamino ethyl;-8eoxyadenosyl 5'-deoxyadenosind yields the gemdiol product, which

radical, 3-deoxyadenosine-yl; EDTA, ethylenediamine tetraacetic . ,
acid; EPR, electron paramagnetic resonance; ESI-MS, electrospraylmd(:"rgoes enzyme Catalyzed dehydratlon' and t'hb@(y'

ionization mass spectrometry,@®-Cbl, aquocob(lll)alamin; HPLC,  adenosyl radical, which recombines with Ct regenerate
high-performance liquid chromatography; IPTG, isopropy! thio- the coenzyme.

galactoside; KR potassium phosphate; LGS, liquid chromatogra- _ ; ;
phy—mass spectrometry; NADHE-nicotinamide dinucleotide; NMR, Toraya and co-workers have extensively studied the

nuclear magnetic resonance; ©8bl, hydroxocob(lil)alamin; PMSF, StrUCture‘funCtiof‘ relationship of thelcoe.nzym?- Theo- _
phenylmethyl sulfonyl fluoride. ribofuranose moiety of the upper axial ligand is essential,
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possibly through its rigid structure, but minor modifications
in the ribose can be tolerated, and both thal&@xy and
3'-deoxy derivatives are functional coenzymes). (The
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where (1). The **C-labeled compound was prepared from
a [ribosel3Cs]anATP precursor, the synthesis of which is
described elsewherd 4).

DNA Expression and Protein PurificationThe gene
encoding DDH fronSalmonella typhimuriurwas a generous
gift from Dr. T. A. Bobik, University of Florida, Gainesuville,
FL. The cDNA for DDH in a pT7.7 vector was overex-
pressed in a BL21DES3 cell strain &scherichia coli Cell
cultures were grown in shaker flasks in TB media containing
100 ug/mL of ampicillin until the absorbance at 600 nm
reached 0.81.0, at which time the cells were induced by
the addition of 0.5 mM IPTG. The cells were harvested 4 h
later, frozen in liquid nitrogen, and stored at70 °C.
Approximately 50 g of wet cells were routinely obtained
from 6 L cultures (12x 500 mL).

All steps in the purification procedure were performed at
4 °C. Cell lysis was done by sonication, after suspending

enzyme is also sensitive to the changes in the heterocyclic™50 g of the frozen cells in 180 mL of a 200 mM Kuffer
base, although slight alterations at the nitrogen atoms can(PH 8) containing 1% 1,2-propanediol, 1 mM EDTA, and 1

be accommodated). The binding of 5deoxyadensoine and

mM PMSF. The suspension was centrifuged at 16GQydoo

other related compounds to the apoenzyme has been dem#0 min, after which<1% of the activity remained in the

toward adenine nucleosided (Alterations in the corrin ring

and the suspension was sonicated and then centrifuged at

of the coenzyme, peripheral side chains, and nucleotide linker160 00@ for 30 min. The pellet was resuspended in 120

moiety have also been probed with varying effects, although
the enzyme usually retains some or full activity in most of
these cases(9).

Despite numerous structuréunction studies, the mech-
anism of Co-C bond cleavage is poorly understood. The
binding of substrate appears to trigger homolysis, and an
appreciable amount of Cblcan be detected by either
spectrophotometry or EPR spectroscopy. However, the
enzyme undergoes slow irreversible cleavage of the co-

enzyme under aerobic conditions in the absence of substrate

leading to the formation of OHCbl, presumably due to ©
mediated oxidation of ChI(10). This observation suggests

that Co-C bond cleavage can occur without substrate present

and that the holoenzyme can be described in pre-equilibrium
between intact and cleaved cofactor, which is shifted toward
homolysis upon the binding of substrate.

mL of 10 mM KR (pH 8), 1 mM EDTA, 1% 1,2-
propanediol, and 1% sodium cholate buffer; and the enzyme
was extracted by gently stirring the suspension for 4 h. After
ultracentrifugation,~90% of the enzyme activity was found

in the supernatant fluid. The supernatant was diluted 4-fold
with 10 mM KR (pH 8), 1% 1,2-propanediol, and 0.4%
sodium cholate buffer and applied to a 250 cm DEAE-
Sephacel anion exchange column that had been equilibrated
in the same buffer. The enzyme was eluted from the column
with a 2 L linear salt gradient (6400 mM KCI), and
fractions containing DDH were pooled based on absorbance
at 278 nm and enzymatic activity. The purified protein was
concentrated te~60 mg mLt by ultrafiltration using an
Amicon concentrator with a 30 kDa molecular mass cutoff
membrane. The protein was frozen in liquid nitrogen and
stored at—70 °C. The purity of the enzyme was judged to
be >90% on the basis of SDPAGE. The yields in terms

We have previously described the synthesis and charac-of njts of enzymatic activity ranged between 65% and 75%.

terization ofanAdoChl, an analogue of AdoCbl designed to
offer allylic stabilization of the 5deoxyadenosyl radical
(Scheme 2)11). The compound is unstable and decomposes
rapidly at room temperature in the presence of oxygen or
other radical scavengerl). This property is attributed to

a weak Ce-C bond, and the bond dissociation energy is only
~24 kcal mot? (11), which is~6 kcal mol? lower than
has been measured for AdoChPR( 13). The present study
describes the interactions between DDH amé&doCbl.

EXPERIMENTAL PROCEDURES

Materials. Sodium cholate, DEAE-Sephacel, AdoChl,

Preparations of DDH exhibited specific activities of-380

IU mgtin the standard assay at 26, where the protein
concentration was measured using an extinction coefficient
at 278 nm of 0.536 (mg/mL} (15).

In experiments with DDH andnAdoCbl, the enzyme was
made anaerobic by repeated evacuation and flushing with
O.-free argon for at least 30 min, while the protein was kept
on ice. Less than 10% activity loss was observed upon this
treatment. Alternatively, the enzyme was dialyzed against
10 mM KPR, (pH 8), 1% 1,2-propanediol, and 0.5% sodium
cholate buffer inside a Coy anaerobic chamber. The dialysis
was performed in a double-wall beaker chilled with circulat-
ing icewater. This latter method was also used to prepare

hydroxocobalamin, NADH, and yeast alcohol dehydrogenasesubstrate-free enzyme, in which the buffer was devoid of

were from Sigma. Deuterium oxide (99.9% D) arigl9)-
1,2-propanediol were from AldrichR(S)-1,2-PHg]propanediol
(99.5% D) was obtained from CDN Isotopes. All other
solvents, buffers, and chemicals were obtained either from
Fisher or Aldrich and used as supplieanAdoCbl and
[ribose+3Cs]anAdoCbl were synthesized as described else-

1,2-propanediol. Up to 20% loss in activity was measured
after dialysis in substrate-free buffer. The anaerobic enzyme
was frozen and stored in liquid nitrogen.

Enzyme AssayEnzymatic activity of DDH was measured
using a coupled assay witiR)-1,2-propanediol as the
substrate in which the propionaldehyde was reduced by



Electron Transfer in Diol Dehydrase Biochemistry, Vol. 41, No. 5, 20021697

NADH upon the action of alcohol dehydrogenas®. ( Analysis by NMR Spectroscoi8amples of the nucleoside
Standard assays were performed in 50 mM @PI 8) buffer product for NMR analysis were prepared by mixing:8a
containing 1% 1,2-propanediol, 1% sodium cholate, 2580 DDH and 70uM anAdoCbl in a total volume of 12 mL in
NADH, 20 M AdoCbl, and 10 IU of alcohol dehydroge- the absence of dioxygen. The anaerobic reaction progress
nase. The reactions were initiated by the appropriate amountwvas monitored by spectrophotometry, as described previ-
of DDH, and the reaction progress was monitored by the ously. After the partial removal of protein by TCA precipita-
decrease in absorbance at 340 nm at@5The initial rates  tion and neutralization with KOH, the remaining protein was
were calculated from the linear portion of the progression separated from smaller molecules by ultrafiltration using
curves using an extinction coefficient of 6.22 mhvem™1 Centriprep 10 (Amicon). The filtrate was concentrated by
at 340 nm for NADH. The reactions were monitored with rotary evaporation, and the nucleoside product was purified
either a Hewlett-Packard Model 8102 diode array spectro- by reversed-phase HPLC. A semipreperativg lumn
photometer equipped with a circulating temperature bath or (Phenomenex; 258 10 mm) with a linear gradient of 10

a Shimadzu dual-beam spectrophotometer with a Peltier80% MeOH containing 5 mM sodium acetate (pH 4.8) in
temperature controller. In assays witnAdoCbl as a 25 min was employed. The desired nucleoside product
coenzyme, buffer and assay reagents were prepared wittEMerged in 21 min under these conditions, and the pooled

anaerobic water that had been deoxygenated by purging withff2ctions were lyophilized and resuspended in DM&Orhe
O,-free argon. Kinetic isotope effects were measured with 10lowing *H NMR spectrum was obtained with a 400 MHz
(R9-1,2-PHg]propanediol as substrate. Bruker instrument: &) 8.26, 8.15 (s, adenine H-2 and H-8),

) ) 7.34 (s, NH), 6.15 (d, 1-H, J» > = 3.5 Hz), 4.86 (dt, 2H,
UV—Vis SpectrophotometnAnaerobic samples of DDH Joga=T7Hz,J»3 = 3.5Hz,Jpy = 3.5 Hz), 4.22 (d, 5Ha

andanAd9CbI were prepared inside the ana_eroblc chamber. Jgem= 1.5 Hz), 3.97 (d, 5Hp, Jgem = 1.5 H2).
Samples in the presence of substrate containgdVBDDH,

50 uM anAdoChbl, and 125 mM 1,2-propanediol ina 50 mM RESULTS

KP; and 0.5% sodium cholate buffer (pH 8). Samples without
1,2-propanediol were prepared with dialyzed DDH in the
same manner except that a 20 min preincubation in the
presence of 0.5.uM AdoCbl was performed before the
addition of anAdoCbl to convert any residual substrate
carried over with the enzyme solution to product. Samples
were also made from reagents preparedi®Drhe enzyme
was exchanged into anaerobic,d buffer by repeated

Purification of DDH DDH from S. typhimuriumwas
overproduced irE. coli and purified by a modification of a
method for DDH fromKlebsiella oxytocg416). The enzyme
from S. typhimuriunshares 98% sequence identity with the
K. oxytocaenzyme 17). The procedure takes advantage of
the peripheral membrane association of the enzyme, which
provides a convenient method of separating DDH from

concentration and dilution using Centricon 30 spin concen- solu_ble cytosolic proteins. Extraction of membranes W'th_
. . sodium cholate solubilizes the protein, and the detergent is
trators that were fitted into sealed glass tubes to prevent

exposure to air. The samples were estimated to have a 1:Z{equwed o prevent aggregation in subsequent purification

) : steps and all handling of the enzyme. Addition of 1,2-
rlzztgo (I)_f ;'?8/0 Dczlj?/'eﬁ‘gSSzi?e‘::jlevsvime;esga;féy_rtggifir{:d ;Or propanediol in purification buffers is also required to prevent
# ) . SOPPET, jissociation of the hexamerit,(2y, structure, a treatment
and absorption spectra were recorded at different timepoints

. diod h ©05 R f that is also required for DDH from other organisms. The
using a diode array s.pec.trop otom.eter ate ate; or purified protein exhibits a specific activity of 3510 IU mg*
Cbl" formation or dissipation were fitted to either single or

i : , ) at 25 °C, which is similar to that reported for the over-
double exponential equations using Kaleidagraph (Synergy yrqqyced enzyme from(. oxytocawhen differences in the
Software). assay conditions are taken into consideration (90 1U'mg
Product Analysis by HPLC and Mass Spectromesy. at 37°C) (16).
the conclusion of the reactions described in the previous Activation of DDH by anAdoCblA progression curve for
section, the products were analyzed by reversed-phase HPLCthe reaction of DDH witranAdoCbl as coenzyme using the
First, the protein was precipitated by perchloric acid. The coupled assay with alcohol dehydrogenase is shown in Figure
samples were centrifuged, and the clear supernatant wasl. As evidenced by the decrease in absorbance at 340 nm
removed and neutralized with KOH. The precipitated KEIO  due to NADH oxidation, the enzyme is turning over the
was removed by centrifugation, and the samples were substrate, demonstrating thanAdoCbl is a functional
subjected to HPLC analysis. A.£Bondapak (Waters) coenzyme for DDH. Control experiments without the addi-
column (3.9x 150 mm) was used with a Beckman Model tion of either DDH oranAdoCbl showed a decrease in
125 instrument. A HO/MeOH elution system containing absorbance at 340 nm of less than 0.01 OD after 30 min
0.03% CHCOOH was employed. A 30 min linear gradient (data not shown). The initial rate was determined from the
(0—100% MeOH) was used with a flow rate of 0.8 mL/min linear portion of the curve (68 min), which yielded a
and with detection at 260 nm.

Samples were also subjected to+NIS analysis in order 2 This study made use of the National Magnetic Resonance Facility

; ; ; v at Madison, which is supported by NIH Grant RR02301 from the
to characterize the reaction products. An Agilent 110D series Biomedical Research Technology Program, National Center for Re-

HPLC—ESI-MS system equipped with an autosampler, search Resources. Equipment in the facility was purchased with funds
online diode-array UV detector, and a single quadrupole massfrom the University of Wisconsin, the NSF Biological Instrumentation

i rogram (DMB 8415048), NSF Academic Research Instrumentation
detector was employed, using the same column, eluent, ancErogram (BIR-9214394), NIH Biomedical Research Technology Pro-

flow conditions as described previously. Data were collected gram (RR02301), NIH Shared Instrumentation Program (RR02781 and
in the positive ion mode. RR02301), and the U.S. Department of Agriculture.
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Ficure 1: Activation of DDH withanAdoCbl. 1,2-Propanediol is
the substrate at 28C. The coupled assay is based on reduction of
the product, propionaldehyde, to 1-propanol catalyzed by alcohol
dehydrogenase. The concomitant oxidation of NADH is monitored 0.52 ¢ B
by the decrease in absorbance at 340 nm. The composition of the
standard assay solution is given in the Experimental Procedures.
No rate was observed in the absence of either DDHEmédoCbl.

048

specific activity at 25°C of (5+ 1) x 102 IU mg™*. This
activity corresponds to~0.017% of that measured with
AdoCbl as coenzyme (29 IU mg) using the same enzyme
preparation. Note the progressive decrease in activity that
starts at about 10 min. This observation is not due to product
inhibition or to the depletion of either 1,2-propanediol or
NADH because a similar timecourse with AdoCbl as 0.36 . . A A N . .
coenzyme is linear within the same absorbance range (data 6 5 10 15 20 25 30 35 40

not shown). This inactivation process is due to a slow Time (min)

oxidation of Cb!' to Cb during th_e catalytic Cyde of the FiGURe 2: Reaction of DDH an@nAdoCbl in the absence of 1,2-
enzyme, as will be demonstrated in the following sections. propanediol. (A) Representative WWis spectra measured at 2, 4,
Diol dehydrase could not be reactivated by addition of 7, and 11 min after mixing in an anaerobic chamber, respectively.
AdoCbl, which shows that the cobalamin species remains The decrease in absorbance at 475 nm (arrow) is accompanied by
tightly bound to the enzyme as is the case for a number of increase in absorbance at 542 nm (arrow). (B) Single exponential
other coenzyme analogues that lead to the inactivation of?ct) t&g‘f g%%rze)aﬁﬁn'rf absorbance at 475 nm, which daye=

DDH (18). ' ' '

Because the preparation@fAdoCDbl is not perfectly pure  substrate show that the €& bond undergoes homolysis,
(11), a point of concern is the possibility that the low activity as evidenced by the absorption spectra of the holoenzyme
may be due to AdoChl as a trace contaminant, although the(Figure 2A), in particular the band at 475 nm that is a
kinetic behavior described previously would argue against signature for CBl formation (19). Prolonged incubation,
that. This issue was clarified by incubating a sample of however, leads to dissipation of this band and the formation
anAdoCbl in the dark at room temperaturerf8 h after of a new chromophore that has the spectral characteristics
exposure to air. Authentic AdoChl and other known active of Cbl'"'. The characteristig band at 358 nm and the overall
analogues are stable under these conditions, whereasppearance of the spectra suggest that this new chromophore
anAdoCbl undergoes thermal degradation because of ir- represents enzyme bound ©&bl and rules out an alkyl-
reversible cleavage of the €& bond (L1). No enzymatic cobalamin species1@). The formation of CB! occurs
activity could be detected after this treatment, proving that without the buildup of another intermediate, as is evident
the observed activity could not have been due to AdoChl by the clean isosbestic points at 337 nm, 377, 490, and 567
but must have been due to the actionasiAdoChl as a nm, respectively. The process can be fitted to a single
coenzyme. exponential equation with the first-order rate consteapi

Kinetic Isotope Effect®eaction rates were measured with = 0.143 + 0.002 min?! at 25 °C, as measured by the
(R9-1,2-PHg]propanediol as the substrate. An isotope effect, decrease in absorbance at 475 nm (Figure 2B). The formation
PV = 13.6 +£ 0.5, was determined with AdoChl as the of Cbl' was complete before the first scan was recorded.
coenzyme. The reaction withnAdoCbl as the coenzyme Because the sample was prepared within an anaerobic
was too slow to obtain rates with deuterated substrate, owingchamber and had to be transferred to the spectrophotometer
to the competing inactivation reaction. for data acquisition, timepoints within 2 min could not be

Cleavage of the Ce-C Bond and Oxidation of Chl obtained in this study. The rate of formation of Cbbuld,
Experiments with DDH an&nAdoCbl in the absence of therefore, not be obtained.

044

Absorbance (475 nm)

<
P
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T T T T T T The chromophore that emerged at 13 min was shown to be
12 A 1 CbI" (H,O—Chbl) by coelution with authentic material and
by its absorption spectrum obtained by use of an HPLC

1} - instrument with a diode-array detector. The compound that
emerged at 20 min displayed a single, broad absorption band
08 F . centered at 260 nm, indicative of an adenosine-like com-
pound. By using the extinction coefficientsdp nn) for H,O—
06 F i Cbl (20 500 Mt cm™?) and adenosine (14 700 Mcm™1),
a stoichiometry of 1:1 between these two compounds was
04l i established. The data, therefore, show that the formation of
these two compounds is related and that the material
emerging at 20 min is derived from the upper axial ligand
of anAdoCbl. Control experiments with freanAdoChl,
o Lo , . ) ) ) oxidized in aerobic solution, yielded,B—Cbl and a few

350 400 450 500 550 600 other peaks that absorbed at 260 nm. The peak at 20 min
was absent; instead, the most intense peak emerged after 16
min and had the spectral characteristics of an adenosine-
like compound.

Mass spectral analysis by IL<ESI-MS confirmed that the
nucleoside product is an adenosine derivative. A prominent
ion atm/z = 234.1 (Figure 4A) corresponds to the mass of
either 3,5'-dideoxyadenosine*3'-ene @) or 3,5-dideoxy-
adenosine-45'-ene p) in Scheme 3, respectively. Perfor-
mance of the reaction ir80% D,O (Figure 4B) shifts the
mass by one unitnlz = 235.1), which shows that a single
solvent exchangeable proton/deuteron is incorporated into
the molecule. The peak at/z = 234.1 that is also seen in
the spectrum of Figure 4B represents molecules quenched
by residual HO present in the sample. Other minor peaks
in both spectra were not identified specifically. The spec-

0.4 . . . R . A . trophotometric and mass spectrometric results suggest that
10 20 30 40 50 60 70 80 the anhydroadenosyl radical formed upon homolysis of
Time (min) anAdoChl oxidizes CHl by one electron, leading to the
FiIGURE 3: Reaction of DDH an@nAdoCbl in the presence of 1,2-  transient formation of an allylic anion that is subsequently

propanediol. (A) Representative UWis spectra obtained after 2, quenched by solvent or a solvent exchangeable site on the
3, 8, 19, 36, and 72 min, respectively. The lack of isosbestic points protein.

demonstrates the inclusion of more than two chromophores. (B) A The 1H NMR spectrum proves the selective protonation
double exponential fit to the change in absorbance at 475 nm. First- i, . N S
order rate constantigs = (0.33+ 0.02) M andkys = (0.043 at the 3 position, yielding 35'-dideoxyadenosine&'-ene

+ 0.001) mir® were obtained. (b in Scheme 3). Although the transitions for the 3
hydrogens did not appear in the spectrum, owing to overlap

When DDH is incubated witanAdoCbl in the presence  with an intense peak for HOD at3.4 ppm, the coupling

of the substrate 1,2-propanediol, formation of 'Cisl also information obtained from '2H (see Experimental Proce-

apparent followed by oxidation to Chl This process, dures) provides information concerning the identity of the

however, displays different kinetic behavior than that seen 3 hydrogens and supports the structural assignment.

in the absence of substrate, and it appears to be biphasic The compound with the retention time of 16 min in the

(Figure 3A). The data can be fitted to two sequential first- control experiment with freanAdoCbl (no DDH) gave [M

order processes (Figure 3B), where buildup of'Ghith a + H]T = 266.1, which corresponds to the mass of the

rate constant df,ps= 0.33+ 0.02 mint is followed by the hydrated form of 34'-anhydroadenosineg-8arboxyaldehyde

slower formation of CBl with a rate constant d,ps= 0.043 (cin Scheme 3). The formation of &&ldehyde is analogous

+ 0.001 min! at 25. to what occurs upon aerobic photolysis or thermolysis of
Identification of Nucleoside ProducfEhe UV—vis spectra ~ AdoCbl (20).

discussed previously show that one-electron oxidation df Chl

occurs in samples of DDH andnAdoCbl, both in the DISCUSSION

presence and absence of substrate. The fate of the other

homolysis partner during this process, the anhydroadenosyl Reactvity of DDH with anAdoChlThe data presented in

radical, was investigated by analysis and characterization ofthis paper show a much lower catalytic activity of DDH with

the reaction mixtures by HPLC, L€ESI-MS, and NMR anAdoCbl as coenzyme compared to that with AdoCbl. The

spectroscopy. overall reaction with AdoCbl as coenzyme displays a kinetic
After the removal of the protein by acid precipitation, the isotope effect 0. 0f 13.64= 0.5, showing that a hydrogen

spectrophotometric analysis of products separated by HPLC

revealed two prominent peaks absorbing at 260 nm, with s The ik, for H,0—Cbl is 7.8. OH-Cbl and HO—Cbl in aqueous

elution times of 13 and 20 min, respectively (data not shown). solution have different absorption spectra.

Absorbance

02F 4

Wavelength (nm)

05}

0.48

0.46

044}

Absorbance (475 nm)
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A slow hydrogen-atom abstraction step by the anhydroad-
enosyl radical from the substrate can account for the lower
enzymatic activity of DDH wheranAdoCbl serves as the
coenzyme, a view that is supported by an appreciable kinetic
40 4 [ isotope effect. The decrease in reaction rate can arise from
the stability of the allylic anhydroadenosyl radical formed
20 - [ g - upon Co-C bond homolysis. The lower rate is quantitatively

L KPR .ﬂ

% Relative Intensity
o2
o
234.1

in accord with the interpretation as follows. The DDH
0 . . . B activity is lowered by 5900-fold by the substitution of
150 175 200 225 250 275 300 anAdoCbl for AdoChbl. This corresponds to an increase in
m/z activation energy for H transfer of 5.1 kcal mélThe Co-
Ficure 4: ESI-MS of a nucleoside product formed upon the C5 bond inanAdoCbl is weaker than that in AdoChbl by

1 . -
inactivation of DDH in the presence ahAdoCbl. The compound about 6 kcal motl', owing to the stability of the anhydroad-

eluted after 20 min from a reversed-phase HPLC column under €nosyl radical relative to the-sleoxyadenosyl radical ).
the conditions described in Experimental Procedures. (A) SpectrumThe 6 kcal mol! greater stability of the anhydroadenosyl

obtained from sample in aX9 buffer. (B) Spectrum obtained from  radical would make it correspondingly less reactive as a
sample in am~80% D,O buffer. hydrogen abstracting agent. Allylic stabilization can provide

Scheme 3 ~11 kcal mof! in energy, as reflected in the difference in
s s " bond dissociation energy between a general alkyH®bond
N N N)IN and an allylic C-H bond @3). The full effect is not observed
S % S, Ly Ny L for anAdoCbl, presumably because of the strain imposed on
OH . . . .
o o, o oHy o [ the five-membered cyclic anhydroribosyl moieth).
" ., " " " Q/ W Electron Transfer and Inaatation of DDH A mechanism
re e ! " for the inactivation of DDH caused by interaction with
a b c anAdoCbl is presented in Scheme 4. Absorption spectra show

transfer step is at least partially rate-limiting. A kinetic that the Ce-C bond of the enzyme bound coenzyme
isotope effect of 12 0Vma Was reported in the reaction of ~Undergoes homolytic scission to produce ‘Clsubsequent
(R-[(R)-12H]propanediol 21). Which step(s) contribute ~ One-electron oxidation of Chlis apparent upon prolonged
mainly to rate limitation has not been elucidated. However, incubation, both in the absence and presence of substrate.
given that a substrate-derived radical builds up in the steady-Reaction progress curves also show that the enzyme under-
state of the reactior2@) and that all of the coenzyme builds ~ goes inactivation at a rate similar to that of Cfbrmation.

up as CHl in the steady-statel(), a reabstraction of a  The observed CBI species is most likely OHCbI on the
hydrogen atom from 'sdeoxyadenosineb(in Scheme 1) basis of the spectral characteristics, espeually the appearance
seems likely to limit the rate. A kinetic isotope effect could ©f they band at 358 nm. Also, a bathochromic shiftigfx

not be accurately determined wismAdoChbl as coenzyme, ~ for the o band of free OH-Cbl from 535 to 542 nm is in
because the initial rate was so slow with deuterated substrateaccordance with the spectrum of Gi€bl bound to DDH

that the competing inactivation process became problematic.(24)-

The isotope effect can be estimated to>¥0, on the basis The rate of CBl formation is different in the absence or

of the limited amount of data. presence of substrate. Complete cleavage of thelbond
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has occurred before the first recorded timepoint in the during the reaction with AdoCbl, presumably because the
absence of substrate. However, in the presence of 1,2-5-deoxyadenosyl radical is a transiently formed species
propanediol, the appearance of Chs slower, and an  which reacts quickly with 1,2-propanediol and does not
apparent rate constant of 0.33 miiis obtained (Figure 3B).  accumulate during steady-state turnover. WitidoChl,
Apparently, the interactions in the enzymepenzyme- the main complex that is formed either in the absence or
substrate complex result in reduced rate of cleavage of thepresence of substrate is that of €lind the allylic anhy-
Co—C bond as compared to the enzynmenzyme com-  droadenosyl radical. These two paramagnets have been
plex. This observation is surprising, because no net formationshown to be separated by lessriraA and are, therefore,
of Chl' can be observed with AdoCbl as coenzyme in the ideally primed for electron transfer (Magnusson et al.,
absence of substrateg). However, with saturating substrate, manuscript in preparation). A precedent for electron transfer
Chl" builds up to a steady-state level during the progress of is the analogous reaction recently reported of the AdoCbl-
the reaction with AdoCbl as coenzym&g}. dependent enzyme lysine 5,6-aminomutase. This enzyme
For AdoCbl-dependent enzymes such as glutamate mutaseindergoes rapid, substrate-induced inactivation by a mech-
(25), methylmalonyl-CoA mutase26), and ethanolamine  anism that involves one-electron oxidation of Cliy a
ammonia lyaseZ7), the Co-C bond cleavage is kinetically  substrate-derived radica29).

coupled with hydrogen atom abstraction from the substrate, A gypstrate-derived radical builds up in the steady state
as evidenced by a substrate-dependent kinetic isotope effect, approximately 75% of the active sites of DDIOY.

on the rate of CHl forr'natmn. Experiments such as these  ajthough this radical has not been structurally characterized,
demonstrate that the'-Beoxyadenosyl radical does not ihe gistance separating the radical from Co(ll) has been
buildup to a significant amount during catalysis by these ogtimated to be-10 A (31). The crystal structure of DDH
enzymes. Analogous experiments have not been performed, o recently become availabl)(In this structure, which
with DDH. None of the experiments has, however, addressedhas cyanocob(lll)alamin bound in lieu of AdoChl, the

whether Coe-C bond cleavage occurs in the absence of yistance between Co and C1 and C29f1,2-propanediol
;ubstrate. That_is, arapid pre—equilib_rium could exist strongly ora g4 and 9.0 A, respectively. It is, therefore, likely that
in favor of the intact coenzyme, which would not lead t0 @ o5 rangement of substrate radicals occur distant from the
measurable formation of CblThe presence of substrate ,pat This may in fact be advantageous, because it would
would then serve to shift the equilibrium toward homolysis.  giminish the possibility of electron transfer between substrate
The finding thatanAdoCbl can be cleaved by DDH in the 4 gicals and CHL It is tempting to speculate that such an

absence of substrate suggests that substrate binding is N04qie site structure has evolved in response to the detrimental
providing much energy for inducing €aC bond homolysis. effects of electron transfer

The observation of slower CeC bond homolysis onA- . .
doCbl implies that substrate slightly impedes cleavage of 't Should, however, be pointed out that diol dehydrase does
undergo inactivation with various substratd$)( In fact,

the Co-C bond inanAdoCbl. This does not mean, however, '
that substrate would exert the same effect with AdoCbl. The 9lycerol is a better substrate for the DDH than 1,2-

coenzyme and the analogue are different and may interactPropanediol, but the_former also_causes rapid linactivation
differently with DDH. of the enzyme, which results in the formation of an

Product analyses by LEESI-MS in conjunction with alkylcobalamin or a thiolcobalamin species, although a
experiments performed in & show that the anhydroad- thorough characterization has not been condu@éx Qther
enosyl radical formed upon GeC bond homolysis serves good substrates such as 1,2-ethanediol also function as
as an oxidizing agent. The resulting allylic anion suffers Inactivators of DDH 18). Whether electron transfer is
protonation by a solvent molecule or a solvent exchangeable!NVolved in any of these inactivation processes is not known,
site on the protein. The site of protonation was establishedPUt Presumably the nature of the reactions will vary. A
by NMR characterization of the product and shown to be at different example is the inactivation by glycolaldehyde,
the 3 position, yielding 35-dideoxyadenosine'&-ene. ~ Which results in the formation of Cbl(10). This is a
Selective protonation at C8an be attributed, at least partly mechanism-based inactivation where the formation of a stable

to higher reactivity at a secondary position as compared to semidione radical termir_1ates the reaction and leaves the
a primary carbon for a carbanion. Alternatively, a suitable €NZyme trapped3@). In this case, an electron transfer does

proton donor from an enzyme side chain could be more not occur, possibly beqause the distance-@f. A between
accessible to C3than to C5. According to Scheme 4, a Co(ll) and the radical is too great for that to happen.
single water molecule is involved in the inactivation process  Réey has introduced the term of “negative catalysis”,
to produce HG-Cbl. The remaining proton could potentially which postulates that enzyme-bound radical intermediates
react with the allylic anion, either directly or through a proton can take reaction pathways that would not be expected on
relay system. the basis of solution-based chemistry and that the role of
Why electron transfer occurs between Clind the the protein is mainly to prevent side reactioB8)( The study
anhydroadenosyl radical is an interesting question. The redoxdescribed in this paper provides an example of how an
potential in solution for the Cbl+ H,O — OH—-CbI" + enzyme-catalyzed radical reaction can go wrong. In this case,
H* + e reaction at pH 8 is-0.18 8), which shows that  a functional change in the coenzyme is responsible, but in
oxidation of Chl is unfavorable. However, if this process other instances, the use of alternative substrates or substrate
is directly coupled to the reduction of the radicak(R H* analogues can lead to enzyme inactivation. A third possibility
+ e — R—H), which has a reduction potential that is at would be through the mutation of important amino acid
least greater thar-0.5 V, the overall reaction is thermo- residues, a case that has recently been reported for the
dynamically favorable. Electron transfer does not occur AdoCbl-dependent enzyme methylmalonyl-CoA mutask. (
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