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ABSTRACT. The hydrate of glycolaldehyde is a substrate analogue that induces the formation of cob(ll)alamin
and 3-deoxyadenosine from adenosylcobalamin at the active site of dioldehydrase, and the resulting
complex is inactive. The carbon atoms of glycolaldehyde hydrate remain bound to this complex, and it
has been postulated that the first step or steps of the catalytic process on glycolaldehyde hydrate generate
an intermediate that undergoes a destructive side reaction leading to inactivation of the enzyme [Wagner,
O.W,, Lee, H. A, Jr,, Frey, P. A., and Abeles, R. H. (198663iol. Chem. 2491751-1762]. All evidence
suggests that dioldehydrase reaction proceeds by a radical mechanism, and the glycolaldehyde hydrate is
expected to be converted initially into a radical. Electron paramagnetic resonance (EPR) spectroscopic
analysis of the inactivated complex shows that glycolaldehyde is transformed¢ig@thanesemidione

radical that is weakly spin-coupled to the cob(ll)alamin in the active site of the enzyme. This radical has
been identified by analysis of EPR spectra obtained from samplest¥@thand?H-labeled forms of
glycolaldehyde. The analysis shows that the stable radical associated with the inactive complex is
symmetrical and that it contains a single solvent-exchangeable proton, consistentigigth@nesemidione.
Glycolaldehyde also inactivates ethanolamine ammonia-lyase (EAL). EPR studies of ethanolamine
ammonia-lyase reveal that treatment with glycolaldehyde also results in formation of an ethanesemidione
radical bound in the active site. The suicide inactivation in both enzymatic reactions is postulated to
result from formation of this stable radical, which cannot react further to abstract a hydrogen atom from
5'-deoxyadenosine. Analysis of the electron sgpin coupling between the semidione radicals and
cob(Il)alamin in both enzymes indicates that the distance between the radical #nig €d.1 A in each

case.
Coenzyme Byrdependent dioldehydrase (DDHE.C. reactions 2—4). Available evidence indicates that the
4.2.1.28) catalyzes the dehydration of short-chain, vicinal function of coenzyme B in enzymatic rearrangements, as
diols to the corresponding aldehydds.(Coenzyme B is currently conceptualized, is as outlined in Scheme 1. This

postulated to function as a radical initiator in enzymatic scheme accounts for the fact that hydrogen transfer by the
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Scheme 2 Co*' of B were used to determine the separation of the
E-coenzyme Bj, two paramagnetic species in the respective active sites.
EXPERIMENTAL PROCEDURES
| Materials. [1,3-13C;]glycerol, [2+3C]glycerol, and {Hs]-
- 4 OH glycerol were from Isotec?H,O, ammonium bicarbonate,
Lo Buax Lo i p-nitrophenyl hydrazine and NalOwere from Aldrich.
T e g—en HC—C—CH + BO Coenzyme B, NADH, ATP, and glycolaldehyde were from
OHOH AdoCH H OH H Sigma. Centricon 30 was from Amicon. The genes coding
? for the o, B, and y subunits of DDH of Salmonella
typhimurium(15) were expressed itscherichia coli and
Ado—CH; the apoprotein (specific activity 95 IU m§ was purified
° ' 4 OH as described previousiyl§). Recombinant EAL fromS.
. Lo typhimurium (17) was expressed iiE. coli. The protein
H,C—C—C H,C—C—CH o N 1 . i
| < (specific activity 45 IU mg?) was isolated as described
OH CH OH . A
) , previously (8). Glycerol kinase, glycerol-3-phosphate de-

hydrogenase, acid phosphatase, and alcohol dehydrogenase
were from Boehringer Mannheim. Samples containing

of the radical rearrangement mechanism. The isomerization s
coenzyme B, were handled under dim light to prevent

of 1,2-propanediol at the active site leads to propionaldehyde .
hydrate, which is enzymatically dehydrated to propionalde- Pnotolysis. No steps were taken to exclude f@m the
hyde @). The stereochemistry of the reaction of 1,2- samples: )
propanediol is interesting, in that bottR)¢ and ©- _Analyt|cal MethodsAIdehyde;,_ separated from_ reac_tlon
propanediol are substrates and one or the other hydrogerinixtures, were spotted on a silica gel plate, dried with a
atom is abstracted from C1 depending on the configuration N€ating gun, and stained wighnitrophenyl hydrazine to form
at C2 (L0). The structures of the intermediates shown in the corresponding yellow-orange hydrazones. Glycerol 3-phos-
Scheme 2 remain hypothetical; however, spectroscopicphate and glycolaldehyde were determined enzymatically
evidence for radical intermediates has been publishad ( With glycerol-3-phosphate dehydrogenase and alcohol de-
12). Recently, a high-resolution structure of DDH has been hydrogenase, respectively.
published 13). Chromatographic SystemsGlycerol 3-phosphate and
In early studies of the mechanism of action of DDH, glycolaldehyde phosphate were purified from the corre-
Abeles and co-workers observed its suicide inactivation by sponding reaction mixtures on a column of DEAE-Sephadex
glycolaldehyde, a structural analogue of 1,2-propanediol or A-25 (Pharmacia, 30 cnx 2.6 cm) equilibrated in 10 mM
ethylene glycol {4). Glycolaldehyde inactivates the complex ammonium bicarbonate and eluted by applying a linear

of DDH with coenzyme B, within a few seconds. Inactiva- ~ gradient of ammonium bicarbonate increasing from 10 to
tion is accompanied by the formation of a new complex of 400 mM in a total volume of 2 L. The flow rate was adjusted

DDH, which includes B, and 5-de0xyaden05ine in place to 2 mL min%, and 20 mL fractions were collected. Solutions
of coenzyme B,. The carbon atoms of glycolaldehyde Of glycolaldehyde were deionized by passage over a mixed-
remain tightly bound to this complex, and upon its denatur- bed resin prepared from DEAE-Sephadex A-25 (Qbtm)
ation by acidification in the air, the product derived from and SP-C25-Sephadex {Horm, Pharmacia). Analytical
glycolaldehyde is glyoxal. This early study demonstrated the HPLC was performed on a Waters system with an anion-
presence of B, and 5_de0xyadenosine ina CoenzmeZB exchange column (Vydac, 25 cm 4.6 cm, equilibrated in
dependent reaction. However, the structure of the enzyme-50 mM KH,PQ,, pH 4.2) eluted with a gradient from 10%
bound product derived from glycolaldehyde was not eluci- buffer B (1 M NaCl in 50 mM KHPO,, pH 4.2) to 90% B
dated. In the present paper, EPR spectroscopy and isotopicallyn 12 min (flow rate 1.5 mL min’, detection at 254 nm).
labeled forms of glycolaldehyde are used to characterize the Spectroscopy:H and3P NMR data were recorded on a
radical species derived from glycolaldehyde in the inactiva- Bruker WP200 spectrometer, afddC NMR data were
tion of DDH and the related enzyme EAL. The weak recorded on a Bruker DMX 500. EPR spectra were recorded
magnetic interactions between the radicals and the low-spinat X-band ¢ 9.1 GHz) with a Varian E-3 spectrometer.
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Samples were maintained at 77 K using a standard liquid incubation for 2 min at 37C in the dark, the samples were
nitrogen immersion Dewar. frozen in ligquid nitrogen. Samples of DDH itH,O were
Synthesis of Isotopically Labeled Glycerol-3-phosphates. prepared by diluting 1 mL of enzyme (4001 active sites)
[1,3-13C;]Glycerol (250 mg, 2.7 mmol) was phosphorylated into 10 mL of buffer A made up irfH,O (pD 8.0) and
enzymatically ta -(—)-[1,3-*C;]glycerol 3-phosphate by use  subsequent concentration on Centricon 30. This step was
of 100 units of glycerol kinase and 3 mmol of MgATP at repeated twice and the final ratio of protium to deuterium in
27 °C. The reaction was carried out in a total volume of 30 the solvent was<1%. To obtain protein samples with
mL of 100 mM glycine buffer containing 40 mM MgS(2 different 2H,O content, the sample itH,O was added to
mM DTT, and 1 mM EDTA at pH 9.5. The progress of the appropriate amounts of an equally concentrated DDH sample
reaction, which was complete after 4 h, was monitored by in H,O (agueous buffer A). Coenzyme Band glycolalde-
following the conversion of ATP to ADP by analytical anion hyde samples in variot#1,0/H,O mixtures were prepared
exchange chromatography. The reaction mixture was dilutedin the same manner.
with water to a final volume of 0.2 L, charged on a column  |nactivation of EAL by Glycolaldehydd solution of EAL
of DEAE-Sephadex A-25 (2.5 30 cm) and separated under and coenzyme B (3 M) in 10 mM Hepes-NaOH, pH 7.5)
the above-described conditions. Fractions contaimkger was exposed to 10 mM glycolaldehyde and aliquots were
)-[1,3-°C;]glycerol 3-phosphate were detected enzymatically diluted at various times and assayed with ethanolamine as
by the use of glycerol-3-phosphate dehydrogenase to measuréne substrate by the coupled assay with alcohol dehydroge-
NADH formation spectrophotometrically at 340 nm. The nase and NADH. A control sample without glycolaldehyde
compound emerged in 90% yield at 0.2 M ammonium was assayed in parallel.
bicarbonate. Fractions containing the product were evapo- preparation of Glycolaldehyde-Treated EAL for EPR
rated to dryness. The syntheses of ‘{ejglycerol-3-  Apalysis.The samples (25@L) were prepared by mixing
phosphate andtiz]glycerol-3-phosphate were similar, start-  EAL (200 4L, ~0.2 mM active sites, 10 mM Hepes-NaOH,
ing from the corresponding isotopically labeled glycerol, to pH 7.5) with 50uL of a solution of coenzyme B (2 mM)
that described in detail for [1,3C;]glycerol-3-phosphate.  and glycolaldehyde or isotopically labeled glycolaldehyde

Synthesis of [£°C]Glycolaldehyde Phosphate, [2€]G- (1.6 mM). The samples were transferred to EPR tubes and
lycolaldehyde phosphate?Hs]Glycolaldehyde phosphate,  frozen within 1 min of mixing.
and [12H]Glycolaldehyde Each labeled glycerol 3-phos-  |nterpretation of EPR SpectraThe radicals that are

phate (1 mmol) was dissolved in 10 mL of water. An aliquot  generated from glycolaldehyde in the active sites of DDH

(10 mL) of 200 mM NalQ was added to each solution, 54 EAL are magnetically coupled to the unpaired electron
which was shaken occ§1§|onally. After 20 min, the reaction spin of the low-spin C& of By, which is also generated in
was quenched by addition of 6 mmol of ethylene glycol. e reaction. The coupling between the two paramagnetic
Each solution was diluted to 0.1 L with water and loaded ceners alters the appearance of the EPR spectra of the spin-
on individual columns of DEAE-Sephadex A-25. The (qypled partners. EPR spectra were interpreted by use of a

chromatographic conditions were the same as for glycerol ghin Hamiltonian (eq 1) which includes an isotropic exchange
3-phosphate. An aliquot (&L) of each fraction was spotted coupling, J, and a through-space dipetdipole coupling
on a silica plate, and the aldehyde was detected as itSignsor D-

p-nitrophenyl hydrazone by dipping the plates into an acidic
solution containing-nitrophenyl hydrazine [5% in ethanol/ | — 8H.q.-S. + 8H-0+S, + JS+S, + S.-D- S 1
H,SQ; (95:5)] and evaporating the solvent with a heat gun. ~ ° PH-Gr S+ fH-GrS, St DS, @
The compound emerged from the column in 70% yield at

0.25 M ammonium bicarbonate. the g tensors of the low-spin Cb and radical, respectively.

Synthesis of [IXC]Glycolaldehyde, [2*C]Glycolalde- Simulations were performed for perdeuterated samples, and
hyde, and fHs]Glycolaldehyde The individual glycolalde- P ' for p amples, ¢
the nuclear hyperfine coupling terms normally included in

hydg phosphatgs (0.5 mmol) were dgphosphorylated enzy-eq 1 were not required in the simulations. Field-swept
matically by acid phosphatase at 30 in total volume of 2 . ) .
L o ; powder-pattern EPR spectra were simulated by diagonaliza-
mL (100 units in 300 mM citric acid, pH 6.0, and 5 mM tion of the enerav matrix derived from ea 1 as described
DTT). The progress of the reaction was monitored®Hy , ay X v q !
NMR, which showed complete removal of the phosphate previously 8).
group from the a]dehyde after 30 min. The solution was RESULTS AND DISCUSSION
passed over a mixed-bed resin columnx17.5 cm) and
washed with water. Fractions were checked enzymatically Obsewation of a Radical in Glycolaldehyde-Inacéted
for glycolaldehyde by the use of alcohol dehydrogenase andDDH. Samples of DDH holoenzyme were prepared by
NADH. The water was removed from the product by incubation of the enzyme with coenzyme,BAddition of
evaporation, and the compound was obtained in 95% yield glycolaldehyde led to inactivation and conversion of coen-
and stored at-20 °C. zyme B into By, as originally observed spectrophoto-
Preparation of Glycolaldehyde-Inactited DDH for EPR metrically (L4) and verified by EPR spectroscopls]. EPR
Analysis.DDH (200 uL), 400 mM (active sites), in buffer  spectra of the freshly prepared samples (Figure 1) show an
A (50 mM potassium phosphate, pH 8.0, 125 mM 1,2- altered spectrum due to;B and a relatively narrow signal
propanediol, and 23 mM sodium cholate) was incubated with centered aboug 2.0 from another paramagnetic species. The
20 uL of coenzyme B, (2 mM) for 5 min at 37°C in the position and width of the second species were consistent with
dark. Glycolaldehyde (1@L, 5 mM), in unlabeled oPH- those of an organic radical. Because the nucleoside product
or 1%C-labeled form, was added to the holoenzyme. Following of the inactivation reaction had been shown to be 5

Ineq 1,H is the laboratory magnetic field ard andg, are
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Ficure 1: X-band EPR spectrum of a sample of DDH-coenzyme
B, following inactivation by glycoaldehyde, showing an altered
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pattern for the low-spin Cd and a signal from an organic radical. 3150 3210 3270 3330
Signals from they,, region of the C&" spectrum and signals of the Ho (Gauss)
radical are off scale in order to highlight the alteP&@o hyperfine FIGURE 2: EPR spectra of the radical region of samples of DDH-

signals in theg, region. The quintet patterns for th¥€o hyperfine  cenzyme B, after inactivation by glycoaldehyde and isotopically

transitions in theg, region (shown at 2 gain in the inset trace)  gypstituted forms of glycoaldehyde. (A) Unlabeled glycoaldehyde
are explained in the caption for Figure 4. The spectrum was obtained;n \ater; (B) [C123C]glycoaldehyde in water; (C) [CEC]gly-

at 77 K at a microwave frequency of 9.09 GHz and 16 MW coaidehyde in water; (D) 2Hs]glycoaldehyde in water; (E)

microwave power. The composition of the sample is given under 2 jglycoaldehyde in2H,0; (F) simulation of the pattern in

Experimental Procedures. spectrum E wittD = —22 G and] = —3 G. Spectra were obtained
at 4 mW microwave power at 77 K.

deoxyadenosineld), attention was focused on a product

derived from glycolaldehyde as a candidate for the putative
radical.

Location of the Unpaired Spin Densityo identify the
organic radical, inactivation mixtures were prepared with
isotopically labeled glycolaldehyde. Spectra from samples
prepared with either [13C]glycolaldehyde or [23C]gly-
coaldehyde are indistinguishable (Figure 2, spectra B and
C, respectively), and both are slightly broader than those of
unlabeled samples (Figure 2A). Incubation of holo-DDH with
deuterated glycolaldehyde led to collapse of the features
within the envelope of the spectrum, as shown in Figure 2D.
These data unambiguously place the unpaired spin density
on the product derived from glycolaldehyde.

Sokbent-Exchangeable Site of the Radidacubation of
holo-DDH with deuterated glycolaldehydeaH,O narrows
the spectrum (Figure 2E), indicating the presence of at least
one solvent-exchangeable proton within the radical. The
spectrum of a sample prepared in a mixture g®HD,O (50: 3190 3210 3230 3250 3270 3290
50) could be reproduced by the summation of equal amounts Ho Gauss
of the spectra obtained in 100%,®l and in 100% BO Ficure 3: EPR spectra of the radical region of samples of DDH-
(Figure 3). This result indicates that there is a sifglelvent- ggeé‘;)gmeoﬁ'(zé';agg\éaifggg};mfgsl(%glcgaggmgle[l)nwbg g@té Ii?]ed
exchangeable proton pr_esent in the radical. . by.ad(c)iiticz)n of équal amountszof sighalg A and B.

Structure of the RadicalThe changes observed in the
spectra upon introduction 0fC into the glycolaldehyde (20). Semidiones are planar radicals wherein the unpaired
backbone are modest and not consistent with those expecte@lectron is contained within a-molecular orbital that is
of a carbon-centered radical, which would typically exhibit made up from p orbitals of both oxygen and both carbon
an axial 3C hyperfine splitting tensor with the largest atoms of the radical. Experimental observations on semidione
component &, ~ 70 G) parallel to the half-filled p orbital ~ radicals indicate that the unpaired spin density is ap-
(19). Small*C hyperfine splitting constantad < 5 G) have, proximately equally distributed among the four atoms of the
however, been observed in semidione radicals in solution Semidione backbone. Hyperfine splittings,= 7.7 G, from

the protons in the ionized version of the ethanesemidione

2 For example, based on two solvent-exchangeable sites, the statistica[adlcal’ the egoxaI ra.ldlcal amo.m@’. are ConSIStF."nt with
weights of the signals corresponding e, 2Ha, *H/ 2H, and2H/H he present observation of a significant narrowing of the
species are each 25%. signals for samples prepared with perdeuterio glycolaldehyde.

S
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Chart 1

\\\H+/,,

All of the changes in the EPR signals upon isotopic I
substitutions in glycolaldehyde and in the solvent are | | | | I | | | |
therefore consistent with those expected of a neutisl '
ethanesemidione radical (or the neutral radical of glyoxal), H
the structure of which may be represented as in Chart 1. )

14
Electron Spin-Spin InteractionsThe EPR spectrum of a :N ' ' ' ' '
the radical responds to isotopic substitutions in the parent ' ! ' ' ' !
| lal h i 1 h idi- . . . . . .
glycolaldehyde in a manner expected dafigethanesemidi 142D 142D 42D

one radical. The overall shape of the spectral envelope and ,
the symmetrical pattern that remains in the spectra of samples '
prepared with perdeuterio glycolaldehyde (Figure 2D,E), H
however, reflect the magnetic interaction of the electron spin
of the radical with that of the unpaired electron in thé d

orbital of the C8* of the By, with which the radical shares 3350 3400 3450 3500 3550 3600 3650 3700
the active site. The nearly symmetrical, four-line pattern Ho Gauss

(Figure 2D,E) is reminiscent of a classical “Pake doublet” Ficure 4: EPR spectrum of DDH-coenzyme;Bfollowing
wherein the outer lines are separated By @&nhd the inner  inactivation by glycoaldehyde, showing three of the eigfi@to
lines are separated by, whereD is the dipole-dipole hyperfine transitions in the region. As indicated in the figure,

. . the hyperfine splitting igy, ®Co. An electron spirtspin splitting
interaction parameter2(). The pattern observed for the _ |J + 2D| creates an overlapping doublet of triplets from the

semidione radical varies slightly from that expected for a superhyperfine splitting 0N of the dimethylbenzimidazole ligand
Pake doublet arising from purely dipolar interactions becauseof the C&*. In this caselJ + 2D| ~ 2al“N, which explains the

of a small contribution from an isotropic exchange interac- 1:1:2:1:1 intensity pattern.

tion. The classical Pake line shape is modified by an " o

exchange interaction such that the separation of the inner"™om the “N, and this circumstance accounts for the
lines becomesJ — D| and that of the outer lines ig + multiplicity and intensity of the five-line pattern. The value
2D (18). For dipole-dipole couplingD carries a negative ~ ©f |9 + 2D| obtained from splitting of the signals of €o
sign 2), and for the sign convention used in eq 1, a positive 29rees with the valu_e obtained from smulatlon of the pc_JWder
J corresponds to an antiferromagnetic exchange interaction.Pattern from the radical. The observation that the maximum
Simulation of the pattern indicates tHat~ —21 G and) ~ dipole—dipole splitting occurs in the, region of the Cé&"

—3 G (Figure 2F). They anisotropy of the C¥ contributes spectrum indicates that the radical to?Canterspin vector

slightly to the measured exchange couplidg€ —1.6 G) lies appr_oxi'ma.tely_ along thg axis'of thie orbital of the
(23). The sign ofJ that emerges from the analysis indicates Cc?*. This finding is compatible with the crystal structure,

a very weak ferromagnetic exchange coupling between theWhich shows that 1,2-propanediol binds directly abové'Co
two paramagnetic centers. in Fhe active site 13). E\_/en in the absence of electro_n spin
The EPR signals of the low-spin €oare also altered by ~ SPin coupling, they; region of the spectrum of low-spin €o
the electron spirspin coupling with the semidione radical N Bi2ris complicated 25). The electron spin spin coupling
(Figure 1). When bound to DDH, in isolation from other I the present case creates an additional splitting of the
paramagnetic species, the Zoof By yields an EPR ~ €Xisting signals byJ — D]. _
spectrum with an axially symmetrig tensor and &°Co Radical tp C("i_+ I_Dlstance_: EstimateThe effe<_:ts of the
hyperfine tensor of axial symmetrg). Hyperfine coupling ~ €/€Ctron spirspin interactions on the EPR signal of the
with the nuclear spin o¥Co (I = 7/,) results in a resolved ~ radical and of the low-spin Co permit a fairly accurate
(A1~ 110 G) octet of signals centered abgut- 2.01. These Qetermlnatlon of the magnitude of the ghpehhpole mterac—
59Co hyperfine signals are split into triplets through super- tion, D. Moreover the modest magnitude of the dipele
hyperfine coupling to théN (I = 1) of the axial dimeth- dipole interaction ~ —21 G) and the small contribution
ylbenzimidazole ligandAwun ~ 21 G) (L3, 16, 24). In the from exchange validate use of the point dipole approximation

spectrum of the spin-coupled pair (Figure 1) tF€o (26) for distance estimates (in angstrom):
hyperfine transitions of B, in the region ofg, appear as s
sets of five line patterns with intensities of 1:1:2:1:1. These R=[(6.95 x 10°g,g,/D(G)] 2)

five-line patterns are composed of an overlapping doublet

of triplets as shown in Figure 4. The doublet splitting is from Thus, the EPR data indicate that the radical and"Goe

the electron spifrspin interaction, which i$J + 2D]| in the separated by-11 A in the active site.

parallel orientation. The magnitude @f + 2D| is coinci- In the recently reported crystal structure of the DDH
dentally approximately twice the superhyperfine splitting complex with cyanocobalamin and 1,2-propanediol, C1 and
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Ficure 5: X-band EPR spectrum of a sample of EAL-coenzyme

B1, following incubation for 1 min with glycoaldehyde. Components

of the sample are given under Experimental Procedures. The

spectrum was obtained at 77 K at a microwave frequency of 9.09 P B PR R

GHz and BMW microwave power. 3140 3190 3240 3290 3340
Ho (Gauss)

C2 of propanediol are 8.4 and 9 A, respectively, from the Fgure 6: EPR spectra of the radical region of samples of EAL-
Co of the cyanocobalamin in the active sii&). The crystal coenzyme B, after inactivation by glycoaldehyde. (A) Glycoal-

structure also shows that hydroxyls of propanediol chelate dehyde; (B) [C1}C]glycoaldehyde; (C) [C2:C]glycoaldehyde;

to an essential Kin the active site. In the complex of the (D) [*Hslglycoaldehyde; (E) simulation of the pattern in spectrum
h idi h . h . DwithD=-21G andl = —11 G. All samples were prepared in
ethanesemidione, however, a proton occupies the position;, 5 spectra were obtain

analogous to that of thein the complex with the substrate.

Semidione anion radicals are known to chelate alkali metal Scheme 3
ions in organic solvents such as DMS@0). The present Acid catalysis
findings indicate that a proton is bound with high affinity to

ed at 1 mW microwave power at 77 K.

thecis-semidione, presumably in lieu of the"Khat normally tow " 2 won
coordinates to the substrate. The switch fromt& a proton HC—C—CH = “3C*€E»‘f” HC—C—CH
might account for the slightly longer distance betweefCo (oo (»Mﬁlﬂ oH
and the backbone of ethanesemidione. E—a-H A E—a-H
Interaction of Glycolaldehyde with EADDH and EAL Base catalysis

catalyze analogous coenzyme-#lependent, radical-medi- " " 2 4 oon
ated transformations starting with abstraction of a H-atom I . =~ HC_Z_éH P N -
from C1 of the respective substrates’). Assays of EAL RSN 3[-| I ; ~(’g} =N .
exposed to 10 mM glycolaldehyde for various times indicate " Ho o HO-

E—B: E—BH* E—BH" E—B:

that glycolaldehyde inactivates EAL with an apparent rate
of ~0.4 mim®. The EPR spectrum of a sample in which a complexes is a larger ferromagnetic exchange interaction in
mixture of EAL and coenzymeBundergo a brief{1 min) the complex of EAL. The dipoledipole interaction is
exposure to glycolaldehyde reveals the presence of signalsapproximately the same for the complexes of both enzymes,
due to By and an organic radical (Figure 5). EPR spectra and this result indicates that the distance between the radical
of samples prepared with isotopically substituted glycolal- and C&" is virtually identical in the two enzymes. The source
dehydes (Figure 6BD) indicate that spin density of the of the difference in the exchange interaction is presently
radical is on the carbon skeleton of the glycolaldehyde unknown. At these relatively long distances the exchange
precursor. As with the radical observed in inactivation of interaction is mediated by intervening matter (superexchange)
DDH by glycolaldehyde, spectra of samples prepared from (28), and the difference i between the two complexes
[1-13C]glycolaldehyde or [23C]glycolaldehyde are indis- could be due to slight differences in the positions of the
tinguishable and exhibit a modest broadening of the patternmatter separating the two paramagnetic species or in the
(Figure 6B,C). Moreover, the EPR spectrum narrows for the orientation of the two paramagnetic species. Nevertheless,
sample prepared from perdeuterio glycolaldehyde (Figure experiments with glycolaldehyde and EAL show that the
6D). The responses of the EPR spectra to isotopic substitu-ethanesemidione radical is the product formed upon H-atom
tions in the glycolaldehyde precursor are analogous to thoseabstraction from the semialdehyde as in the analogous
observed for the radical produced from glycolaldehyde by reaction in the active site of DDH. This result reinforces the
DDH; however, the spectrum that emerges from the samplenotion that the reactions catalyzed by these two enzymes
with perdeuterio glycolaldehyde differs from that observed share common steps and perhaps a similar overall architec-
for the analogous sample with DDH (compare Figure 2D,E ture of active sites.

and Figure 6D). Differences in the electron spapin Mechanistic ImplicationsThe mechanism by which 1,2-
interactions between CGoand the radical in the active sites propanediol and other vicinal diols are rearranged to the
of DDH and EAL account for the differences in the spectra corresponding aldehydes is still under investigation. The
of the radical. Simulation (Figure 6E) of the signal obtained process is thought to be initiated by the abstraction of a
with perdeuterated glycolaldehyd® = —22 G andJ = hydrogen atom from C1 of the substrate by thal&oxy-

—11 G) reveals that the major difference in the two adenosyl radical to produce substrate radlcal Scheme 2.
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Scheme 4
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The possibilities for the further transformation of radiéal  enosyl radical that would be generated in the next step of
into the radical precursor of hydrated propionaldehyde the reaction of a true substrate. The complex of DDy, B
(radical 2 in Scheme 2) differ with respect to whether and thecis-ethanesemidione radical is stable under anaerobic
dehydration is brought about by acid or base catalysis, asconditions for several days, and the active site is blocked
illustrated in Scheme 3. If dehydration of radicklis by from further reactions. Under aerobic conditions, one-electron
acid catalysis 29), a resonance-stabilized radical cationic oxidation of the radical by triplet oxygen gives glyoxal, but
intermediate is formed. The radical cation is then hydrated the high affinity of the enzyme for B, prevents the entry
to the radical precursor of propionaldehyde hydrate (radical of fresh coenzyme B for further cycles of oxidation1(4).
2). On the other hand, if base catalysis takes pl&e31), Semidione radical formation by any of the mechanisms in
a ketyl radical is initially generated. The ketyl radical Scheme 4 is entirely consistent with the fact that the
eliminates hydroxide to form a resonance-stabilized aldehydeinactivation of DDH by [22H]glycolaldehyde leads to the
radical. Addition of hydroxide to the aldehydic group incorporation of tritium into the sdeoxyadenosine formed
generates the radical precursor to propionaldehyde hydratefrom the cleavage of adenosylcobalami@2) Similar
The acid/base groups in the active site that may participatearguments apply to the transformation of glycolaldehyde to
in catalysis include His 143, Asp 335, and Glu 170 in the the ethanesemidione radical in the active site of EAL.
o-subunit (L3). Inactivation of DDH and of EAL by glycolaldehyde is
Glycolaldehdye is extensively (i.ez95%) hydrated in analogous to the inactivation of EAL by hydroxyethylhy-
aqueous solution. If the predominant hydrated form binds drazine (8) in the sense that glycolaldehyde and hydroxy-
in the active site and undergoes H-atom abstraction prior to ethylhydrazine are converted into stable radicals that do not
dehydration, closely related mechanisms, illustrated in have the oxidizing capacity to abstract H-atoms and complete
Scheme 4, can be written for the formation of the semidione the catalytic cycle.
radical in suicide inactivation by glycolaldehyde. After
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