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ABSTRACT. A study has been made of the mechanism of inactivation of the adenosylcobalamin-dependent
enzyme, ethanolamine ammonia-lyase (EAL), by hydroxyethylhydrazine. Incubation of EAL with
adenosylcobalamin and hydroxyethylhydrazine, an analogue of ethanolamine, leads to rapid and complete
loss of enzymic activity. Equimolar quantities ofdeoxyadenosine, cob(Il)alamin {8, hydrazine cation
radical, and acetaldehyde are products of the inactivation. Inactivation is attributed to the tight binding of
Bior in the active site. Removal ofiB from the protein by ammonium sulfate precipitation under acidic
conditions, however, restores significant activity. This inactivation event has also been monitored by electron
paramagnetic resonance (EPR) spectroscopy. In addition to EPR signals associatedvsffe&ra of
samples of inactivation mixtures reveal the presence of another radical. The other radical is bound in the
active site where it undergoes weak magnetic interactions with the low spini€d;,. The radical
species was unambiguously identified as a hydrazine cation radical by tfhiafipjdroxyethylhydrazine,

?H,0, and guantitative interpretation of the EPR spectra. Homolytic fragmentation of a hydroxyethyl-
hydrazine radical to acetaldehyde and a hydrazine cation radical is consistent with all of the observations.
All of the experiments indicate that the mechanism-based inactivation of EAL by hydroxyethylhydrazine
results from irreversible cleavage of the cofactor and tight binding.eftB the active site.

The coenzyme B! dependent enzyme, ethanolamine and can only be removed by harsh treatmefd}s lence,
ammonia-lyase (EAL; EC 4.3.1.7), catalyzes the conversion aberrant reaction pathways that abandagn B the active
of ethanolamine to ammonia and acetaldehyde-3). site incapacitate further catalysis. Rogue radical intermediates
Bacteria which possess the genes for EAL can grow on could also exact irreversible damage to the enzyme or the
ethanolamine as the sole source of carbon and nitrogyen ( cofactor fragmentsg). An analysis of the products of these
4). Evidence indicates that the reaction catalyzed by EAL inactivation reactions can provide information about the
proceeds by a radical mechanism wherein a cofactor-derivedsequence of radical transformations leading up to inactivation
5'-deoxyadenosyl radical (directly or indirectly) abstracts a (9—12). Quantitative analysis of the products of inactivation
hydrogen atom from C-1 of the substrate to generate acan also provide information on the number of active sites
substrate-based radical. The substrate radical rearranges tpresent in the enzyme. For EAL, estimates of the number of
the product radical which acquires a hydrogen atom from active sites vary between 2 and 6 for thgs oligomer (L3—
5'-deoxyadenosine to give product. Reformation of the cobalt 16).
carbon bond restores the cofactor and completes the catalytic Screening of various substituted, short-chain alcohols for
cycle @, 3. reaction with EAL revealed hydroxyethylhydrazine (HEH)

The radical reaction mechanism of EAL makes the enzyme to be an exceptionally efficient inactivator of the enzyme.
susceptible to inactivation by analogues of the substrate thatEPR spectra of reaction mixtures revealed unusual signals
allow the radical intermediates to stray from the main for By, and a robust signal for another radical. Analysis of
catalytic pathway §, 6). Bio—a product of the homolytic  the products of the reaction and of the EPR spectra provide
cleavage of coenzyme;B—binds with high affinity to EAL a clear indication of the pathway for inactivation and
geometrical information on the position of radicals within
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1 Abbreviations: B, cob(ll)alamin; coenzyme 8, adenosylcobal- -
amin; EPR, electron paramagnetic resonance; EAL, ethanolamine Materials Yeast alcohol dehydmgenase’ NADH, coen-

ammonia-lyase; HEH, hydroxyethylhydrazine; Hepiis2-hydroxy- zyme By, and 5-deoxyadenosine were purchased from
ethylpiperazineN'-2-ethane-sulfonic acid; HPLC, high-pressure liquid =~ Sigma. Hepes was from Research Organics and Tris was

chromatography; hydroxo4B hydroxocobalamin; IU, international unit; ; ;
TLC, thin-layer chromatography; Tris, tris (hydroxymethyl)amino- from Fisher. Lysozyme (from hen egg white) and DNase |

methane; SDSPAGE, sodium dodecyl sulfatgolyacrylamide gel (from bovine pancreas) were from Boehringer-Mannheim.
electrophoresis; zfs, zero-field splitting. Unlabeled hydroxyethylhydrazine was from Lancaster. 2,4-
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Dinitrophenylhydrazine, ethanolamine, attbO were pur-
chased from Aldrich. 2,4-Dinitrophenylhydrazine was re-
crystallized from ethyl acetate prior to us&N]Hydrazine
(99% °N) was purchased from Isotec, and [1,1,2:R}-
bromoethanol (98%H) was from Cambridge Isotope Labs.
Competent BL21(DE3)pLysS cells were purchased from
Novagen.

Subcloning and Expression of EALhe plasmid pKQE4.5
(17) encoding the large and small subunits of 8&monella
typhimuriumEAL was a generous gift from Dr. Bernard
Babior. The pTZE vectorl®) was kindly provided by Dr.
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purfication yielded enzyme with a specific activity of 25 1U
mg! (15). The extinction coefficient calculated fargfs
oligomer using the program PEPTIDESORT (Genetics
Computer Group, Madison) is 0.69 mL migcm™.
Inactivation Kinetics.EAL was incubated with HEH and
coenzyme B, and at various times, aliquots were withdrawn
and assayed for activity. The incubations were prepared by
mixing EAL (5 uL of 26 mg mL™1), coenzyme B (0.17
mM), 19 mM Hepes/NaOH, pH 7.5, and HEH (10 mM) in
a total volume of 2QuL. Aliquots (5 uL) were withdrawn,
diluted to 0.50 mL with 10 mM Hepes/NaOH, pH 7.5, and

Barbara Swanson. The pKQE4.5 vector was digested byassayed for activity. The assay mixtures contained Hepes/
Bsu361 and purified, and the digested site was filled-in using NaOH, pH 7.5 (50 mM), ethanolamine (10 mM), yeast

the Klenow polymerase fragment. The resulting singly cut
vector was purified and digested wittindlll. This digest

alcohol dehydrogenase (45 1U), NADH (0.13 mM), and
coenzyme B, (17 uM) in a total volume of 1 mL. Assays

released a DNA fragment that contained both the large andwere initiated by adding SuL of the diluted (1:100)

small subunits of EAL. The pTZE vector was digested with
Xcm and Hindlll and ligated to the genes for EAL. The
resulting vector, pTEAL, was used for all subsequent

preincubation mixture.
Inactivation/Reactiation. EAL (200 uL of ~26 mg mL™?)
was mixed with coenzymeB(0.34 mM), HEH (10 mM),

expression experiments. Competent BL21(DE3)pLysS cells and Hepes/NaOH, pH 7.5 (15 mM), in a total volume of

were transformed with pTEAL and plated onto LB plates
containing 10Qug mL~* ampicillin and incubated at 37TC
overnight. A single colony was picked from this plate and
transferred to a 0.5 L starter culture (with 0.1 mg ™L
ampicillin). The starter was shaken at 37 until turbid (OD

~ 0.1-0.3) and aliquots were used to initiate large scale
growth (typically 2 2 L flasks containig 1 L of LB and
0.1 mg mL-* ampicillin in each). The cultures grew overnight
at 37°C. Cells were harvested by centrifugation at 4§00
and the cell pastes frozen in liquid,NCell yields per liter

of culture were 34 g.

Enzyme PurificationThe enzyme purification is based on
the limited solubility of EAL near neutral pH in buffers that
also contain glycerol. All steps were carried out at@
Cell pastes (4650 g) were thawed in 0.20 L of 50 mM
Hepes/NaOH, pH 7.5, also containing 10% glycerol, 50 mg
of lysozyme, 1 mg of DNase, and 1 mM phenylmethane-
sulfonylflouride. The suspension was stirred fch and then
centrifuged at 17009 for 30 min. The supernatant was
discarded, and the pellet was suspended ir-0.8 L of 50
mM Hepes/NaOH, pH 7.5. The mixture was centrifuged at
1700@ for 30 min, and the supernatant brought to 15%
saturation with solid ammonium sulfate over 20 min. The
suspension was stirred 280 min and centrifuged at 17090
for 30 min. EAL, precipitated by ammonium sulfate under
these conditions, forms a translucent pellet or film. The
precipitate was suspended inl50 mL of 10 mM Hepes/
NaOH, pH 7.5. The suspension was dialyzed versus 2
L of 10 mM Hepes/NaOH, pH 7.5 overnight. During the

0.40 mL. Samples were withdrawn, diluted, and assayed as
described in the previous section. After a 30 min incubation,
the reaction mixture was placed in dialysis agaihd. of

10 mM Hepes/NaOH, pH 7.5; the buffer was changed once.
The inactivated EAL was removed from dialysis and assayed
for activity with ethanolamine. In a separate experiment,
EAL, which had been inactivated by HEH and dialyzed as
described above, was resolved of bound cofactor by pre-
cipitation with ammonium sulfate under acidic conditions
(7). The ammonium sulfate pellet was resuspended2n3

mL of 10 mM Hepes/NaOH, pH 7.5, and dialyzed against 2
x 1 L of the same buffer. The protein was removed from
dialysis and assayed for activity with ethanolamine as
substrate. Protein concentration was determinedy,m
measurements.

UV—Vis Profile of the Inactiation. To determine the
UV—vis profile of EAL during the inactivation and to
determine the stoichiometry of ;B to EAL, absorption
spectra were obtained before and after mixing EAL with
coenzyme B, and HEH. For these experiments, EAL (100
uL of ~26 mg mL1) and Hepes/NaOH, pH 7.5 (20 mM),
were placed in one side of a split cuvette and diluted to a
total volume of 0.8 mL. A mixture of HEH (10 mM), Hepes/
NaOH, pH 7.5 (20 mM), and coenzyme 85 uM) in a
total volume of 0.8 mL was placed in the other compartment.
Absorption spectra were obtained prior to and at various
times after mixing the contents of the two chambers. The
stoichiometry of B to EAL was determined by following
the loss of the 525 nm peak of coenzyme, Bsing the

course of the dialysis, the suspension clears, forming a nearlydifference extinction coefficient of B (Aeszspm~~ 4.0 mM

homogeneous solution of EAL. At this stage, the protein
concentration is typically~2—3 mg mL~%. The contents of
the dialysis bag were centrifuged at 17d6r 30 min and

cmY) (16, 21).
Detection and Quantitation of B>eoxyadenosinédssay
mixtures contained coenzyme0.17 mM), HEH (10 mM),

the supernatant concentrated in Amicon concentrator (YM30 Hepes/NaOH, pH 7.5 (16 mM), and EAL (28 of 26 mg

membrane). This protocol typically yields 36850 mg of
EAL with specific activity of ~45-55 IU mg™*. EAL
purified by this protocol is>90% pure as judged by SBS
PAGE. The concentrated enzyme was storedl@i °C. EAL
used in these studies had a specific activity-62 IU mg ™.
Specific activities of EAL fromClostridium sp.have been
in the range 1545 IU mg* (19, 20, whereas for the
recombinant enzyme fror. typhimuriumthe published

mL~Y) in a total of 0.1 mL. The reactions were initiated by
the addition of EAL and allowed to proceed for 15 min. The
reactions were quenched by adding 0.1 nill& HCI, and

the precipitated protein was removed by centrifugation. The
supernatant was neutralized with 0.1 miL1oM Tris base.
Aliguots of the neutralized reaction mixtures were analyzed
by HPLC over a reversed-phase C-18 column (Rainin) using
a gradient from 0 to 100% methanol in water. The peak areas
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were compared with those obtained withdeoxyadenosine 74 Zy
solutions of known concentrations. The identity of the eluant H,

was further confirmed by co-injection of the reaction mixture

with authentic samples of fleoxyadenosine. 4 : spin 2

Detection and Quantitation of Acetaldehydeetaldehyde
was converted to its 2,4-dinitrophenylhydrazone adduct and !

]
]
]
detected by HPLC. The reactions were setup as described ’é’\ : X i %
above for the experiments in whiclr&eoxyadenosine was R 2 i
measured. The mixtures were quenched withulLOof 20 : 12 E
mM 2,4-dinitrophenylhydrazineni 3 N sulfuric acid. Pre- spin 1 I ! v
cipitated protein was removed by centrifugation. Aliquots \‘\\\L i 1
of the supernatant (40L) were neutralized wit 1 M Tris ¢ \\\ T E
base (25uL) before injection onto a C-18 reversed-phase \\: Tl
HPLC column. The hydrazone derivative was eluted iso-
cratically with acetonitrile/water (60:40) and detected at 350 n
nm. The retention time for the hydrazone wa$.9 min. -
Peak heights in the chromatogram were compared to those 1
of solutions of authentic adduct (& 19 mM cm in FiGure 1: Schematic representation of the coordinate system
methanol) 22). describing the orientation of a second spin (spin 2) and of the

. . magnetic fieldH,, with respect to the principal axis of spin 1. The
Synthesis of [1,1.,2,9-14]Hydroxyethylhyd_razme Hydro-  orientation of the magnetic field is specified by the angleand
chloride. To a solution of 9 mmol of KOH in ethanol was  ¢. The orientation of the interspin vector;Ris specified by the

added 14 mmol of hydrazine. [1,1,22R;]Bromoethanol (7 spherical angle$ and 5. Eulerian angles o(,3,y) specify the
mmol) was added dropwise over 10 min, and the reaction orientation of the principal axis of spin 2 with respect to that of
was allowed to proceed 3 h. The reaction mixture was spin 1.

filtered, diluted to 0.5 L with water, and chromatographed  Analysis of the EPR Spectrihe active sites of EAL are
on Dowex 50x 8 (H* form). The resin was washed with  expected to generate two paramagnetic speciesibstrate-
water, and HEH was eluted witlL N HCI. The eluate was  derived radical and the low-spin &oof Bi,—in relatively
neutralized and reduced to dryness by rotary evaporation.close proximity. An exchange interaction and a through-
The resulting solid was then resuspended in ethanol andspace, dipoledipole interaction are expected to arise from
filtered and the filtrate reduced to dryness to obtain the the proximity of the two paramagnetic centers. The frame-
hydrochloride. work for treatment of the combined effects of exchange and
Synthesis of'PN]Hydroxyethylhydrazine Hydrochloride.  dipole-dipole coupling of unpaired electron spins has been
To a solution of 1.14 mmol of NaOH in absolute ethanol presented previously24—26). In the analysis of the EPR
was added ‘PN Jhydrazine sulfate (0.48 mmol), and the spectra, terms that need to be considered include the Zeeman
suspension was stirred for 24 h. Bromoethanol (0.48 mmol) interaction of each electron spin with the laboratory magnetic
was added and allowed to react overnight at room temper-field, the exchange and dipetaipole interactions between
ature. The reaction mixture was diluted to 0.50 L with water the electron spins, and the nuclear hyperfine interactions at

and chromatographed on Dowex 508 (H* form). The each center. The spectra are interpreted with the following
resin was washed with water, and the hydrazine was elutedspin Hamiltonian:

with 1 N HCI. Fractions were spotted onto silica gel TLC - - - = - - - -
plates and HEH-containing fractions were identified using Hs= fH*9;*S; + H0,'S, + J,S;°S, + S;°D- S, +
conjugation with l,N-dimethylamino)benzaldehyde. Peak Hoe (1)
fractions were combined and dried by rotary evaporation. _
The residue was dissolved in water and subjected to rotarywhereH is the laboratory magnetic fieldy andg; are the
evaporation to remove trace HCH NMR spectrum of the g tensors of the low-spin Co and radical, respectively,
product confirmed the identity of the material. is isotropic exchange coupling constabt,is the dipole-

EPR Spectroscopy of Samples istHand in?H,O. EAL dipole tensor, andHyr represents the first-order hyperfine
(~26 mg mL*! in 10 mM Hepes/NaOH, pH 7.5) was terms for each center:
exchanged int8H,O by lyophilization and resuspension in N m
?H,0. Control samples of EAL were also lyophilized but _ A e A A
redissolved in HO. Separate stock solutions of HEH and Hie = ;Kj(0’¢)ljzslz+ I(;Kk(@’(b)'kzséz (2)
coenzyme B, were prepared ifiH,O and HO. The samples .
contained HEH (10 mM), coenzyme 80.6 mM), Hepes/  where K(0,¢) is the hyperfine interaction for a particular
NaOH, pH 7.5 (16 mM), and EAL (21 mg mt). The nucleus along the magnetic field directid®v). The smaller
mixtures were transferred to EPR tubes and frozen within nuclear Zeeman and nuclear quadrupole interaction terms
20—30 s of mixing the ingredients. were neglected in the analysis. The various interaction terms

EPR Measurement&PR spectra were recorded at X-band are diagonal in their individual principal axis systems, and
on a Varian E-3 spectrometer. A standard liquid nitrogen orthogonal transformations are required to bring all of the
immersion Dewar was employed to maintain samples at 77 interactions into a common frame of reference. These
K. Spectra obtained with the unlabeled HEH aft\j|HEH rotations become part of the parameter space that needs to
in ?H,O were resolution enhanced as previously described be explored in simulations. The general coordinate system
(23). A Hanning window function was used in apodization. is shown in Figure 1.
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A complicating factor in the present case of a low-spin
Co*" is the g anisotropy at this center. The spectrum for
B1or bound to EAL exhibits axial symmetng{ = 2.26; g,
= 2.01). Because of thg anisotropy of Cé&", the dipole-
dipole interaction is no longer represented by a traceless,

symmetric tensor, and the exchange interaction is no longer <¢% Imlal

a scalar quantity. Rather, the dipeldipole and exchange

interactions each consists of a scalar, a vector, and a traceless,

symmetric tensord8). The scalar part of the dipotadipole
interaction gives an isotropic splitting that will add to the
isotropic exchange interaction. Thganisotropy of Cé&"
gives rise to a rhombic (E) term in the zfs tensor describing
the dipole-dipole interaction whenever the interspin vector
is not aligned with a principal axis of low-spin €0(29).
The g anisotropy of the low-spin Cd, can also lead to
anisotropies in the exchange interacti@f)( The anisotropic
components of the exchange and dipetigpole interactions
are combined into the terr;D-S whereD is a conventional

zfs tensor. This zfs interaction, expressed in a spherical basis

and rotated into the laboratory axis system, becor36s (

Hys = DJ[3S” — S(S+ 1)] + D,4(S,S, + SS,) +
D_4(SS +SS)+D,(S,%) +D xS ? (3)

The coefficientsD,, D11, D-1, D42, andD-, are

D, %(3co§9—1)+§sin29cosas 4)

Dﬂ:(‘%sin 26) (—D+Ec052;b)i12Esin05in2¢
(5)

Di2=%1[D sif6 + E cos 2 (1 + cos 0)] +
i

5 E cosé sin 2 (6)

Computational Strategie®?owder pattern spectra were
obtained by numerical integration of the following expression

(27):

dF _
dH ~ Jo

o an sind do d¢

()

wheref and¢ are the polar and azimuthal angles that relate
the applied magnetic field directioiHf) to the molecular
frame (Figure 1).

Some simplifications accrue from the properties of the two
paramagnetic centers. For example, because of the axiall
symmetricg-tensor of the low-spin Co, the spherical angle
n (Figure 1) is not needed to specify the magnitude of the
spin of Ca™.

The energy matrix, which was block diagonal, was set up
as described previously2®) (see Table 1). The following
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Table 1: Sample Block from the Energy Matrix

too; ImIn> af; I;In> 1 B0 ImIn> 1BB; ImIn>
1
ofhH(g + g5)
lng VZhD. V2hDa 2 BD.
+ hD, ]
1
+3 h(AnIm
+ Aplp)
L
QﬁH(gl— gg)
<ofi; ImInl 1 1 —V2hD
min \/EhD.l _th 2hJ \F +1
—2hD,
1
+5 h(ApIn
= Anln)
1
obhH(-g,+ &5)
1.5 _
<Bet; ImIn| 1 T4 —J2hD
min '\/EhDJ 5 hJ 9 hDo '\/ +1
1
+5 (-AmIn
+ Anlp)
1
FPhH(—g,- g5
1
<BB; ImIn| 2Dy ZhDy 2D, +zhJ
+ hD,
+2 h-Amln
- AnIn)

occur in the range of interest XE/hv was below unity at
the lower field value and greater than unity at the upper
value. To determine the position of the transition within the
region of the spectrum, the twhE values were extrapolated

to zero field, and the slope of the line was used to calculate
where, within the field range, the transition would occur.
This process yielded two position estimates for the transition.
A more precise value of the field position was obtained by
iterative recalculation of the energy matrix starting with the
initial estimates of the field and continuing until the estimates
obtained from the solving the energy levels at the upper and
lower field limits agreed t0<0.1 G. The speed of conver-
gence is dependent on the magnitude of the off-diagonal
elements, but transitions could typically be found in less than
five iterations. The transition probabilities were evaluated
from the matrix of the eigenvectors, and a Gaussian line
shape was fitted at the transition. In each simulation, 2500
combinations of) and¢ were sampled in accordance with
the solid angle integration of eq 7.

Optimal fits to experimental spectra were obtained by
systematically varying the parameters and visual inspection
of the match between experimental and simulated patterns.
Error limits were estimated by varying the parameters to
achieve a noticeable degradation of the fit.

y

RESULTS AND DISCUSSION

Inactivation Kinetics.Incubation of EAL with coenzyme
B1,and HEH leads to a rapid and complete loss of enzymatic
activity. EAL was preincubated with 10 mM HEH and 0.34

procedure was used to generate a magnetic field-sweptmM coenzyme B, aliquots were withdrawn, diluted 100-

spectrum. For a given combination of anglésand ¢, the

matrix was diagonalized using the CH route of EISPACK
(32) at field values above and below the range of interest.
Energy level differences of allowed transitions were deter-
mined at both field values. A transition was presumed to

fold, and assayed in the presence of saturating ethanolamine
(10 mM) and cofactor (1@M). Within 20 s of exposure to
HEH, activity of EAL is reduced to 8% of control samples
and is<1% after 15 min. No inactivation was observed if
coenzyme B, was omitted from the incubation mixtures.
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Table 2: Quantitation of Inactivation Products

product product/EAR
Bi2/hydrazine cation radical 6.0+ 0.1
5'-deoxyadenosine 5204
acetaldehyde 5.6+0.1

aEAL concentration was based on thk of an agfls complex (491
kDa). P The electron spin-spin coupling between the {espin C&*
of Bizr and the hydrazine cation radical establishes 1:1 stoichiometry
of these two radicals:Detected as the 2;4dinitrophenylhydrazine
derivative as described in the Experimental Procedures.

Fate of B, during Inactvation of EAL by HEHDuring
the course of inactivation of EAL in the presence of excess
coenzyme B, and HEH, the cobaltcarbon bond of the
coenzyme B, is homolyzed to produce;B. The character-
istic optical absorption features ofiBare fully developed
in the spectrum of the reaction mixture afte0 s, and no
further changes are observed in the profile upon longer
incubation (15 min, data not shown). In this experiment, an
excess of coenzyme ;B (20-fold) was used to ensure
occupancy of all active sites of the enzyme by cofactor. Using
the difference extinction coefficient of coenzyme, Bersus
B12r One can estimate that6 equiv of B is converted to
B12r during the inactivation (Table 2). The,Bis tightly
bound to the enzyme, and coenzyme, Bever reforms.
Absorption spectra obtained after extensive dialysis of the

Bandarian and Reed
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Ficure 2: X-Band EPR spectrum of HEH-inactivated EAL
showing presence of features corresponding;tpd®d a companion
radical species with absorption nep+= 2.0. The amplitude of the
signal of the radical centered & = 2.0 is off scale. The
spectrometer frequency was 9.09 GHz and the spectrum was
acquired at 4 mW microwave power.

of the protein, air oxidation of B, to hydroxo-B, may occur.
This oxidation may facilitate removal of the cofactor

enzyme show the 472 nm feature, which is characteristic of fragment. Indeed, the absorption spectrum of the supernatant

B12r (data not shown).

Formation of By, during the course of the inactivation
indicates that the carbettobalt bond of the cofactor is
cleaved homolytically. Homolysis of this bond is also
believed to occur as part of the normal catalytic cycle to
produce the Sdeoxyadenosyl radical and;B The B-

from the acid ammonium sulfate precipitation is similar to
that of hydroxo-B,. In the subsequent dialysis step, hydroxo-
B12 is removed leading to partial gain of activity. After this
treatment, no form of B could be detected in the enzyme,
as judged by the optical absorption spectrum (data not
shown).

deoxyadenosyl radical then initiates catalysis by abstracting EPR Spectra of the Inaetition Mixture.EAL was mixed

a hydrogen atom from the substrate to forradBoxyad-

enosine and a substrate radicad). (To determine whether
inactivation by HEH produces-&leoxyadenosine, EAL was
incubated with coenzyme;Band HEH for 15 min, and the

with coenzyme B, and with HEH, frozen after 20 s
incubation, and examined by EPR. The EPR spectrum
(Figure 2) confirms the presence of;Band reveals a strong
signal of a radical centered neguw~ 2.

reaction mixtures were quenched with acid, neutralized, and Theg andA tensors of the low-spin Cb in By, are axially

assayed by HPLC. These experiments show thaequiv
of 5'-deoxyadenosine is produced during the inactivation
(Table 2). Formation of 'sdeoxyadenaosine requires that all
components of the reaction, i.e., enzyme, coenzymeaRd
HEH, be present.

Fate of HEH during Inactation. The products of HEH

symmetric, and “turning points” in first-derivative spectra
are observed with the magnetic field perpendicular and
parallel to the half occupiedz orbital of C&*" (32). The
hyperfine interaction from thé®Co nuclear spinl(= 7/2)
splits the EPR signals from the cobalt into an octet pattern.
The 5°Co hyperfine splitting is typically unresolved{o]

during the inactivation were investigated, and acetaldehyde A; ~ 5—10 G) for the magnetic field perpendicular to the
was identified as a product. The aldehyde was detected bydz orbital. In the parallel direction, the hyperfine splitting

derivatization with 2,4-dinitrophenylhydrazine, and the hy-

drazone was identified and quantitated by HPLC. Nearly 6
equiv of acetaldehyde was produced during the inactivation
(Table 2). Formation of acetaldehyde required that all
components of the assay, enzyme, coenzymeddd HEH

from %°Co is large (f°Co] A~ 110 G), and an octet pattern
centered abou, is observed. A superhyperfine interaction
between the unpaired electron of Cand aN (I = 1) of
the lower axial ligand further splits the parallel features of
By into 1:1:1 triplets (]*N] Ay ~ 18 G). However, in the

be present. Formation of acetaldehyde was essentiallyEPR spectrum of EAL inactivated by HEH (Figure 2), the

complete within the first 20 s.

Partial Recaery of EAL Following Inactiation by HEH.
B12rcan be removed from EAL by precipitation of the protein
with ammonium sulfate in acidic solution followed by
resuspension of the protein in fresh buffer and dialy8)s (
In the present case, this procedure restor@9% of the
original enzymatic activity. The mechanism of the removal
of Bjo from the protein is not completely understood,;
however, during the course of precipitation and dissolution

superhyperfine features of th&o in the parallel direction
are quartets with apparent intensities of 1:2:2:1. The pos-
sibility that the axial**N ligand had been displaced during
the inactivation was initially considered. The multiplicities
and intensities of the pattern were, however, inconsistent with
the nuclear spin of potential new axial ligands. Rather, the
quartet splitting pattern results from magnetic interactions
between the unpaired spin of thg,Band the radical in the
active site. The total electron spigpin interaction,|J +
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Ficure 3: X-Band EPR spectra of EAL obtained after inactivation
with unlabeled HEH (A), [1,1,2,2H,HEH (B), and1*N-labeled
HEH (C). The microwave frequency was 9.09 GHz and the spectra T TS TR T
were acquired at 0.5 mW microwave power. 3140 3190 3240 3290 3340

Hgy(Gauss)
2D|, along theg, direction of the Co axis system, coinci- Ficure 4: Comparison of EPR spectra obtained by inactivating
dentally, matches th&N superhyperfine splitting such that  EAL with unlabeled HEH (A) o#*N-labeled HEH (B) in HO (Aa,-
|J + 2D| adds a doublet splitting. The resulting splitting B&) or ?H:0 (Ab,Bb). The microwave frequency was 9.09 GHz
pattern is therefore that of an overlapping doublet of triplets, 2"d the spectra were acquired at 0.5 mW microwave power.
i.e., the 1:2:2:1 quartet pattern. - . . . . .

EPR Spectra with Isotopically Labeled HEFhe spectrum
obtained with [1,1,2,2H,JHEH is identical to that obtained a 2
from unlabeled HEH (Figure 3). By contrast, in the spectrum
obtained with °N]JHEH, the hyperfine splitting manifold is b b
altered relative to that of unlabeled HEH. These observations

indicate that the unpaired electron resides in the hydrazine e , , , . ,
fragment of HEH. 3140 3190 3240 3290 3340 3140 3190 3240 3290 3340

Coupling of the Radical to Seént Exchangeable Protons. H (Gaes H (G
EPR specira of EAIT |nact|vat_ed2by HEH were obtained wit simulated EPR spectra obtained with unlabeletidrabeled HEH.
samples pr.epared in2B and in’H,0. EPR spec?ra O,f the The experimental EPR spectra are of samples preparéd,
radical regions of these samples are shown in Figure 4.ith either unlabeled (Aa) o¥N-labeled (Ba) HEH. The simula-
Hyperfine structure within the envelope of the spectrum is tions of the spectra from unlabeled (Ab) HEH and fr&id-labeled
considerably narrowed in the spectrum of the sample (Bb) HEH were performed using a line width of 4.5 G and other
prepared in?H,O. Narrowing of the signals ifH,O is parameters as listed in Table 3.
consistent with the presence of solvent exchangeable protons . . .
(deuterons) near to the center of unpaired spin. The hyperfine'€SPectively. The parameters used for the simulations are

interaction from these protons contributes an inhomogeneou§i5ted in Table 3. The analy_sis indicates that the .Odd elgctron
is shared equally by both nitrogens of the hydrazine metety

broadening to the EPR signals that is reduced upon substitu- ‘ : - ’

tion of 2H (yzyly ~ 1/6.5). a result that is conS|stent'W|th rgsults from singteystal
EPR studies of the hydrazine cation radic&d)( Moreover,

the isotropic component of the nitrogen hyperfine interaction

is, as expected, about half of that reported for the ammonia

radical cation 85). Best fits are obtained with thg and A

n FiGURE 5: Comparison of resolution enhanced experimental and

EPR spectra were further analyzed by simulation. Unlike
the g, region of the spectrum of B, which represents a
unique (single-crystal like) direction, the spectrum of the
radical is a “full-fledged” powder pattern wherein absorptions . ) .
from all orientations of the center in the magnetic field are tensors of th'e radical rotated S@ith respect to .tha axis
represented within the spectral envelope. The overall pattern®f the coordinate system of the low-spin TdFigure 6).
is expected to have the line shape of a classical Pake doublet The absolute signs afandD are indeterminate from the
(33); however, splitting of the perpendicular peaks is spectra. The spectra do, however, reflect the relative signs
modified to reflect|J — D| whereas the parallel splitting is  of these two magnetic interaction terms, and successful
|J + 2D|. Modeling of this spectrum requires inclusion of simulation requires thab| > |J| and that the two parameters
all of the electron spin-spin interaction terms in the Hamil- have opposite signs. The magnetic interaction terms which
tonian as well as the anisotropic nitrogen hyperfine interac- reproduce the patterns in the radical also model the quartet
tion, andg anisotropy of the hydrazine fragment. Simulations splittings in theg, features of B, (see Figure 7). This
of the EPR spectra obtained with the unlabeled and with observation, together with the absence of a requirement for
[**N,JHEH are shown in panels A and B of Figure 5, arhombic term in the zfs interaction, suggests that the radical
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Table 3: Parameters Used to Simulate EPR Spectra ofthe [ 7~ 7 77 T T
Hydrazine Cation Radical
Euler angles (de§)
parameters principal values o B y I BN
g (B12)° 2.26
2.26 | AN |
2.01 A
g (radicaly 2.0043
2.0037 0 90 e
2.0021
J +55+1.0G
D —-125+1.0G
E 0G B.
N, 256G
25G 0 90 e
30G
15N, , 35G
356G 0 90 e 0 L Lo S
42 G 2940 2970 3000 3030
aSimulations were carried out as described in the Experimental H, (Gauss)

Procedures. To reduce the computational times, the cobalt nuclear spin . . . .
(I = 7/2) was not included in the calculations. In the simulations of FIGURE 7: Comparison of experimental (A) and simulated (B) EPR

the radical region, the contributions to the simulation from thedow  SPectra of one of the**Co parallel hyperfine features. The
spin C&* were suppressed from the output of the prograifhe Euler parameters used in the simulation are listed in Table 3.

angles were defined as described by Rigg&). ¢ The g-frame of the . .. - . .
Co*" was chosen as the reference frame for the rotatfbfise g-tensor have provided an empirical limit function which relatés

is within experimental error of that reported for the hydrazine cation (M) to the distanceR(A):
radical @4). ¢ The simulations are insensitive to thengle.’ The value

of J obtained from the simulations contains a contribution from the |J] < 1.35x 107 e*1-8R (8)
isotropic component of the dipolar interactionJaf= (—28%3R%)g.Ag:

~ —1.2 G, whereg; is the isotropicg-value of the radical andg; is This expression and the value dfdetermined from the
(9 — g) of Co*" (28). analysis of the spectra led to a distance estima af13

A between By, and the radical.

The dependence of the dipeldipole parameteD (G)
on the distanc® (A) between the two paramagnetic centers
using the point dipole approximatio3g) is

D =6.95x 10° g,g,/R® (9)

Using this equation, one can estimate that the hydrazine

cation radical and B, are separated by 13 A. Use of eq 9

, , , , implies a point dipole approximation and the absence of

3140 3190 3240 3290 3340 anisotropic exchange or antisymmetric exchange contribu-

H, (Gauss) tions. The agreement between the distance estimates from

FIGURE 6: Comparison of simulated spectra obtained by orienting the Separate magnetic interaction terms is reassuring. A

the g- and A-tensors of the hydrazine cation radical along the (A) Schematic representation of the results from the analysis of

o st ootined hen " o = shour n Seheme 1

Co™ (see Fit ) £ . Stoichiometry of Products to Aeé SitesThe inactivation

AL nactated wih unlabeled HEH 1010, The parameters oy £l by HEH converts coenzyme Binto B and 5

deoxyadenosine, and HEH is converted to acetaldehyde and
a hydrazine cation radical (eq 10):

i

lies close thez-axis of the low-spin C% in By, However,
the g anisotropy of the low-spin Co is too small to make EAL
the dipole-dipole interaction very sensitive to the positon HEH+ coenzyme B, —

of the interspin vector in thg-frame of Cé" (36). 5'-deoxyadenosine

These EPR results identify the radical as the hydrazine Biar (10)
cation radical. The ultimate fate of this species has not been acetaldehyde
explored, although the radical persists for at least 20 min at hydrazine cation radical

room temperature. Presumably, the radical would eventually

be quenched either before or after escaping the confines ofResults from equilibrium titrations of EAL with analogues
the active site. The electron spispin coupling reflected in =~ ¢ coenzyme B, suggested that there were two active sites
the EPR spectra shows that there is a 1:1 stoichiometry Ofperaeﬂe oligomer (L3, 14, 39. However, experiments based
B2 and the hydrazine cation radical. on the steady-state level ofiB during turnover suggested
The distance dependence of the sgBpin interactions may  that six active sites were present6). The inactivation of
be exploited to estimate the separation between the hydrazindeAL with HEH in the presence of coenzymeBroduces
cation radical and Cd of B;,. Buettner and Coffmar3({) ~6 equiv of B-deoxyadenosine, 1B, the hydrazine cation
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Scheme 1 N-substituted ethanolaminedl). In the HEH radical, the
relative stability of the hydrazine cation radic&5 un-
doubtedly tips the balance toward homolytic fragmentation,
and the homolytic option diverts the intermediate from a
catalytic cycle that could allow multiple turnovers. The
presence of equimolar quantities of acetaldehyde dnd 5
deoxyadenosine rules out multiple turnovers of HEH. Studies
with [1,1,2,22H,JHEH, however, indicate that the first step

is reversible 42). The HEH radical can eliminate the
hydrazine cation radical leaving the enol of acetaldehyde
(Scheme 2, path A) or rearrange to a product radical before
fragmentation (Scheme 2, path B). These two routes would
lead to identical products, and the present experiments do
not rule out either pathway. The inability4d) of the
hydrazine cation radical to recapture a hydrogen atom from
5'-deoxyadenosine interrupts the cycle and leaves the enzyme
stranded as an inactive complex havingBlocking the
cofactor site.

The present results highlight the steep distance dependence
of the spir-spin exchange term. In some coenzymg B
dependent enzymes, intermediates are observed in which the
two paramagnetic centers are close-{6A) such that the
exchange interactionJ] ~ 40 cnT!) dominates the EPR
spectra 25, 26, 44. In these situations, the EPR spectra
correspond to those of a strongly coupled triplet spin system
(25, 26, 44. For other systems, in which the separation of
the radical from B, is only a few angstroms greater, the
exchange and dipotedipole interactions are of the same
order of magnitude 24, 45, 49. The weakly coupled
situation, wherein the two paramagnetic centers retain
separate “EPR identities”, is somewhat easier to deal with
analytically. As illustrated in the present case, the EPR
signals of the low-spin CGo and those of the radical provide
complementary information that can serve as a internal
validation of the parameters.

radical, and acetaldehyde;Bis not easily removed from
the enzyme, and it is unlikely that,Bis exchanged for fresh
coenzyme B, Thus, the HEH inactivation indicates that six
active sites are present in tlgSs oligomer of EAL.
Mechanism of Inactiation. A plausible mechanism for
the inactivation that is consistent with all of the experiments
is shown in Scheme 2. The similarity of HEH to ethanola-
mine allows binding of the analogue. This binding sets the
stage for the reaction, i.e., formatlon of an HEH ra<_j|cal_ and ACKNOWLEDGMENT
Bi2. Substituted alkyl free radicals can fragment in either
polar or homolytic processed(). For example, a propensity We are grateful to Ms. La Rosa Faust and Dr. Bernard
for homolytic cleavage has been noted for radicals of Babior for providing the plasmid pKQE4.5.

Scheme 2

\
~
H {1 \H coenzyme Bio -
—Hse= c_
H
aha . path A
(o]
Bior vl ~g
+ a
path B NH,~H,N H,N==NH,
Ho Gc— _.—OH
— 5o — To=cy

dAdo = 5'-Deoxyadenosine
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