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ABSTRACT. An analogue of lysingrans-4,5-dehydra--lysine trans-4,5-dehydrolysine), is a potent inhibitor

of lysine 2,3-aminomutase frolostridium subterminale SB#at competes with-lysine for binding to

the active site. Inclusion dfans-4,5-dehydrolysine with activated enzyme and the coenzymes pyridoxal-
5'-phosphate an&adenosylmethionine, followed by freezing at 77 K, produces an intense signal in the
electron paramagnetic resonance (EPR) spectrugn2ad, which is characteristic of an organic radical.

A series of deuterated ar®N-labeled samples dfans-4,5-dehydrolysine were synthesized and used to
generate the EPR signal. Substitution of deuterium for hydrogen at C2, C3, C4, C5, andra@gsof
4,5-dehydrolysine led to significant simplifications and narrowing of the EPR signal, showing that the
unpaired electron was located on the carbon skeleton dfains4,5-dehydrolysine. The hyperfine splitting
pattern is simplified by use of 4,5-dehydro[3f3;]lysine or 4,5-dehydro[4,%H,]lysine, and it is
dramatically simplified with 4,5-dehydro-[3,3,4,5,6Ez]lysine. Spectral simulations show that the EPR
signal arises from the allylic radical resulting from the abstraction of a hydrogen atom fromt@hsf
4,5-dehydrolysine. This radical is an allylic analogue of the substrate-related radical in the rearrangement
mechanism postulated for this enzyme. The rate constant for formation of the 4,5-dehydrolysyl radical (2
min~1) matches that for the decrease in the concentraion of [4F&-48bwing that the two processes

are coupled. The cleavage 8fadenosylmethionine to'&leoxyadenosine and methionine takes place
with a rate constant of approximately 5 min These kinetic correlations support the hypothesis that
radical formation results from a reversible reaction between [4Fé&-d&] S-adenosylmethionine at the
active site to form [4Fe-43}, the B-deoxyadenosyl! radical, and methionine as intermediates.

Lysine 2,3-aminomutase fro@lostridium subterminale  kDa) with an overall molecular mass of 280 kka 2). The
SB4catalyzes the interconversionicfysine and.-j3-lysine protein contains [4Fe-4S] centers and is activated by'PLP
(eq 1). The enzyme is a hexamer of identical subunits (47 and AdoMet. The transfer of hydrogen between C2 and C3
of lysine and fS-lysine, respectively, proceeds without
exchange with solvent protong)(
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Ficure 1: Mechanism of substrate radical initiation and isomer-
ization in the reaction of lysine 2,3-aminomutase.
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The allylic radical is likely to be stable enough to accumulate
to an observable concentration in an enzymatic experiment.
In this paper, we show thatans4,5-dehydrolysine is a
potent inhibitor that is converted into the allylic radical in
the active site. The stability of this radical has allowed its
equilibrium fractional concentration to be correlated with the
fractional presence of the two putative functional states of
the iron—sulfur center.

EXPERIMENTAL PROCEDURES

Chemicals L-lysine, L-leucine, L-methionine, inorganic
pyrophosphatase (baker's yeast), AdoHcy, ATPdé&oxy-

indicates that a reaction between AdoMet and the reducedadenosine, CM-cellulose, Epps, and Hepes were purchased

iron—sulfur center ([4Fe-43) leads to the reversible forma-
tion of the 3-deoxyadenosyl radical and the initiation of the

from Sigma Chemicals. AdoMep{toluenesulfonate salt) was
also purchased from Sigma and purified by CM-cellulose

rearrangement reaction, the mechanism of which is illustrated chromatography, with elution by 20 mM,B0,. PITC was

schematically in Figure 16). The B-deoxyadenosyl radical

purchased from Pierce. Q-Sepharose and phenyl sepharose

(Ado-CH,: in Figure 1) is postulated to abstract a hydrogen resins were obtained from Pharmacia, and sodium dithionite
atom from C3 of lysine, which is bound to PLP as its external was obtained from Aldrich. [U4C]Lysine was purchased

aldimine. The initiation step forms'¥%leoxyadenosine and
the substrate-related radical which undergoes rearrange-
ment to an azacyclopropylcarbinyl radical a quasi-

from New England Nuclearadenosine8-1“C]ATP (SA 47
mCi/mmol) was purchased from ICN Pharmaceuticals, Inc.,
and L-[methyt“C]lmethionine (SA 50 mCi/mmol) was

symmetric species that rearranges further to the product-purchased from American Radiolabeled Chemicals, Inc.

related radicat in Figure 1. Abstraction of a hydrogen from
the methyl group of 5deoxyadenosine by radicakegener-
ates the 5deoxyadenosyl radical and produgg$ysine in
the form of its external aldimine with PLP. The mechanism
is novel in that, although the overall aminomutation is

Anhydrous solvents for chemical synthesis were purchased
from Aldrich Chemical Co. and used as supplied. Diisobu-
tylaluminum deuteride (DIBAL-D~50% D), lithium alu-
minum deuteride (LIAIQ, 98% D), deuterium chloride (DCI)
solution in DO (99.5% D), BO (99.9% D), acetic acid-

analogous to adenosylcobalamin-dependent reactions, nq98% D) were also obtained from Aldrich Chemical Co. 1,3-

vitamin B;, coenzyme is involved, and AdoMet supplies the

Butadieneds (98% D) and potassiuniy\]phthalimide were

5'-deoxyadenosyl moiety that mediates hydrogen transfer purchased from Cambridge Isotope Laboratories, Inc. All

from C3 to C2 in the transformation of lysine ingelysine.

other chemicals and buffers were obtained from vendors and

The role of PLP in facilitating the radical rearrangement is used as supplied unless otherwise stated.

also a departure from its normal role of stabilizing amino

acid carbanions.
The product radicat from the reaction of the enzyme

with lysine (7, 8) and a substrate radical analogueaoin
the reaction with the alternative substrate 4-thialysi@e (

Assays The standard assay of 2,3-aminomutase used
during purification and for measuring its specific activity
has been describefl)( trans4,5-Dehydrolysine was assayed
by HPLC after derivatization with PITCLQ). To examine
the possible substrate reactivity todns-4,5-dehydrolysine,

have been observed and characterized spectroscopically. Th@,3-aminomutase was reductively incubated by the usual

structure of the product radicalin Figure 1 is known, as
determined by EPR and ESEEM spectroscofe4 (@), and
it is kinetically competent as an intermediatel), The
observation of the substrate radi@ain Figure 1 by EPR

procedure to prepare it for a standard as€yAn aliquot
(50 uL) of the enzyme was added to 6B of an assay
mixture at 37°C consisting of 0.26 M Epps buffer at pH
8.0, 2.3 MM NaS;0z, 1.2 mM AdoMet, and 20 mMrans-

spectroscopy depended on the use of a structural analogud,5-dehydrolysine, combined in that order. After incubation
of lysine as a substrate. 4-Thialysine was found to be anfor 30 min, the reaction was quenched with 25 of 2 M

alternative substrate and led to the 4-thia analogue of radicalHCIO,. The precipitated protein was removed by centrifuga-
a as the dominant paramagnetic species in the steady-statéion, and an aliquot of the supernatant fluid was derivatized

of the reaction 9). The stability of the 4-thia analogue of
radical a was attributed to electronic stabilization of the
unpaired electron on C3 by the adjacent sulfur at@m (
Another analogue of lysine tsans4,5-dehydrolysine. The
4,5-olefinic bond is in a position to stabilize an unpaired
electron at C3. Ifrans4,5-dehydrolysine is recognized as a

for HPLC analysis.

UV —vis spectra were recorded on a Hewlett-Packard
8452A diode-array spectrophotometer. HPLC was carried out
on an integrated system from Waters consisting of 501 and
510 pumps, a 484 tunable absorbance detector, and an
automatic gradient controller. An integrator from Spectrum

substrate that undergoes the initial hydrogen abstraction frominc. determined relative areas of peaks. Radiochemical

C3, an allylic radical should result as follows:

analysis was carried out by liquid scintillation counting.
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trans-4,5-Dehydrolysin€HCI was passed over a column Ethyl (E)-2-carbethoxy-2,6-diphthalimido-4-hexeno&te,
of Dowex 1-AG column in the HS© form to remove the Diethyl phthalimidomalonate (90 mg, 0.30 mmol) was mixed
CI~. Ninhydrin positive fractions were pooled and concen- with excess sodium hydride (60% dispersion in mineral oil)
trated in vacuo. The concentrationtains-4,6-dehydrolysine  in anhydrous toluene, and the mixture was stirred at@0
was determined colorimetrically with ninhydrin, employing for 90 min. Upon cooling the solution to room temperature,

L-lysine as a standard. bromide7 (70 mg, 0.25 mmol) was added, and the mixture
Enzymes Lysine 2,3-aminomutase was purified from was stirred for 5 min. The solvent was removed at reduced
Clostridium subterminale SBds described?). The con- pressure, and the solid residue was heated at-166 °C

centration of the purified enzyme ranged from 22 to 37 mg for 3 h. Upon cooling the mixture, the residue was triturated
mL~1, and the specific activities ranged from 35 to 40 U with chloroform, filtered, and concentrated to give a yellow
mg % All manipulations of 2,3-aminomutase were carried solid. The product was purified by flash chromatography (5%
out in an anaerobic chamber equipped with a model 10 ethyl acetate-methylene chloride or-280% ethyl acetate
Oxygen-Hydrogen Analyzer (Coy Laboratory Products, Inc.). hexane) to give8 (110 mg, 84%) as a white solidH NMR
Palladium catalysts were used to maintain the oxygen tensiondé 7.69-7.67 (m, 6H, aromatic), 7.597.57 (m, 2H, aro-
below 1 ppm, the limit of detection. matic), 5.96 (p,J = 15.3,J = 7.5, 1H, vinylic), 5.50 (p,
AdoMet synthetase was purified frofscherichia coli J=15.3,J= 7.5, 1H, vinylic), 4.35-4.22 (m, 4H, OCH),
overproducing strain DM22pk8 as previously descritde?j ( 4.04 (d,J = 7.5, 2H, NCH), 3.17 (d,J = 7.5, 2H, CH),
14), except that the final step, chromatography on amino- 1.26 (t,J = 6.7, 6H, CH); *3C NMR 6 167.54, 167.08,
hexyl-sepharose (AH4B), was omitted. The enzyme was 166.01, 134.19, 133.93, 132.18, 131.56, 129.08, 128.88,
judged to be at least 85% pure by SPIBAGE and exhibited 123.56, 123.32, 67.60, 63.00, 39.23, 36.47, 14.05.
a specific activity 61 U mg™. (E)-4,5-DehydroeL-lysine dihydrochloride H)-(E)-2,6-
Synthesis of Radiolabeled Compoun@dsienosy8-1“C]- diamino-4-hexenoic acitiCl], 1. Imidoester8 was sus-
AdoMet and methyt“C]AdoMet were synthesized enzy- pended in concentrated HCI or a mixture®N aqueous
matically using AdoMet synthetase. The reactions contained HCI and acetic acid (3 to 5:1 by volume) and refluxed for
the following in a final volume of 10 mL: 50 mM Hepes at 20 h. Upon cooling, the solution was evaporated to dryness
pH 8.0, 50 mM KCI, 20 mM Mg, 100 U of inorganic under reduced pressure. A small volume of concentrated HCI
pyrophosphatase, drb U of AdoMet synthetase. For the was added to the residue and removed under reduced
synthesis of §denosyB-1“C]AdoMet, the reactions also pressure. The process was repeated with concentrated HCI
contained §denosyB-“C]JATP andL-methionine at 1 and  and with ethanol. The resulting residue was triturated with
5 mM, respectively; in the case ahpthy}“C]AdoMet, the ethanol and ether and filtered to gites a white solid. The
reaction contained 5 mM ATP and 2.2 mM radiolabeled ninhydrin reaction produced a yellow spot that slowly turned
methionine. The solutions were incubated at ambient tem- purple (L6). *H NMR 6 5.90-5.80 (m, 2H, vinylic), 4.11 (t,
perature (214 2 °C) for 40 min, diluted into 200 mL of 1 ~ J= 6.0, 1H,0-H), 3.62 (d,J= 5.2, 2H, NCH), 2.79-2.71
mM Na-acetate (pH 5.0), and loaded onto a CM-cellulose (m, 2H, CH,).
column (2.5x 7 cm) equilibrated in the same buffer. After Ethyl (E)-2-Carbethoxy-2,6-diphthalimido-4-hexenoate-
washing the column with the 1 mM Na-acetate buffer (200 [4,5%H,]. 2-Butyne-1,4-diol (2.9 g, 33.7 mmol) in anhydrous
mL), AdoMet was eluted with 20 mM $EOs. Asso-positive tetrahydrofuran (15 mL) was added dropwise with stirring
fractions were pooled, titrated to pH 5.0 with Q-sepharose to a slurry of lithium aluminum deuteride (1.9 g, 45.2 mmol)
(OH~ form), and concentrated by flash evaporation te32 in anhydrous ether (80 mL), and the mixture was refluxed
mM. The final specific activities offdenosy8-1“C]AdoMet for 4 h. Upon cooling the mixture, a minimum amount of
and jmethy}“C]AdoMet were 3.4x 10°f and 2.1x 10° cpm cold D,O was added dropwise to the reaction until the gray
umol™1, respectively. slurry just turned white (34 mL). The mixture was filtered,
Synthesis of Deuterium-Labeled Compourdisreactions the solid was washed with ether, and the combined organic
were carried out under dry nitrogen. Analytical TLC was solution was dried over MgSQand concentrated to a
performed on 0.2 mm silica 60 coated plastic plates with colorless oil, which solidified upon refrigeration to give){
F-254 indicator. Flash chromatography was performed on butene-1,4-diol-[2,3H;] as a white solid. The IR spectrum
Merck 230-400 mesh silica gel as described by Still et al. showed loss of &C in the product, which was used without
(15). 'H and*3C NMR spectra were recorded in CRQIr further purification.
D,0. Chemical shifts are reported in parts per million (ppm)  The diol (190 mg, 2.1 mmol) and carbon tetrabromide
and coupling constants are reported in hertz (H4)NMR (1.54 g, 4.6 mmol) were dissolved together in anhydrous
spectra were referenced to tetramethylsilane and 3-(trimeth-acetonitrile (12 mL), triphenylphosphine (1.22 g, 4.6 mmol)
ylsilyl)propionic-2,2,3,3d, acid (sodium salt) at 0.00 ppm was added in portions at40 °C, and the mixture was
in CDCl; and DO, respectively®*C NMR spectra were  brought slowly to room temperature and stirred for 3 h. The
referenced to the solvent peak at 77.0 ppm in GDCI solvent was removed under reduced pressure, and hexane
For the synthesis of labelathns4,5-dehydrolysine, only ~ was added to give a suspension, which was filtered and
the procedures leading to labeled ethig)-@-carbethoxy- washed thoroughly with hexane. The filtrate and wash were
2,6-diphthalimido-4-hexenoate8)( are described below, combined and concentrated to a colorless oil, which soon
because the hydrolysis of this precursor to labeEd4(5- solidified to give E)-1,4-dibromo-2-butene-[2,34;], which
dehydrobL-lysine2HCI (1) follows the procedure for un-  was used directly in the next stejtd NMR 6 3.94 (s).
labeled materiallH NMR spectra of labeled amino acids The product was converted tB)¢1-bromo-4-phthalimido-
are consistent with deuterium incorporation at the desired 2-butene-[2,3H,] (not isolated) by the procedure of Birkofer
positions. and Hempel 17) as a white solid:'H NMR o 7.87-7.85
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(m, 2H, aromatic), 7.747.73 (m, 2H, aromatic), 4.31 (s, this with diethyl 2-phthalimidomalonate by the procedure
2H, NCH,), 3.91 (s, 2H, CHBY). described for8 gave ethyl E)-2-carbethoxy-2,6-bisphthal-
The bromide was used directly in the reaction with diethyl imido-4-hexenoate-[3,3,4,5,6%1] as a white solid. TLC
2-phthalimidomalonate as described for the preparation of indicated that the product was a single compound that
8 to give ethyl E)-2-carbethoxy-2,6-diphthalimido-4-hex- comigrated with8. The 'H NMR spectrum showed only
enoate-[4,%H,] as a white solid. TLC indicated that the aromatic and ethyl ester signals.
product was a single compound that comigrated ®itfhe Sample Preparation Samples were prepared by the
IH NMR spectrum verified the absence of hydrogen at C-4 procedure of Ballinger et al8] for observing lysine-based
and C-5."H NMR ¢ 7.69-7.67 (m, 6H, aromatic), 7.59 radicals, with modifications. In the earlier work, high
7.57 (m, 2H, aromatic), 4.344.24 (m, 4H, OCH), 4.03 (s, concentrations of lysine (0.2 M) were used to ensure that
2H, NCH,), 3.16 (s, 2H, CH), 1.26 (t,J = 7.1, 6H, CH). the enzymatic reaction was in the steady-state by the time
Ethyl (E)-2-Carbethoxy-2,6-diphthalimido-4-hexenoate- the samples were frozen and cooled to 77 K. In experiments
[3,3#H,]. To a solution of methyl 4-bromocrotonate (250 with trans<4,5-dehydrolysine, however, much lower concen-
mg, 164 mL, 1.4 mmol) in anhydrous toluene (5 mL) was trations could be used (20 mM) because the compound
added dropwise a 0.5 M solution of DIBAL-D60% D) reacted so slowly that no conversion to 4,5-dehyeHgsine
in toluene (7.0 mL, 3.5 mmol) at78 °C, and the solution  could be detected. For this reason, the spectra observed were
was stirred for 30 min. Aqueous acetic acid (50%, 0.4 mL, the same at high as at low concentrations. Samples containing
3.5 mmol) was added, the mixture was brought to room lysine for generating radicalin Figure 1 were prepared by
temperature and filtered through a Celite pad, and the padcombining the following in the order specified and to the
was washed with acetone {65 mL). The combined filtrates  final concentrations indicated: 0.2 M lysine, 2.3 mM
were concentrated to give 4-bromo-2-butene-1-ol-PHI- N&S;04, 1.2 MM AdoMet, and 27ZM reductively incubated
(not isolated) as a yellow oil. A small portion of the product 2,3-aminomutase. The sample was mixed, transferred to an
was treated with excess potassium phthalimide in anhydrousePR tube, and frozen within 35 s by immersion of the tube
DMF according to the procedure of Sheehan and Bolhofer in liquid N,. Samples containindgrans-4,5-dehydrolysine
(18) and gave the crude product as a yellow solid. Flash were prepared in the same way, except for the concentrations
chromatography (20% ethyl acetateexane) afforded 4-  of the substrate analogue, which were 0.15tfsins4,5-
phthalimido-2-butene-1-ol-[1,3H,] as an off-white solid. dehydrolysine, 33 mMrans4,5-[2°H]dehydropL-lysine, 24
The *H NMR spectrum indicated-58% deuterium incor-  mM trans4,5-[3,32H,]dehydropL-lysine, 33 mMtrans4,5-
poration.*H NMR ¢ 7.87-7.84 (m, 2H, aromatic), 7.75 [4,5H;]dehydrobL-lysine, 25 mMtrans4,5-[3,3,4,5,6,6-
7.71 (m, 2H, aromatic), 5.945.86 (m, 1H, vinylic), 5.83 °H¢]ldehydrooL-lysine, and 50 mMrans4,5-[2,3,3,4,5,6,6-
5.76 (m, 1H, vinylic), 4.31 (dJ = 8.0, 2H, NCH), 4.14 °H;]dehydrooL-lysine.
(broad s,~1H, CH,), 1.38 (broad s, 1H, OH). Reversal of 4,5-Dehydrolysyl Radical Formatiomll
Reaction of the foregoing product (44 mg, 0.20 mmol) operations were carried out inside the anaerobic chamber.
with carbon tetrabromide (73 mg, 0.22 mmol) and triphen- The reaction mixture included 0.24 M Tris; 80y, 2 mM
ylphosphine (58 mg, 0.22 mmol) in anhydrous acetonitrile Na-dithionite, 0.45 mM AdoMet, 7uM trans4,5-dehy-
as described above yielded cru@@-(-bromo-4-phthalimido-  drolysine, and 3M 2,3-aminomutase in 0.75 mL. After
2-butene-[1,2H;] (not isolated) as a yellow solid. Thid 20 min at ambient temperature, 260 was removed, placed
NMR spectrum indicated-56% deuterium incorporatiof in an EPR tube, and frozen. The remainder was concentrated
NMR d 7.87~7.85 (m, 2H, aromatic), 7.747.73 (m, 2H, by ultrafiltration and desalted by gel-filtration through
aromatic), 5.955.92 (m, 1H, vinylic), 5.875.80 (m, 1H, Sephadex G-25 (30 mM Tris480,, pH 8.0, 1 mM DTT,
vinylic), 4.31 (d,J = 8.0, 2H, NCH), 3.91 (m,~1H, CH,- and 10uM PLP). After the solution was concentrated again,

Br). an aliquot (13QuL, 46 uM) was removed, diluted to 250
The foregoing product reacted with diethyl 2-phthalim- uL with Tris-H,SO, (0.24 M final concentrated), placed in
idomalonate as described above to give etlig)lZ-carb- an EPR tube, and frozen. EPR spectra were recorded on both

ethoxy-2,6-diphthalimido-4-hexenoate-[313;] as a white samples, and the signals were integrated.
solid. TLC indicated a single compound that comigrated with  EPR Measurementkow-temperature X-band EPR spec-
8. troscopy of [4Fe-4S3]bound to 2,3-aminomutase was carried
Ethyl (E)-2-Carbethoxy-2,6-diphthalimido-4-hexenoate- out on a Varian spectrometer equipped with an E102
[3,3,4,5,6,6%Hs]. The round-bottomed breakseal flask con- microwave bridge and an Oxford Instruments ESR-900
taining gaseous 1,3-butadieriétf] (1 L at 1 atm, 41 mmol) continuous flow helium cryostat and an Oxford 3120
was cooled to—30 °C, and all the gas was condensed to a temperature controller. Correlative EPR measurements of the
liquid. The glass seal was broken, and the outlet was quickly 4,5-dehydrolysyl radical at 77 K were carried out on a Varian
sealed with a rubber septum. After anhydrous chloroform E-3 spectrometer equipped with a standard liquid nitrogen
(8 mL) was added, a solution of bromine (6.7 g, 41 mmol) immersion Dewar. Both spectrometers were interfaced to an
in 5 mL of anhydrous chloroform was added slowly. The IBM microcomputer for data acquisition. Spin concentrations
mixture was held at-30 °C for 1 h with occasional shaking.  were estimated by double integration of EPR spectra, using
After the mixture was warmed to room temperature, the either a Varian strong pitch standard (0.1% pitch in KCI) or
solvent was evaporated under reduced pressure tojve ( a 1 mM CuSQ@10 mM EDTA standard. Spin changes of
1,4-dibromo-2-buteneifs] (not isolated) as a white solid.  the [FeSs]*"/AdoMet signal were estimated by comparing
A small portion of the product (0.5 g) was converted into the area of the trough gt= 1.85 to the trough of an [4Fe-
(E)-1-bromo-4-phthalimido-2-butenéHg] (not isolated) by 4S]"/AdoHcy standard that had been quantified in the manner
the procedure of Birkofer and Hempdld), and reaction of  described for the organic radical. All scan conditions for the



Allylic Radical at the Active site of 2,3-Aminomutase

[4Fe-4S}/AdoHcy species (1@W power) and the standard
were identical.

Time Course of trand,5-Dehydrolysine Radical Forma-

Biochemistry, Vol. 39, No. 31, 200®565
RESULTS AND DISCUSSION

Synthesis of Deuterium-Labeled trans-4,5-Dehydrolysine
The synthesis of K)-4,5-dehydroeL-lysine 1 has been

tion. The study was carried out at ambient temperature reported 16, 17). Deuterated derivative—6 were synthe-
(21+ 2°C) inside a Coy anaerobic chamber. For each time gj,a( for the present study.

point, the reaction mixture included 0.28 M Tris$0,, 300
uM AdoMet, 460 uM trans-4,5-dehydrolysine, 2.8 mM
N&S;0,, and 31uM 2,3-aminomutase in 256L contained
within EPR tubes. The reactions were initiated by addition

of enzyme to the other combined components, and each

reaction was quenched at the appropriate time (653&in)
by insertion of the EPR tube into a container of liquid
isopentane {135 °C) placed within a Dewar of liquid

nitrogen. The samples were then analyzed by low-temper- H3N+/\%\)<COO‘
ature EPR for the presence of the [4Fe-4&)d at 77 K for

the presence of the 4,5-dehydrolysyl radical as described

above.

Time Course for Clezage of AdoMet to sDeoxyadeno-
sine and Methionin€The procedure was carried out through

the acid quenching step within the anaerobic chamber. 2,3-

Aminomutase was reductively activated by incubation with
132 mM Tris-HSOy or Epps buffer at pH 8.0, 2.8 mM
N&S,04, 180uM AdoMet, and 6QuM 2,3-aminomutase in

a volume of 256-270uL. For cleavage to'sdeoxy[844C]-
adenosine,ddenosy8-1“C]AdoMet (SA= 3.4 x 10 cpm
umol™Y) was used, and for cleavage togthyt*“C]methion-
ine [methyt*“C]AdoMet (2.1x 10° cpmumol™1) was used.
After addition of enzyme to a mixture of the other compo-

nents of the activation reaction, excess dithionite and AdoMet

were removed by gel-filtration on a column of Sephadex
G-25 equilibrated in 30 mM Tris-p80,, 10uM PLP, and 1

3 /\/\B<N "
H;N* COO~  H,N* CO0 -
1 2
D 'y NH;* H NH3+
H,N* €00~
D D D
3 4
D D D H NHY DD D NH;*
%N‘”W COO~  H;N* €00 -
p DD D DD
5 6

In the reported synthesis oOE)-4,5-dehydrosL-lysine 1
(16, 17), reaction of E)-1,4-dibromo-2-butene with potas-
sium phthalimide inN,N-dimethylformamide yieldedE)-
1-bromo-4-phthalimido-2-butene, which was submitted to
reaction with the sodium salt of diethyl acetamidomalonate.
The resulting amino acid precursor was hydrolyzed in acid
to producerans-4,5-dehydrolysind. A modified procedure
using diethyl 2-phthalimidomalonat&9) in place of diethyl
2-acetamidomalonate was employed as shown in Scheme 1.

mM DTT. A portion of the activated and desalted enzyme Hydrolysis of ethyl E)-2-ethoxycarbonyl-2,6-diphthalimido-

was subjected to spectrophotometric and radiochemical

analysis to determine the amount of AdoMet bound to it.

Cleavage of §denosyB-1“C]AdoMet was initiated by
addition of the activated enzyme (100, 10 «M) to a 200-
uL solution of 0.36 M Tris-HSQO, at pH 8.0 and 67xM
trans-4,5-dehydrolysine. For thie= 0 time point,trans-4,5-
dehydrolysine was excluded. At the designated time50
min), the reaction was terminated with 200 of 1 M H-
SO. After addition of carrier 5deoxyadenosine (40 nmol)
and AdoMet (80 nmol) and removal of precipitated protein
by centrifugation, one solution was analyzed by HPLC over
a Whatman @ column (4.6x 250 mm) at a flow rate of 1
mL min~%. Elution consisted of a 10-min water wash
followed by a linear gradient (0 to 100%) of GEIN over
15 min. fadenosyB-1“C]AdoMet emerged in the void volume
(2.5 min), and 5deoxy[8+‘Cladenosine emerged at 21 min.

Cleavage ofiinethy*“C]AdoMet was initiated by addition
of the activated enzyme (80M final concentration) to a
reaction mixture that included in a final volume of 206D
0.24 M Epps at pH 8.0 and 450M trans4,5-dehydrolysine.

4-hexenoate8) affordedtrans4,5-dehydrolysind.

Hydrolysis of8 or the corresponding labeled analogue in
deuterochloric acid and acetic aaided to thea-deuterated
analogue® and6. PhtiH#°N was used to synthesize 4,5-[6-
15N]dehydrolysine.

Itis clear from Scheme 1 thaE)-1-bromo-4-phthalimido-
2-butene? is a key intermediate in the synthesis of lysine
analoguesl and 2. Deuterium-labeled forms of this inter-
mediate were synthesized and employed in the preparation
of labeled lysine analogu&s-6. The syntheses of deuterium-
labeled analogues of intermediateare described, and all
were converted into the deuteratiedns-4,5-dehydrolysine
3—6 by the method in Scheme 1.

The synthesis offf)-1-bromo-4-phthalimido-2-butene-[2,3-
°H,] began with 2-butyne-1,4-diol as illustrated in Scheme
2. Reaction of 2-butyne-1,4-diol with LiAlpfollowed by
addition of DO yielded E)-2-butene-1,4-diol-[2,3H,] (20).
The diol was treated with CBrand triphenyl phosphine in
acetonitrile under mild conditions to giv&)-1,4-dibromo-
2-butene-[2,3H,] (21, 22). Mono-phthalimidation of the

At selected times (0, 10, 30, 60, 180, and 300 s), eachdibromide using the same methdd) described in Scheme

reaction was quenched with 4& of 2 M perchloric acid.
For thet = 0 time point, trans4,5-dehydrolysine was
excluded. After removal of precipitated protein and neutral-
ization with KOH, the samples were derivatized with PITC
and analyzed by HPLC as describd@®); Fractions (1 mL)

1 afforded E)-1-bromo-4-phthalimido-2-butene-[228t,)].

As illustrated in Scheme 3, the synthesis Bf-(-bromo-
4-phthalimido-2-butene-[1,3H,] began with methyl 4-bro-
mocrotonate. Diisobutylaluminum hydride (DIBAL) was
reported to be an excellent reagent in the selective reduction

were collected and subjected to radiochemical analysis for of an a,3-unsaturated ester to produce the allylic alcohol,

[methyt*“C]AdoMet (25 min) and fnhethyt*“C]methionine
(28.5 min).

and allylic bromide was not reduced under the reaction
conditions 23). Methyl 4-bromocrotonate was therefore
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reduced with diisobutylaluminum deuteride (50% D) to yield
(E)-4-bromo-2-butene-1-ol-[1,3H,] (23). Treatment of the
bromo-alcohol with potassium phthalimide by the method

of Sheehan and Bolhofel®) gave E)-4-phthalimido-2-
butene-1-ol-[1,7H,], which was converted into B)-1-

bromo-4-phthalimido-2-butene-[12H,] by the procedure in

Scheme 2.

The perdeutero-intermediatg)¢1-bromo-4-phthalimido-

2-buteneqH¢] was prepared from 1,3-butadieridf] as

shown in Scheme 4. The 1,4-addition of bromine by the

procedure of Shantz2§) produced E)-1,4-dibromo-2-

butene-fHs]. Mono-phthalimidation of the dibromide as
described in Scheme 1 gavie){1-bromo-4-phthalimido-2-

butene-fHg).

Inhibition by trans4,5-DehydrolysineConventional tests
for inhibition of lysine-2,3-aminomutase invariably showed
potent inhibition, suggesting an inhibition constant in the
range of<100uM. Inhibition was blocked by high concen-
trations of lysine £Kp,), indicating competition. However,

Wu et al.
Scheme 4
D D
p Br, CHCL
D
D D
DD D DD D
Br PhthN"K* Br
Br ————=  PhthN
D DD p DD

good inhibition data in conventional experiments could not
be obtained because the system behaved as if the enzyme
were being irreversibly inhibited biyans-4,5-dehydrolysine.
EPR experiments described in a later section clarified the
interaction oftrans4,5-dehydrolysine with this enzyme by
showing that its reaction required-30 min to attain an
equilibrium state at saturating inhibitor concentrations. The
EPR experiments also indicated a valuekaf< 50 uM.

trans4,5-Dehydrolysine is an analogue of the substrate
L-lysine, and the question of whether it reacts as an
alternative substrate was investigated in assays employing
HPLC or NMR for product detection. While an authentic
sample of 4,5-dehydrg-lysine was not available for defini-
tive comparison, it was expected that its appearance in
reaction mixtures ofrans-4,5-dehydrolysine with lysine-2,3-
aminomutase would be detected in the NMR spectra and on
HPLC elution profiles. In no case could a product be detected
under conditions in which the isomerization of lysine to
p-lysine went to equilibrium. It was concluded thaans-
4,5-dehydrolysine either was not a substrate or its turnover
number was too low to be observed in conventional experi-
ments.

EPR experiments, described in a later section, verified that
the reaction ofrans4,5-dehydrolysine with 2,3-aminomutase
is slow and reaches equilibrium in—80 min. When
compared with the enzymatic turnover number of about 30
s™1 at 37°C, the results indicated that a turnover number
for trans4,5-dehydrolysine would be<0.015 s®. Thus,
trans4,5-dehydrolysine behaves, for practical purposes, as
an irreversible inhibitor. That its reaction takes place at the
active site is strongly indicated by its competition with lysine
and the requirement for AdoMet for radical-formation
reaction, as described in the following section.

Radical Formation in the Reaction of trads5-Dehydro-
lysine with Lysine 2,3-Aminomutasghe EPR spectrum of
a new organic radical is observed wheans-4,5-dehydro-
lysine is substituted for lysine in experiments with 2,3-
aminomutase. Shown in Figure 2 are the EPR spectra of the
product-related radical generated from lysine (Figure 2A)
and of the new radical generated frdnans-4,5-dehydro-
lysine (Figure 2B). The new radical appears slowly, as
detailed in a later section, and attains a high concentration,
corresponding to virtually all of the functionally active sites
in 2,3-aminomutase.

The new radical appears to be the allylic species resulting
from abstraction of a hydrogen atom from C3 of the external
aldimine of trans4,5-dehydrolysine with PLP. Evidence
supporting this interpretation consists of the EPR spectral
changes brought about by the use of variously deuterated
trans-4,5-dehydrolysine for generating the radical. Repre-
sentative EPR spectra are shown in Figure 3. Replacement
of hydrogen with deuterium at any carbon wans4,5-
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FIGURE 2: EPR spectra of lysyl and 4,5-dehydrolysyl radicals at e e e

the active site. Active lysine 2,3-aminomutase was mixed with 3100 3150 3200 3250 3300 3350
lysine ortrans4,5-dehydrolysine in the anaerobic chamber and G

transferred to an EPR tube, and the tube was immersed in liquid auss

N, within 35 s. The solutions contained 0.15 M lysine (part A) or FiGure 3: EPR spectra of the 4,5-dehydrolysyl radicals obtained
trans4,5-dehydrolysine (part B), 1.2 mM AdoMet 2.3 mM  with deuterium-labeletrans4,5-dehydrolysine. Reaction mixtures
N&S,04, 50 mM Tris-sulfate buffer at pH 8.0, and lysine and procedure were as described in Figure 2, with«¥bBlysine
2,3-aminomutase. Spectra were recorded at 9.05 GHz with a2,3-aminomutase and the following forms wéns-4,5-dehydro-
modulation amplitude of 1.6 G at 4 mW power, with gains set at lysine: (A) unlabeledtrans4,5-dehydrolysine; (B)trans4,5-

1.5 x 10% The spectra were obtained at 2% (part A) or 45uM [2-2H]dehydrolysine; (C)trans-4,5-[4,52H,]dehydrolysine; (D)
(part B) lysine 2,3-aminomutase and normalized t«Rbenzyme. trans4,5-[3,3,4,5,6,6H¢dehydrolysine; (Ejrans4,5-[2,3,3,4,5,6,6-
Spectra shown are computed averages of four 4-min scans with a?H;]dehydrolysine. A spectrum (not shown) was also obtained with
time constant of 0.3 s. The spectrum in part A is typical of the trans4,5-[3,32H,]dehydrolysine. All spectra were accumulated
previously characterized lysyl radicain Figure 1 {, 8, 10). The from four scans (4 min/scan), and the microwave frequency was
spectrum in part B is shown in Figure 3 to be of an allylic analogue 9.045 GHz.

of lysyl radicalain Figure 1, produced by abstraction of a hydrogen
atom from C3 of the external aldimine ttns4,5-dehydrolysine
with PLP at the active site.

Table 1: Hyperfine Splitting Parameters Obtained from Spectral
Simulations of the Resolution-Enhanced EPR Spéctra

principle values of hyperfine tensaBj

dehydrolysine alters the EPR spectrum of the radical, proving

that the unpaired electron resides on the carbon skeleton of hucleus Axx Ay Az & (G)
this inhibitor. Moreover, the fact that deuterium substitution ~ *H3 27 8.4 18 17.8:0.9
at C2 or C6 significantly perturbs the spectrum implies that 4 5.7 4.1 2.4 4.1:0.6
; : - . H5 16.7 5.2 11.5 11.+ 0.6
spin density regsm_le_s at both C3 f_;md C5, the allylic carl_aon H6 18.4 184 184 184 1.0
atoms. More significant changes in the spectra are obtained 142 5.8 5.8 5.8 58 05

by rep_lacmg.the hydrogens bo.nd_ed to C4 a,nd C5 Wl,th aThe principal values of thg tensor are:g,, = 2.0036,g,, = 2.0036,
deuterium (Figure 3C), and a similar change is seen with anqg,, = 2.0021.

trans-4,5-[3,32H;]dehydrolysine (spectrum not shown). Deu-
terium substitution at all positions collapses the residual the species as an allylic radical derived frarans4,5-
hyperfine splitting (Figure 3E). Thus, a qualitative inspection dehydrolysine, with significant spin density on C3 and C5.
of the spectra in Figure 3 leads immediately to the prelimi- The resolution-enhanced spectra and simulations are shown
nary assignment of the 4,5-allylic analogue of the substrate-in Figure 4.
related radicah in Figure 1. Overlap of p-orbitals of the carbon atoms in an allylic
The spectra obtained witinans-4,5-[2-°H]dehydrolysine system distributes spin density over these orbitals, with a
(Figure 3B) andrans-4,5-[4,52H,]dehydrolysine (Figure 3C)  node of spin density on the middle carbon, C4 in the present
were chosen for more detailed analysis. Computer simula-case. This spin distribution has been demonstrated experi-
tions of these spectra were undertaken to determine thementally in the structure of the glutaconic acid radical in a
conformation of the radical. To facilitate simulation, the single crystal study by Heller and Col25) and in a study
spectra were resolution-enhanced to obtain estimates of theof the allyl radical in the gas phas26g). The unpaired spin
hyperfine splitting constants for the interactions of the density in thep-orbital of each carbon atom interacts with
unpaired electron with nearby nuclei, and these values werethe nuclear spin of the protons attached to these carbon atoms
refined by the simulations. The parameters leading to the and, to variable degrees depending on dihedral angles, with
best simulations attained are listed in Table 1. They identify protons bonded to adjacent carbon atoms. Therefore, it is
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3160 3180 8200 8220 3240 3260 3280 FIGURE 5: Comparison of EPR spectra obtained witans4,5-
[6-15N]dehydrolysine (A) andrans4,5-dehydrolysine (B). Resolu-
Gauss tion-enhanced spectra were obtained (A;a) 9 G andL = 0.225

G 'and (B,b)o = 8 G andL = 0.225 G ! using a squared Bartlett

B window function, (1— |X|/L)2. Other conditions are given in the
legend for Figure 2.

a of carbon atoms will not necessarily correspond to the most
stable conformation for a radical, especially when a radical
is generated from a substrate analogue, as in the present case.

While the distribution of unpaired spin may be different
in an enzyme-bound radical than in solution or in single

b crystals, the total spin must be the same. One measure of
the total spin is the sum of the isotropic splitting constants
for protons attached to the first and third carbon atoms of
an allylic system. This sum for the allylic radical in the gas
phase is 29.1 G2@). In the 4,5-dehydrolysine radical bound

S I I B e to 2,3-aminomutase, the sum of isotropic components is 28.9
3140 3180 3220 3260 3300 G, in agreement with the allylic radica2). The sum of
Gauss isotropic components for the glutaconic acid radical is 25.5

Ficure 4: Comparison of resolution-enhanced experimental spectra G (25), which is also in good agreement after correction for

with simulated spectra. Spectra analyzed from Figure 3 were of {ha further del lization of spin densitv into th rboxvli
(A) trans4,5-[4.52H,]dehydrolysine and (B)ransd 5-[22H]- ¢ d“t € di ?ﬁ.a a(;.o IO spin density into the carboxylic
dehydrolysine. Resolution-enhanced spectra were obtained (panefrjlCI group or this radical.

A, part a)o = 8 G andL = 0.225 G and (panel B, part by = Interactions of the unpaired spin at C3 and C5 with
10 G and_ = 0.225 G * using a squared Bartlett window function,  substituents on adjacent carbon atoms provide information
(1 — |x|/L)> Simulations were obtained usinyg, = 2.0036,g,, = on the conformation of the radica8)( In the present case

2.0036,9,, = 2.0021. The simulations of theans4,5-[4,52H,]- : _ ;
dehydrolysine (panel A, part b) included tHe2, 1H3, 1H4, 1H5, of the allylic analogue of the substrate-related radigal

1H6, and™N6. The hyperfine splitting constants were as listed in (Figure 1), hyperfine splitting with*N could involve either
Table 1. Line widths were (panel A, part a) 2.25 G and (panel B, the a-**N or the -“N engaged in an external aldimine
part b) 2 G; 625 crystal orientations were sampled in the linkage with PLP. To determine whether there was hyperfine
simulations. splitting between the unpaired electron and¢iéN of trans-

) . ) ) 4,5-dehydrolysinetrans4,5-[6-*°*N]dehydrolysine was syn-
possible to determine the conformation of a radical by thesized and used to generate the radical. The resulting
examining the strengths of the hyperfine interactions with spectrum was subjected to resolution-enhancement and
nearby nuclei, as expressed in the values of the splitting compared with that of a matched sample from unlabeled
constants. trans-4,5-dehydrolysine. As shown in Figure 5, the spectra

The hyperfine splitting constants between the unpaired are indistinguishable, which rules out hyperfine splitting from
electron and the protons bonded to C3, C4, and C5, giventhe ¢-1“N. Therefore, the observed6 G triplet splitting is
in Table 1, show that the spin density is unevenly distributed. assigned td“N of the a-amino group.

In this allylic radical generated at an enzymatic site, about Hyperfine splitting from protons depends on the dihedral
60% of the unpaired spin density resides on C3. angle between the p-orbial and the proton through the
Conformation of the 4,5-Dehydrolysyl Radic&llylic relationshipA = p(B + Ccog¥6), wherep is the spin density,
radicals can adopt a number of conformations in solution. B andC are empirically determined constants (0.92 and 42

The most stable for the side chaintcdns4,5-dehydrolysine G, respectively), and) is the dihedral angle2{). The

is one in which C3, C4, and C5 lie in one plane with their splitting between the C2(H) and the unpaired spin density
p-orbitals perpendicular to that plane. In an enzymatic active at C3 was small and not measured directly. The nearly
site, however, the conformation of a molecule is generally eclipsed orientation of the-nitrogen with respect to the
dictated by the conformation of the binding site and the p-orbital on C3 forces the C2(H) to adopt a dihedral angle
mechanisms of catalytic steps. Therefore, the orientationsleading to a minimal interaction with the unpaired spin
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Scheme 5 Jo.6
lE-_[Fe-S]“ AdoMet _———-~ lﬁ[Fe-S]z* AdoCH, - Mcr‘—,_a
PLP=deHLys-H PLP=deHLys-H 40.5

+1
Al
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density at C3 (76:90°). In contrast, one of the protons C6-
(H) strongly interacts with the unpaired spin density at C5.
On the basis of the splitting constant (18.5 G) and the spin
density on C5 40%), it can be estimated that this proton

Equiv of [Fe S
[ed1pey] otuedi() jo Arnbg

is nearly eclipsed with the p-orbital of C5. Jo.1
The orientations of the substituents on C6 relative to those ‘
on C2 remain unresolved. The two possibilities are illustrated Jd o
below, with either thecis- or trans- orientations being
allowed equally well by the data. Time (min)
Ficure 6: Time course for the formation of the 4,5-dehydrolysyl
@ O T 9 O radical and decrease of the 1S EPR signal. Closed circles
—Cs—C—Ci—C, Ce—Cs—Ci—Ci—C, represent the equivalents of S8l species per holoenzyme. Open
T 0 Q T 0 @ T circles represent the equivalentst@ins-4,5-dehydrolysine radical
H per holoenzyme. Fits to a single-exponential function give rate
cis trans constants of 2.9 0.6 mirr! for formation of the organic radical

and 2.6+ 0.4 mirm? for loss of the [FgS,*" species. Detailed

Correlation of Radical Formation with AdoMet Cleage. procedure is described in Experimental Procedures.

Preliminary rate experiments revealed that the inhibition of must be equal to or greater than the rate of radical formation.
2,3-aminomutase byrans4,5-dehydrolysine was a slow The rates of cleavage td-Beoxyadenosine and methionine
process that required several minutes to reach completion.are shown in Figure 7, panels A and B, respectively, under
This time course presented a means by which the working conditions similar to those in Figure 6 for radical formation.
hypothesis in Scheme 5 for the mechanism of radical The rate constants are approximately 5 mjrsimilar to or
formation could be critically tested. somewhat faster than the rate constant for radical formation,

According to the hypothesis, the reversible cleavage of further supporting the radical initiation mechanism.
AdoMet to methionine and the-Bleoxyadenosyl radical is Stability of the 4,5-Dehydrolysyl Radical at the AetiSite.
accompanied by the reversible oxidation of the EPR-active The 4,5-dehydrolysyl radical is slowly generatdd= 3
[4Fe-4ST to the EPR-silent [4Fe-43] (6). The processis min™Y) and is stable at the active site of lysine 2,3-
not normally thermodynamically favored because of the high aminomutase. Its stability may be due in large part to allylic
energy of the 5deoxyadenosyl radical. However, in the stabilization; however, its stability should also enhance the
presence of a substrate or substrate analogue, hydrogemate of its formation relative to the rate at which the
abstraction by Sdeoxyadenosyl radical proceeds to the corresponding lysyl radical is generated froflysine, which
formation of observable substrate radicés9). The highly is =24 s, the value ok, (11). Therefore, slow formation
stabilized 4,5-dehydrolysyl radical draws the equilibrium of of the 4,5-dehydrolysyl radical must be explained by
Scheme 5 to essential completion, and the process is slowdifferences in the interactions of the active site with 4,5-
enough to be monitored with time. dehydrolysine and-lysine. These differences could affect

If the mechanism of Scheme 5 is valid, the rate at which the rates of any or all steps leading up to hydrogen abstraction
the 4,5-dehydrolysyl radical appears (dehydroligsScheme from C3, which include binding and imine formation with
5) must be the same as the rate at which [4Fe-d8jappears  PLP. The rigidtrans-butenyl segment ofrans-4,5-dehy-
by transformation into the EPR-silent [4Fe-4S[These rates  drolysine may also impose a steric constraint on the process
have been estimated from the data in Figure 6, where theof hydrogen abstraction from C3 that could slow the rate of
intensity of the low-temperature EPR signal for [4Fe#4S] 4,5-dehydrolysyl radical formation. In any case, the 4,5-
as a function of time is plotted together with the increase in dehydrolysyl radical is a structural analogue of the interme-
the intensity of the EPR signal for the 4,5-dehydrolysyl diate substrate radica in Figure 1. Its slow formation
radical in the same reaction mixture. The signal for [4Fe- provides leverage for a critical test of the mechanism of
4SJ" decreases on the same time scale as the increase in theadical initiation, which is supported by the present results.
signal for the 4,5-dehydrolysyl radical. The rate constants Although the 4,5-dehydrolysyl radical is structurally
for the two processes are 246 0.4 and 2.9+ 0.6 min?, analogous to radical (Figure 1) in the reaction af-lysine,
respectively, under the experimental conditions. These rateit does not react further to produce 4,5-dehygdrtysine. To
constants are identical within error, which strongly supports determine whether it reacts in reverse to re-farans-4,5-
the mechanism. dehydrolysine, the radical was generated by usaughosyl

A further characteristic of the mechanism in Scheme 5 is 2,8,3-H]AdoMet in place of AdoMet. After 30 min, the
that AdoMet is cleaved to'&leoxyadenosine and methionine radical-containing complex was denatured, arahs4,5-
concomitant with the formation of the 4,5-dehydrolysyl dehydrolysine was reisolated and found to contain no
radical. Such a cleavage of AdoMet has been descrid®d (  detectable tritium. If the 4,5-dehydrolysyl radical had been
However, Scheme 5 requires that the rate of this cleavagetransformed back ttrans-4,5-dehydrolysine in this experi-
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dehydrolysyl radical could be detected. Evidently, the allylic
radical is too stable to react significantly within 30 min. It
should be regarded as a mechanism-based inactivator of
lysine 2,3-aminomutase, in which the stable, inactivated
enzyme complex is blocked from further reaction by the

o stability of an allylic radical analogous in structure to the
substrate-related radical intermediate in the reaction of
L-lysine.
T y REFERENCES

1. Chirpich, T. P., Zappia, V., Costilow, R. N., and Barker, H.
A. (1970)J. Biol. Chem. 2451778-1789.

Song, K. B., and Frey, P. A. (1991)Biol. Chem. 2667651~
7655.

.Moss, M. L., and Frey, P. A. (1987. Biol. Chem. 262
14859-14862.

. Baraniak, J., Moss, M. L., and Frey, P. A. (1989Biol. Chem.
264, 1357-1360.

. Frey, P. A., and Reed, G. H. (199%)v. Enzymol. Relat. Areas
Mol. Biol. 66, 1—39.

. Lieder, K. W., Booker, S., Ruzicka, F. J., Beinert, H., Reed,
G. H., and Frey, P. A. (1998 iochemistry 372578-2585.
Ballinger, M. D., Reed, G. H., and Frey, P. A. (1992)
Biochemistry 31949-953.

. Ballinger, M. D., Frey, P. A., and Reed, G. H. (1992)
Biochemistry 3110782-10789.

. Wu, W., Lieder, K. W., Reed, G. H., and Frey, P. A. (1995)
Biochemistry 3410532-10537.

10. Ballinger, M. D., Frey, P. A,, Reed, G. H., and LoBrutto, R.
(1995) Biochemistry 3410086-10093.

Chang, C. H., Ballinger, M. D., Reed, G. H., and Frey, P. A.
(1996) Biochemistry 3511081-11084.

. Heinrikson, R. L., and Meredith, S. C. (198¥)al. Biochem.
136, 65-74.

i 13. Markham, G. D., Haffner, E. W., Tabor, C. W., and Tabor,
FiIGure 7: Time course for the cleavage of AdoMet to- 5 H. (1980)J. Biol. Chem. 2559082-9092.

deoxyadenosine and methionine. Panel A: Closed circles represent 14, Markham, G. D. (1981). Biol. Chem. 2561903-19009.
the equivalents of AdoMet per holoenzyme. Open circles represent 15_stjll, W. C., Kahn, M., and Mitra, A. (1978). Org. Chem.

Equiv of AdoMet or 5'-deoxyadenosine

1 1 2.

Time (min)

=
N~ o o M W

©

Equiv of Methionine Formed
o
-
r

o 1 L L 1 L L 1 ] 11.
0 0.40.81.21.6 2 2.42.83.2 12

Time (min)

the equivalent of 5deoxyadenosine per enzyme. The f&¢'"
species was generated with Na-dithionite andegnosy8-14C]-
AdoMet. Upon gel-filtration, 0.75 equiv offlenosyB-1“C]AdoMet
were bound to the enzyme. Addition tins-4,5-dehydrolysine
resulted in a time-dependent formation 6ideoxy[84Cladenosine
with concomitant loss ofgdenosy8-1“CJAdoMet. Data were fitted

to a single-exponential function and gave rate constants of4.9

0.5 and 5.4+ 0.62 mim? for loss of adenosyB-1“C]AdoMet and
formation of B-deoxy[8+“Cladenosine. Panel B: The [fR]'"
species was generated with Na-dithionite ameéthy}“C]AdoMet.
Upon gel-filtration, 1.1 equiv ofrhethyt*“C]AdoMet were bound

43, 2923-2925.

. Davis, A. L., Skinner, C. G., and Shive, W. (1961L)Am.

Chem. Soc. §32279-2281.

. Birkofer, L., and Hempel, L. (19603hem. Ber. 932282-

2284.

. Sheehan, J. C., and Bolhofer, W. A. (1930Am. Chem. Soc.

72, 2786-2788.

. Thiruvengadam, T. K., Gould, S. J., Aberhart, D. J., and Lin,

H.-J. (1983)J. Am. Chem. Soc. 1p5470-5476.

. Cowie, J. S., Landor, P. D., and Landor, S. R. (197&hem.

-+ / | Soc., Perkin Trans.,1720-724.
to the enzyme. Addition ofrans-4,5-dehydrolysine resulted in a 21. Katritzky, A. R., Nowak-Wydra, B., and Marson, C. M. (1987)
time-dependent formation ofrfethyt!“C]methionine. Data were Chem. Scr. 27477-478.

fitted to a single-exponential function and gave a rate constant of 22 Axelrod, E. H., Milne, G. M., and van Tamelen, E. E. (1970)

5.2 + 0.4 mim® Detailed procedures are described in the J. Am. Chem. Soc. 92139-2141.

Experimental Procedures. 23. Kinoshita, M., Takami, H., Taniguchi, M., and Tamai, T.
(1987)Bull. Chem. Soc. Jpn. 6@151-2161.

24. Shantz, E. M. (1946). Am. Chem. Soc. 62553-2557.

25. Heller, C., and Cole, T. (1962) Chem. Phys. 3243-250.

26. Maier, G., Reisenauer, H. P., Rohde, B., and Dehnicke, K.

(1983)Chem. Ber. 116732-740.

. Fischer, H. (1973) ifrree RadicalgyKochi, J. K., Ed.) Vol.

I, pp 435-491, Wiley, New York.

Moss, M. L., and Frey, P. A. (199Q). Biol. Chem. 265

18112-18115.

BI000658P

ment, it should have acquired tritium from thecarbon of
[adenosy2,8,53-H]AdoMet. However, no tritium could be
detected under conditions in which all of the tritium at' C5
was transferred to lysine angtlysine within 1 min in a 27
control experiment with-lysine as the substratel herefore,

neither the forward nor the reverse reaction of the 4,5- 28.

2 Unpublished results of S. Booker and P. A. Frey.



