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ABSTRACT. The product ofyjeK in Escherichia coliis a homologue of lysine 2,3-aminomutase (LAM)
from Clostridium subterminal&B4, and both enzymes catalyze the isomerizatiorspfl{ut not R)-a-
lysine by radical mechanisms. The turnover number for LAM frBmcoli is 5.0 mirr?, 0.1% of the
value for clostridial LAM. The reaction oE. coli LAM with (9-0-[3,3,4,4,5,5,6,6Hg]lysine proceeds
with a kinetic isotope effectk(i/kp) of 1.4, suggesting that hydrogen transfer is not rate-limiting. The
product of theE. coli enzyme is R)-S-lysine, the enantiomer of the clostridial prodygtlysine-related
radicals are observed in the reactions of both enzymes by electron paramagnetic resonance (EPR). The
radical in the reaction of clostridial LAM has th&){configuration, whereas that in the reactioreofcoli

LAM has the R)-configuration. Moreover, the conformations of {hidysine-related radicals at the active
sites ofE. coliand clostridial LAM are different. The nuclear hyperfine splitting between the C3 hydrogen
and the unpaired electron at C2 shows the dihedral angle t6, bmlike the value of 77reported for the
analogous radical bound to the clostridial enzyme. ReactiorSpé-thialysine produces a substrate-
related radical in the steady statetfcoli LAM, as in the action of the clostridial enzyme. Whilg){
pB-lysine is not a substrate fd. coli LAM, it undergoes hydrogen abstraction to form &)-£-lysine-
related radical with the same stereochemistry of hydrogen transfer from C3-gflysine to the 5
deoxyadenosyl radical as in the action of the clostridial enzyme. The resylipgyl radical has a
conformation different from that at the active site of clostridial LAM. All evidence indicates that the
opposite stereochemistry displayed Bycoli LAM is determined by the conformation of the lysine side
chain in the active site. Stereochemical models for the actions of LAM foisubterminaleandE. coli

are presented.

Lysine 2,3-aminomutase (LAM)from Clostridium sub- the interconversion of)-a-lysine and §-4-lysine (L—3).
terminaleSB4 is encoded by the getramAand catalyzes  This enzyme plays a role in lysine metabolism in species
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such asC. subterminaleand Porphyromonas gingalis,
whereas in species such &treptomycessp., S-lysine

metabolism. InE. coli, yjeK is flanked by genes annotated

as elongation factor protein, GroEL/ES chaperone proteins,
produced by LAM is a constituent of a family of structurally membrane proteins, and others that seem to be expressed
diverse antibiotics 4—14). The action of LAM requires  under stress or in the stationary phase. Here we report that
SAM, a [4Fe-4S] cluster, and PLP to catalyze the isomer- the product ofyjeK is a LAM with low activity relative to
ization of (§-a-lysine (15—17). LAM is a member of the  that of clostrial LAM, and we show that it functions by an
“radical SAM” superfamily, a highly diverse family of analogous but stereochemically variant mechanism.
enzymes, known members of which use SAM as a radical
initiator in catalysis {8). This role of SAM is qualitatively

unlike its traditional function as the principal biological  \jaterials. E. coliBL21 Rosetta cells were purchased from
methylating agent. Novagen. PLP, ampicillin, chloramphenicol, cysteine, CM-
Scheme 1 illustrates the chemical mechanism by which ce|lulose, §)-4-thialysine, ferric chloride dithionite, ferrous
clostridial LAM catalyzes the conversion dBta-lysine to  ammonium sulfate, and pyridoxal hydrochloride were pur-
(S-p-lysine (15-17, 19, 20). This mechanism was estab- chased from Sigma. SAM was obtained from Sigma as the
lished by EPR spectroscopic analysis of the radical inter- p-toluenesulfonate salt and purified over CM-celluo26) (
mediates in characterizing their structures and kinetic Terrific LB medium and ®-o-lysine hydrochloride were
competencies1—24). Reactions of lysine deuterated at C3  pyrchased from Fisher Scientific©)¢[3,3H;]-4-Thialysine
proceed with substantial primary deuterium kinetic isotope \yas prepared as described previougg, 3). (9-[3,3,4.4,
effects, showing that hydrogen transfer is rate-limiting in the 5,5,6,62Hg]Lysine, (9-[2-2H]lysine, (9-[2-13C]lysine, and
mechanism Z4). Inasmuch as radicaB in Scheme 1  (R9-[a-!5N,2Hg]lysine were purchased from CDN Isotopes.
accumulates in the steady state, the rate-limiting step is MoSypTG and DTT were purchased from Inalco. Phenyl Sepharose
likely the transfer of hydrogen from the methyl group of \was purchased from Amersham Bioscience.
5'-deoxyadenosine to C2 of radica) the product-related Overexpression and Purification of E.coli LANExpres-
radical intermediate. sion of E. coli LAM was achieved in BL21 Rosetta cells.
Currently, there are 53 prokaryotic proteins with amino The cloning of the gene in pET23a has been described
acid sequences homologous to that of LAM froth previously 7). Cells were grown at 37C in Terrific LB
subterminaleSB4. The aligned amino acid sequences of the medium containing 1@M pyridoxal hydrochloride, 5GM
Escherichia coliprotein encoded by the gerygeK and of FeCk, 100ug/mL ampicillin, and chloramphenicol (30y/
clostridial LAM are 33% identical, and tHe. coli protein is mL) to an O 0f 0.9, induced by addition of 1 mM IPTG,
one of the least similar to clostridial LAM. The active site  and grown for an addition& h at 37°C. The cells were
residues, including those in the CxxxCxxC motif character- harvested by centrifugation, frozen in liquid nitrogen, and
istic of radical SAM enzymes, are almost identical between stored at—70 °C.
the two enzymes. The residues in hydrogen bonded contact All purification steps were carried out in a Coy anaerobic
with (9-o-lysine in clostridial LAM include Argl34,  chamber. The recombinant protein was purified by the
Asp293, and Asp3302f). The identities between the published procedure2f) except that the Phenyl Sepharose
enzymes fronC. subterminalendE. coliinclude Arg134  column was eluted with a stepwise rather than a linear
and Asp293 of the clostridial LAM, but Asp330 is replaced  gradient. LAM fromC. subterminal@nd LAM from Bacillus
with glutamate (Glu327) in th&. coli enzyme {). subtiliswere expressed i&. coli and purified as described
The significance gB-lysine inE. coliis not known. Unlike previously (, 27).
kamAin C. subterminaleand P. gingivalis, the geneyjeK Chemical Characterization of E. coli LAMhe extinction
does not appear in a gene cluster associated with lysinecoefficient at 280 nm was measured by quantitative analysis

EXPERIMENTAL PROCEDURES
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of PITC-amino acids (28) after complete acid hydrolysis of initiated by addition of isotopically labeled or unlabel&)-(
solutions of the enzyme obtained after reconstitution of the a-lysine, §-5-lysine, or §-4-thialysine. The EPR sample
iron—sulfur clusters and measurement#gf, The procedure  tubes were frozen within 2040 s in isopentane cooled in a
has been described for clostridial LAM (29). The iron, liquid nitrogen bath. After being frozen, the EPR samples
inorganic sulfide, and PLP contents Bf coli LAM were were removed from the anaerobic chamber and stored in
measured by published procedur88-32). liquid N.. For EPR analysis at 77 K at X-band on a Varian
Reconstitution of [4Fe4S] Clusters Reconstitution of E3 spectrophotometer, the instrument settings were as
iron—sulfur clusters was based on a published metl3@l (  follows: microwave frequency, 9.1 GHz; modulation am-
To LAM at 10 mg/mL under anaerobic conditions were plitude, 1.6 G; and microwave power, 5.00 mW (unless noted
added DTT, sodium sulfide, and ferrous ammonium sulfate otherwise). A standard liquid nitrogen immersion dewar was
to final concentrations of 5, 1.2, and 1.2 mM, respectively, used. The spectrometer was interfaced with a computer for
and the mixture was incubated at ambient temperature for 3data acquisition and analysis. Simulations of spectra were
h. The reconstituted protein was separated from iron and performed as described previousRAij.
sulfide complexes by gel permeation chromatography over RESULTS

a column of Sephacryl S-200 equilibrated in 0.1 M EPPS
(pH 8).

Reductie Activation and AssayLAM was mixed with
the reductive incubation buffer 200 mM EPPS (pH 8.0),
36 mM ferrous ammonium sulfate, 24 mM PLP, and 10 mM
(S)-cysteine] under anaerobic conditions in a ratio of 3:1 (v/
v) and incubated fio3 h at 37°C. The assay of activated
LAM was the procedure of Miller et al., in which the PITC
derivative of §-3-lysine that was produced was separated
from that of §)-o-lysine by HPLC and measured spectro-
photometrically 23).

Synthesis of (S§)-[2-1%C]Lysine and (2S,3R}-[2-°H4]-
Lysine (9-a-[2-*°C]Lysine (250 mM) was incubated with
30 uM LAM from C. subterminale150 uM SAM, 1 mM
sodium dithionite, and 200 mM EPPS (pH 8.0) for 24 h at

Characterization of LAM from E. coliOn the basis of
guantitative amino acid and spectrophotometric analyses, the
extinction coefficient ofE. coli LAM at 280 nm is 4.6x
10° M~1 cm™% The enzyme with reconstituted iresulfur
clusters contains 3.7 mol of iron and 3.8 mol of sulfide per
mole of subunits. The values of steady-state kinetic param-
eters are as followskes = 4.8 min?t, K, = 5 mM, and
KealKm = 1 mM~t min~t at pH 8.0 and 25C. In terms of
keatValues, LAM fromE. coliis 0.1% as active as clostridial
LAM, but it displays a similar value oK. Like the
clostridial enzyme, LAM fromE. coli will not accept §-
ornithine or R)-a-lysine as a substrate. Unlike the clostridial
enzyme, which displays a substantial deuterium Kkinetic
isotope effect in the reaction oBf[3,3,4,4,5,5,6,6Hg]lysine,

room temperature in the anaerobic chamber. Analysis by LAM from E. coli displays a small effectk(/kp) of 1.4 at

HPLC indicated 87% conversion o8fa-[2-1*C]lysine to
(9-B-[2-1C]lysine at equilibrium. §)-5-[2-°C]Lysine was
separated from3)-o-[2-13C]lysine by chiral chromatography
using a Chirobiotic T column (Astec) equilibrated in 50 mM
sodium phosphate buffer (pH 3.1). The retention times for
(9-0- and §-p-[2-13C]lysine were 5.7 and 6.8 min, respec-
tively, under the conditions that were employeg)-£-[2S-
?H]Lysine from (R9-o-[2-?H]lysine was prepared by the
same procedure. The retention time f&)-(-[2-°H]lysine
in this experiment was found to be 7.3 min.

Synthesis of [5%C]SAM and [3-°H,]SAM. SAM with 13C
at C3 or deuterium bonded to Chvas synthesized from

either 40 or 90 mM substrate. Also unlike the clostridial

enzyme, LAM fromE. coli undergoes suicide inactivation

in a substrate-dependent process over a period-62Q5nin.

The chemical nature of the inactivation is not known;

however, it is not accompanied by the destruction of SAM.
(R)-f-Lysine as the ProducCertain properties dt. coli

LAM detailed below, in particular, the EPR spectra observed

in its reactions with §-lysine and §-5-lysine, the product

of clostridial LAM, suggested a structural difference in the

products of the two enzymes. Inasmuch as the retention times

for the PITC derivatives of the products upon reversed phase

HPLC were identical, it was possible that the two might be

the correspondingly labeled ATP and methionine by use of enantiomeric, that is, that tHe. coli product could beR)-

SAM synthetase as described elsewh&4).(
Synthesis and Ultr@olet CD of PITC{R)-3-Lysine.LAM
from E. coli (0.5 mM) was used to produgklysine by the

procedure described above in 30 mM EPPS buffer (pH 8.0),

20 mM (9-a-lysine, 5 mM sodium dithionite, and 3 mM

SAM. The purifieds-lysine was derivatized with PITC and

purified by HPLC over a C18 column. A sample of PITC-
(9-p-lysine was produced in parallel using the LAM from
C. subterminaleCD spectra of the purified PIT@-lysines

p-lysine. Because of the low activity of tHe coli enzyme

and its suicide inactivation, it proved to be difficult to
generate large amounts of the product for polarimetric
analysis. In a more sensitive test, the Cotton effects associated
with the chromophore in PIT@-lysines allowed the con-
figurations of theE. coli and clostridial products to be
compared by CD spectrophotometry. The resulting curves
in Figure 1 show that the two PITC derivatives display
opposite Cotton effects, positive for PITGHj-lysine from

were recorded against water as a reference at 1 nm resolutiorC. subterminaldlAM and negative for the PIT@-lysine
between 215 and 350 nm in a quartz cell with a path length from E. coli. Therefore, inasmuch as the clostridial enzyme

of 1 mm at 25°C with an Aviv 62 DS CD spectrometer in
the Biophysical Instrumentation Facility of the Department
of Biochemistry.

EPR SpectroscopySamples of LAM fromE. coli at
concentrations of 206250uM and with iron—sulfur clusters

produces §-p-lysine @3), theE. coli enzyme must produce
(R)-p-lysine.

Stereochemical analysis of the product of LAM frdn
subtilis by the procedure described above led to the same
Cotton effect that was seen fgklysine from clostridial

reconstituted were prepared in EPR tubes in the glovebox.LAM, showing that theB. subtilis product is §-f5-lysine.
The samples were prepared in 200 MM EPPS (pH 8), 5 mM  Characterization of a Lysyl-Free Radical Intermediate.

sodium dithionite, and 1.13 mM SAM. The reactions were

substrate-based radical boundEo coli LAM is observed
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Ficure 1: UV circular dichroism spectra for PITC derivatives of

(9-p-lysine (=) and R)-f-lysine produced in the reaction &. 3180 1210 3240 1270 3300
coli LAM (—x—).

Gauss
Ficure 3: Simulated EPR spectra gflysyl radicals at the active
site of E. coli LAM. Experimental and simulated spectra of the
A S-lysyl radical are shown for the species generated vWBjkog[2-
2H]lysine, R9-a-[2-1N,2,3,3,4,4,5,5,6,8H]lysine, and unlabeled
(9-a-lysine in the active site oE. coli LAM. (A) Spectrum )
and simulation (- - -) of the radical generated upon addition of 40
mM (9-a-lysine to 180uM enzyme. (B) Spectrum—) and
B simulation (- - -) of the radical generated upon addition of 40 mM
(9-a-[2-2H]lysine. The samples were frozen within -380 s of
addition of substrate. (C) Spectrum) and simulation (- - -) of
the radical generated upon addition of 80 mMNRY-a-[2-
C 15N,2,3,3,4,4,5,5,6,8Hg]lysine. Parameters used for the calculation
of simulated spectra are given in Table 1.

signal. The nuclear hyperfine splitting for deuterium is much

smaller (approximately one-sixth) than that for hydrogen

(35). Further, samples prepared wi){2-*C]lysine exhibit

strong broadening of the EPR signals (Figure 2D), because

. | / of the large nuclear hyperfine splitting tensor'é€ at the

3140 3180 3220 3260 3300 center of an unpaired spir8%). The results showing spin
Gauss localized at C2 of lysine are consistent with the product-

Ficure 2: EPR spectra of the radical fror§){a-lysine at the active related free radica8 in Scheme 1 being the principal radical

site of E. coli LAM. The EPR samples were prepared under intermediate in the steady state. _ _
anaerobic conditions with 200M E. coli LAM, 1.1 mM SAM, The spectral envelope of the product-related radical (Figure
2.5 mM dithionite, and 200 mM EPPS buffer (pH 8.0). The EPR  2) is very different from that reported for the analogous
ﬁﬁac‘(g ‘(’x"e[gesricfrsdgdﬁaéﬁly@ing‘) (40()) Z‘(‘)ME?'\;I'%”S'[EBQH‘]‘O radical at the active sites of clostridial afhcillus LAM

-k 9,9,4,4,9,9,0, 8 ’ Lt - H H H H H
lysine, and (D) 40 mM [25C]lysine. The spectra show that the (21, 27). Differences in the spectra arise from differences in

dominant radical in the steady state is tBdysyl radical, 3 in the conformations about the €Z3 bond. The variant
Scheme 1. dihedral angles of thg-C3 substituents bring about different
nuclear hyperfine splitting from thg-hydrogen angs-ni-
by EPR at 77 K after freeze-quenching in the steady statetrogen. Simulations of the spectra for samples prepared with
(Figure 2A). The EPR spectra of samples prepared v@th ( (R9-[2-1°N,2,3,3,4,4,5,5,6,8HJ]lysine, (9-[2-2H]lysine, and
a-[3,3,4,4,5,5,6,6Hg]lysine show weak nuclear hyperfine unlabeled $)-lysine allowed the splitting constants to be
splitting of at least one hydrogen from C3 to C6 of the lysyl evaluated by the procedures employed to characterize the
side chain with the unpaired electron. The overall splitting corresponding radical in clostridial LAM2(). The spectra
pattern is similar to that of the unlabeled compound, while and simulations are shown in Figure 3, and the splitting
individual features are slightly narrowed (compare panels constants from the simulations are assembled in Table 1.
A and B of Figure 2). The principal location of the unpaired The isotropic hyperfine splittings arising frgfasubstituents
electron is C2 of the lysyl carbon skeleton, as shown by the in zz-radicals are strongly dependent on the dihedral angles
spectra in panels C and D of Figure 2. The complex nuclear (y) defined in Scheme 2. Fg#-proton splittings,agy, the
hyperfine splitting pattern is narrowed and simplified with ~following relationship has been establishegti; = A; + A,
the substitution ofH for *H at C2. Comparison of panel C  co¢ y (36). Values ofA; andA; are empirically determined
with panel A or B shows that the unpaired electron is constants that have values of 0.92 and 42.6 G, respectively,
engaged in strong nuclear hyperfine coupling with C2(H), for unit spin density on @. The dihedral angles relating the
and its replacement with deuterium leads to a narrowed spin-bearing p-orbital to the positions ofstdnd N; in E.
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Table 1: Hyperfine Splitting Parameters Obtained from Spectral
Simulations

principal values of the

hyperfine tensor (G)

nucleus a, (G) A Ay Az

1H, 19.5 385 0 20

2Hy 3.0 5.9 0 3.1

Hg 13.5 isotropic

2Hp 2.1 isotropic

Ng 7.8 isotropic

5Ng 11 isotropic

coli LAM (shown at the right in Scheme 2) aré &nd 50,
respectively. In contrast, the corresponding angles in the
enantiomeric radical bound to clostridial LAM (shown at
the left in Scheme 2) are 77Hg) and 17 (Ng), respectively.

The spectrum shown in Figure 3C contains flanking
shoulders that are not included in the simulations. These
shoulders are attributed to the presence of radicals elicited
by contaminating unlabeled lysine: the commercial com-
pound is only 90% deuterated.

(S)-4-Thialysine and Radicdl. (§-4-Thialysine is an
alternative substrate f&@. subterminale. AM (22, 23). The

Biochemistry, Vol. 45, No. 42, 2006.2643
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Ficure 4: EPR spectra of the radical induced at the active site of
E. coliLAM by (9-4-thialysine. The solid line was generated upon
addition of 80 mM RS-4-thialysine, and the dashed line is for
the radical formed upon addition of 80 mNR§-4-thia[3,32H,]-

U|timate products from§)-4-thialysine are?-mercgptqethy- _lysine. The samples contain 2.5 mM dithionite, 1.5 mM SAM, and
lamine and formyl acetate, because of the chemical instability 200 mM EPPS (pH 8). Samples were frozen within 1 min of the

of B-4-thialysine. Figure 4 shows the EPR signal generated addition of the substrate. The spectra indicate that the dominant
when ©-4-thialysine or R9-4-thia[3,32H,]lysine is added rsadr:cal |nlthe steady state is the 4-thia analogue of radical

to reductively activateé. coli LAM together with dithionite cheme 2.

and SAM and then frozen in liquid Nwithin 3 min. The [2-13C]lysine (Figure 5B). The larg€C broadening and the
hyperfine splitting in the labeled sample is narrower than in additional features constitute direct evidence that the unpaired
the unlabeled one, suggesting that the unpaired electronelectron resides on C2 of the carbon skeleton. The results
resides on C3. Thus, as in the case of clostridial LAM, the strongly imply that the 5deoxyadenosyl radical derived from

4-thia analogue of radicdlin Scheme 1 accumulates in the
steady state of the reaction &){4-thialysine.

Radical Formation with (Sp-Lysine (S)-f5-Lysine is the
product of clostridial andacillus LAM, whereas R)-S-
lysine is the product oE. coli LAM. Nonetheless, addition
of (9-p-lysine to activatecE. coli LAM leads to radical
formation, as shown by the EPR spectra in Figure 5. Figure
5A shows the resultant EPR spectrum upon additior8pf (
p-lysine toE. coli LAM. The splitting pattern of this radical
is very different from that observed upon addition &-(
o-lysine (Figures 2 and 3). Within 30 min, the radical signal

SAM abstracts a hydrogen atom from C2 &-3-lysine.
The resulting lysyl radical and that generated frogrd-
lysine in Figures 2 and 3 must be isomers of radi@ah
Scheme 1. Radicd has a single optical center, that at C3,
which has the R)-configuration at the active site &. coli
LAM when it is generated fromS)-o.-lysine (Figure 1). The
enantiomeric $-isomer of radical3 must be produced in
the reaction of §-S-lysine. There is currently no evidence
that the reaction of §-3-lysine proceeds further in the
reverse direction.

When the §)-enantiomer of radica® at the active site of

weakens. The radical is an isomer of the one generated fromclostridial LAM abstracts a hydrogen atom frorfrdeoxy-

(9-a-lysine as shown by the qualitative order of the
hyperfine splittings in the spectrum generated wighA-

adenosine, the hydrogen atom enters th@r@R position
of C2 on the pathway tog-S-lysine. The stereochemistry

Scheme 2
Z
¥ =77°
G, C,
| —\ H, :
Y
DN\
. Cor C‘,J— paper
X X
E=17°

aﬁ“ = Al + AZ CQSQ X



12644 Biochemistry, Vol. 45, No. 42, 2006

3150 3195 3240 3285 3330

Gauss

Ficure 5: EPR spectra of the5f-5-lysyl radical at the active site
of E. coli LAM. (A) Radical generated upon addition of 70 mM
(9-p-lysine. (B) Radical generated upon addition of 27 m$F (
B-[2-1C]lysine. EPR samples were prepared with 200enzyme,
2.5 mM dithionite, and 1.3 mM SAM in 200 mM EPPS (pH 8.0)
and were frozen within 2625 s of the addition of substrate. (C)
Radical formed upon addition of 1 mMS(S-[2-2H]lysine. The
samples contained 40M enzyme, 2.5 mM dithionite, 0.3 mM

Behshad et al.

nuclear hyperfine coupling of the remaining deuterium will
lead to a broadened singlet spectrum. As shown in Figure
5C, the signal is a broadened singlet, proving that deuterium
is retained at C2 in the radical. Therefore, the stereochemistry
of hydrogen transfer at C2 of5f-5-lysine is the same for
the E. coli and clostridial LAM.

Effects of [5-°H,JSAM on EPR Spectra of (R)- and (S)-
Radical3. The turnover number d&. coli LAM is 0.1% of
that of LAM from C. subterminale Because hydrogen
transfer from 5deoxyadenosine to radic8lin Scheme 1
limits the rate of the action of the clostridial enzyme, and
radical 3 accumulates to observable levels in the reactions
of both enzymes, it is conceivable that slower turnover by
the E. coli enzyme could be due to the absence of close
contact between C2 in radic8l and the methyl group of
5'-deoxyadenosine. These atoms are in van der Waals contact
in the case of clostridial LAM 4).

Comparisons of the EPR spectra in Figure 6 for samples
of the (R)-isomer of radicaB bound toE. coliLAM prepared
with (§-a-lysine and SAM, [52H,]SAM, suggest that the
methyl group of 5deoxyadenosine is in van der Waals
contact with C2 of the lysyl group bearing the unpaired
electron in radicaB. In the top spectra of Figure 6, the solid
line is the spectrum with SAM and the dashed line is that
with [5'-?H,]SAM. Distinct narrowing of the features with
[5'-°H,]SAM indicates that C2 of radiced and deuterium

SAM, and 200 mM EPPS (pH 8.0) and were frozen within 20 s of Of 5'-deoxy[52HzJadenosine are in van der Waals contact.
the addition of the substrate. The modulation amplitude was set at The smaller magnetogyric ratio for deuterium relative to

8 G.

3180 3210 3240 3270 3300

Gauss

FiGURE 6: Effects of [3-2H,JSAM on the EPR spectrum gflysyl
radicals at the active site &. coli LAM. The top spectra are of
the R)-S-lysyl radical formed with §-o-lysine in the presence of
SAM (—) or [5'-Hy]SAM (- - -). The bottom spectra are of the
(9-B-lysyl radical formed with SAM £) or [5'-2H;]SAM (- - -).

of hydrogen transfer to theRj-isomer of radical3 at the
active site ofE. coli LAM can be addressed by preparing
(9-B-[2R-?H]lysine and determining whether hydrogen or
deuterium is transferred to thé@eoxyadenosyl radical when
added toE. coli LAM to generate the$-isomer of radical

hydrogen 85) leads to narrowed and sharpened features
because of through-space nuclear hyperfine coupling of
deuterium with the unpaired electron at C2 in tRegicomer

of radical3. The results do not support a hypothesis which
holds that the difference in activity between thecoli and
clostridial LAM can be attributed to a difference in contact
distance between'fleoxyadenosine and radicalin the
mechanism. The bottom spectra in Figure 6 are analogous
to the EPR spectra when th&){isomer of radical3 is
generated with9-S-lysine and SAM, [5?H,]SAM at the
active site ofE. coli LAM. The spectra witttH or 'H have
broader intrinsic line widths and make it more difficult to
detect weak hyperfine splitting.

DISCUSSION

Stereochemistry and Mechanismihe central facts in
comparing the actions &:. coli LAM with the corresponding
enzymes fronC. subtermialeandB. subtilisare that all three
function by similar reaction mechanisms.Lysine-related
free radicals are intermediates in the steady states of all three
reactions (ref1and26 and this work), and th&. coliand
clostridial enzymes both produce the substrate-related radical
1in Scheme 1 with$)-4-thialysine as the substrate (r&3
and 23 and this work).

Identical and variant stereospecificities characterize the
actions of these enzymes. All three accept only t8e (
stereoisomer of lysine, and the clostridial aBacillus
enzymes produce th&gstereoisomer gf-lysine; however,
the E. coli enzyme producesRj-g-lysine. The variant
conformations of the steady-state radicals in the reactions
of the E. coli and clostridial LAMs in Scheme 2 are likely

3. If deuterium is transferred, the EPR signal will be the determined by the fact that they are enantiomers constrained
doublet in Figure 5A; if hydrogen is transferred, the smaller to fit within similar active sites. In the structure of clostridial
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LAM, lysine is bound by three main interactions: the
a-carboxylate makes an ionic contact with Arg134, the

or f-amino group is bound as an imine to PLP, and the
e-aminium group makes ionic contacts with Asp293 and
Asp330. The contact amino acids are conserved inBhe
coli enzyme, except that Asp330 in clostridial LAM is a
glutamate residue i&. coli LAM. If the amino acid contacts
with the enantiomeric radica(Scheme 1) in the clostridial
enzyme are conserved in tiie coli enzyme, the radicals
must have different conformations, as they do. The identical
stereochemistry of abstraction of hydrogen fré@f-lysine

by the clostridial andE. coli enzymes also requires an
explanation.

The left side of Figure 7 illustrates the stereochemical
course of the action of clostridial LAM in producin@)¢s-
lysine. The configuration at C3 gFlysine is determined by
the conformation of the lysyl side chain in the substrate-
related radicall (Scheme 1). The analogous transformation
to produce R)-/-lysine illustrated in the right side of Figure
7 shows that a variant conformation of the lysyl side chain
can lead to theR)-configuration in the azacyclopropylcarbin-
yl radical 2 and in the product. The variant conformation is
more sterically restricted so that the side chain is less
extended. The process naturally leads to different conforma-
tions in the product-related radicals, as observed and il-
lustrated in Scheme 2. One can speculate that restrictec
binding of the lysyl side chain in thE. coli enzyme might
be caused by the steric bulk of a glutamate residue in place
of Asp330 in the clostridial active site. The hypothetical
conformations in the sequence on the right in Figure 7
suggest that the action &:. coli LAM leads to abstraction
of the 3pro-S hydrogen from §-a-lysine, unlike the
abstraction of the pro-R hydrogen in the reaction of the
clostridial enzyme3J).

Both reaction sequences in Figure 7 lead to the same
stereochemistry of hydrogen transfer to C2 §f-£-lysine
by clostridial LAM and C2 of R)-3-lysine byE. coli LAM.

This hypothetical stereochemistry is inspired by the likeli-
hood that the binding of thg-amino group to PLP and
binding of a-carboxylate to Arg134 control the stereochem-
istry. The fact that botlk. coliand clostridial LAM catalyze
abstraction of the pro-R hydrogen from §-S-lysine
supports but does not prove this model.

Activity of E. coli LAM.The low activity ofE. coli LAM
relative to that of the clostridial enzyme raises the question
of whether §-a-lysine is the true substrate for LAM il.
coli. Because the functions of variant forms of the same
enzyme in different organisms are often different, they
frequently display different activities. The classic case is the
alcohol dehydrogenases from horse liver and yeast, which
differ by 100-fold in catalytic activity yet are structurally
and apparently mechanistically similar. A similar difference
in activity has been noted for LAM fronC. subterminale
and B. subtilis (27), andE. coli LAM is even less active
than theBacillus enzyme.

The low activities of thacillusandE. colienzymes may
be related to their biological functions and the needs of these
organisms. Clostridia use LAM in the metabolism &-(
a-lysine as a source of carbon and nitrogen and so require
a high activity. In other organismg;lysine is used in cellular
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FIGURE 7: Stereochemical models for the mechanisms of reactions
of LAM from C. subterminaleand E. coli. The sequence on the
left depicts the mechanism and stereochemistry for the reaction of
C. subterminalé.AM, and that on the right depicts the hypothetical
mechanism and stereochemistry of the actionEofcoli LAM.
Available evidence indicates that the basic chemistry is the same
for the two enzymes but the stereochemistry is different for the
initial hydrogen abstraction by thé-Beoxyadenosyl radical and
cyclization to the azacyclopropylcarbinyl radical intermediate. The
stereochemistry of the transfer of hydrogen to C25dysine is
postulated, but not proven, to be the same for the two enzymes.

beneficial in the production of the few moleculesfelysine

required to produce a specialized molecule. Low activities
are not uncommon in enzymes that produce specialized
molecules such as antibiotics, examples being the tyrosine

defense mechanisms, such as the production of antibiotics2,3-aminomutase required for the biosynthesis of the anti-

(4—14). In E. coliandBacillussp., high activity may not be

tumor antibiotic C-1027 and the lysine cyclodeaminase
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required in the biosynthesis of rapamyc87,(38). The latter
enzymes display turnover numbers that are approximately
one-eighth of that of LAM fronE. coli. It seems likely that

if (9-o-lysine is the unique substrate f&r coli LAM, the
function of this enzyme irk. coli should be the production

of a specialized molecule.
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