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ABSTRACT. The mechanism of propagation of the radical center between the cofactor, substrate, and product
in the adenosylcobalamin- (AdoChl) dependent reaction of ethanolamine ammonia-lyase has been probed
by pulsed electron nuclear double resonance (ENDOR) spectroscopy. The radeabofinopropanol,

which appears in the steady state of the reaction, was used in ENDOR experiments to determine the
nuclear spin transition frequencies?f introduced from either deuterated substrate or deuterated coenzyme
and of3C introduced into the ribosyl moiety of AdoCbl. Zd doublet (1.4 MHz splitting) was observed
centered about the Larmor frequencyldf Identical ENDOR frequencies were observedfoirrespective

of its mode of introduction into the complex. #&C doublet ENDOR signal was observed from samples
prepared with [URC-ribosyl]-AdoChbl. The'*C coupling tensor obtained from the ENDOR powder pattern
shows that thé3C has scalar as well as dipeldipole coupling to the unpaired electron located at C1 of
S-2-aminopropanol. The dipotedipole coupling is consistent with a distance of 9.2 A between C1

of the radical and C5of the labeled cofactor component. These results establish that thea@®n of

the B-deoxyadenosyl radical moves? A from its position as part of AdoChbl to a position where it is in
contact with C1 of the substrate which lies2 A from the C8" of cob(ll)alamin. These findings are

also consistent with the contention thatde@oxyadenosine is the sole mediator of hydrogen transfers in
ethanolamine ammonia-lyase.

Transfers of hydrogen atoms between cofactor, substratesthe low-spin Cé" of cob(ll)alamin @) have called into
and products are a hallmark of enzymes catalyzing AdBChl question the simplicity of this elegant scheme. A more
dependent rearrangement reactiol)s $uch transfers have  complicated scheme in which a group from the protein carries
been documented for EAta bacterial enzyme that catalyzes the radical center for the majority of catalytic cycles under
the deamination of vicinal amino alcohetssing tritium conditions of Vyhax has been proposed)( In the revised
isotope tracer techniqueg)( These transfers are illustrated scheme, the AdoCbl does not reform at the end of each
in the attractive model of the catalytic cycle of EAL in catalytic cycle. There is a report of a small pool of volatile
Scheme 1. However, unusually large KIEs on the washout3H in EAL whenever tritiated ethanolamine is being pro-
of tritium from labeled cofactor3) and the fact that the  cessed §). This pool could be from the putative protein
substrate-derived radicals of EAL are positiorretd A from group. However?H washes out from this pool at the same
rate asH from the cofactor, so the significance of the volatile
pool, in the context of the putative protein radical, is not
clear.

During the single turnover inactivation of EAL by deu-
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substrate. Following its regeneration by loss of a hydrogen 40 U of pyruvate kinase, 10 U of glutamate dehydrogenase,
atom to the product radical, thé-8eoxyadenosyl radical 0.1 mM ATP, 10 mM MgC}, 20 mM PEP, 1 mM NADP,
moves back into position where it recombines with the cob- 3 mM adenine, 10 mMx-ketoglutarate, 50 mM potassium
(Ialamin at the end of the catalytic cycle. Magnetic field phosphate (pH 7.8), and 50 mM glycylglycine (pH 7.5). After
effects 0) on V/K are also indicative of a radical recombina- being incubated for 5 min at 31C, 20 U of hexokinase was
tion event such as that given in Scheme 1. There is also addded to initiate the synthesis. Most enzymes were supplied
suggestion, from temperature dependence studies GfHthe as ammonium sulfate suspensions (Sigma, St. Louis) and
kinetic isotope effects3), that the unusually largéH KIEs were used without further treatment. Adenine pho§phoribo—
are an indication of tunneling in the hydrogen transfer steps. SYltransferase was isolated frdicoli K12 (13). Sufficient

This paper reports the results of pulsed ENDOR spectro- NHa" is introduced with the enzymes to provide substrate
scopic measurements that place thengthyl of 3-deoxy- for the_ glutamate dehydrogenase reaction. Reaction mixtures
adenosine in direct contact with the half-occupgedrbital were incubated at 37C for an additional hour, and the

of the substrate radical. This observation provides strong reaction was tefm'”at?d by h_e_'atlr)g to 96 for 1 min
support for the viability of Scheme 1 for EAL and for the followed by centrifugation. Purification of the labeled ATP

: ; was on C18 reverse-phase HPLC, eluting with 50 mM
proposed shuttling function of the coenzyme fragment. triethylammonium acetate (pH 6.0) containing 5% methanol.

Note that the final ATP product is a combination of the
unlabeled ATP added to the reaction mixture and that
produced by the synthetic reactions. On the basis of the yield
from [U-13C-glucose], the ratio of [USC-glucose]ATP to
natural abundance ATP is approximately 12:1. NMR analysis
of 13C and proton spectra confirmed the uniform incorpora-
tion of 13C into the ribose ring but not the purine ring.
Synthesis of [12,3,4',5-13Cs]-AdoCbl. This step was
performed enzymatically using the ATP:corrinoid adeno-
syltransferase (CobA) fron$. typhimuriumwith [U-13C-
ribosyl]ATP and cob(l)alamin as substrates. A&n coli

EXPERIMENTAL PROCEDURES

Materials. EAL from Salmonella typhimuriunfplasmid
pKQE4.5, generous gift from Dr. B. Babior, Scripps Re-
search Institute, La Jolla, CA) was expresseltscherichia
coli and purified as described previousfOf. The protein
had a specific activity of 50 IU mgd in the coupled assay
with alcohol dehydrogenase. [12H,]-S-2-Aminopropanol
was synthesized from-alanine methyl ester as described
previously g). [5',5-?H,]-AdoChl was synthesized by the

{Poerfgcg described previoushL) with minor modifica- overproducing strain JE2875 from a pT7-7 plasmid in BL21-
' (DE3) cells was a generous gift of Prof. J. C. Escalante-
Synthesis of [USC-ribosyl]ATP.Enzymatic synthesis was  Semerena, University of WisconsitMadison. Cells were
used to convert [JSC-glucose] into [U3C-ribosyl]ATP in grown in LB media, induced by 0.5 mM IPTG, and harvested
a single coupled reaction mixtur&2—14). The mixture (5 6 h after induction. CobA was purified as described
mL) contained 1Q«mol of [U-13C-glucose] (99 atom %°C) elsewhere 15). The purified enzyme was precipitated by
(Martek Biosciences Corporation, Columbia, M) U of ammonium sulfate and resuspended in anaerobic Tris-
glucose-6-phosphate dehydrogenase) of 6-phosphoglu-  H2SOs (50 mM, pH 8).
conate dehydrogenase, 20 U of phosphoriboisomerase, 2 U The enzymatic reaction was carried out under inert
of 5-phosphoribosyl-1-pyrophosphate synthetakel of atmosphere in a Coy anaerobic chamber. All solutions were
adenine phosphoribosyltransferase, 20 U of myokinase,flushed with Q-free argon gas before use. The reaction
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mixture contained 10 mM Tris-4$0O, (pH 8), 1.6 mM
MgCl,, and 4 umol of hydroxocob(lll)alamin in a total ‘
volume of 20 mL. Hydroxocob(lIl)alamin was converted to
cob(l)alamin using 5Q:mol of titanium(lll) citrate as a
reducing agentl(), and the enzymatic reaction was initiated
by the addition of 3.4umol of [U-**C-ribosyl]ATP and 5
mg of CobA. Progress of the reaction was monitored by
HPLC using a semipreparative C18 column (Phenomenex,
250 x 10 mm) with a gradient of 20100% MeOH b
containing 0.02% TFA in 25 min. Cob(lll)alamin has a it BT R P SRV A
retention time of 11 min, and AdoCbl elutes after 19 min 330 335 340 345 350 355 360
under these conditions. The protein was separated from the
cobalamins after a 3-h incubation using an Amicon ultrafil- B (mT)
tration apparatus with a YM10 membrane. The filtrate was FIGURE 1: Spin-echo-detected EPR spectra of the trapped,
concentrated by rotary evaporation, and fa-ribosyl]- substrate-based radical in EAL: (a) Substrate is fHd-S-2-
AdoCbl was purified by the HPLC method described above. aminopropanol, and AdoCbl has natural isotopic abundance. (b)

' purthe y Ribosyl moiety of AdoCbl is uniformly labeled witA3C, and
Fractions containing the product were adsorbed onto a C18substrate has natural isotopic abundance. Points A (340.5 mT), B
Sep-Pak column, residual TFA washed off with water, and (346.5 mT), and C (350.5 mT) indicate three of the magnetic field
[U-13C-ribosyl]-AdoCbl eluted with MeOH. The eluate was settings where ENDOR measurements were performed. Experi-
evaporated to dryness, redissolved in water, and frozen forTezrga}l_COEd't'O”S: (a) microwave frequenay)(= 9.695 GHz:T

e . .= ;T = 0.140us. (b)ve = 9.697 GHz;T = 15 K; r = 0.210
storage. The product was indistinguishable from an authentic ;s pyise repetition rate 1.00 kHz. Each data point is sum of 40
sample of AdoCbl (Sigma) as judged by BV¥is spectros- (@) or 100 (b) individual two-pulse echoes. Curves are displayed
copy. on different vertical scales.
Sample PreparatiorSamples contained 0.01 M Hepes (pH

7.4), 0.26-0.24 mM (active sites) EAL, 0.400.48 mM (I = 1), the transition frequencies are
unlabeled or labeled AdoCbl, and 0.025 $£2-propanola-

- 0
- )

mine. Samples were frozen within 20 s of mixing EAL with vy = A2+ vy £ 3P/2| (2)
AdoCbl and S-2-propanolamine. All solutions containing
AdoCbl were protected from ambient light. whereP is the nuclear quadrupole coupling constank I§

ENDOR SpectroscopyPulsed ENDOR spectra were too small to produce a resolved splitting (i.B.~ 0), then
obtained using a Bruker ELEXSYS E580 FT-EPR spec- eq 2 reduces approximately to eq 1. For the specific case
trometer system. A Bruker EN4118X-MD5 ENDOR probe- where|Ay/2| < vy (as in the present study, for botH and
head, featuring a dielectric resonator with an integrated radio 13C), the two observed transition frequencies are separated
frequency (rf) saddle coil, was used. The probe was housedby Ay and centered about.
in an Oxford Instruments liquid helium cryostat. When

loaded with a frozen sample for measurement atAG K, RESULTS
the resonant frequency of the probe was 9.7 GHz. All _ _
ENDOR spectra were obtained using the Ming)(pulse The electron spirrecho (ESE)-detected EPR absorption

sequence, Consisting of thre®2 microwave pu|ses and a of the radical in the Steady state of the reaction with [1,1-
single rf pulse between the second and third microwave “Hz]-S-2-aminopropanol is shown in Figure 1a. Thaxis
pulses. The pulse train repetition rate was 1 kHz. An ENI represents the integrated amplitude of the two-pulse-spin
A-500 CW rf power amplifier, having its nominal 500 W  €cho; therefore, the spectrum resembles a directly detected
output attenuated by-23 dB was used to produce the high- CW EPR absorption spectrum. The arrows indicate the
power rf pulses. An rf pusle width of-78 us, a delay of 12 magnetic field settings from which the ENDOR spectra in
us between microwave pulses 2 and 3, andZmicrowave Figure 2 were obtained. The EPR absorption from the radical
pulse width of 64 ns were used. extends over-200 G. The broad absorption is due primarily
ENDOR spectra were simulated using the program to a weak exchange and to a dipoliipole interaction
GENDOR, written by Dr. P. Doan of Northwestern Univer- between the radical and the low spin“Cef cob(ll)alamin
sity. Because the GENDOR is for general ENDOR simula- With which the radical shares the active site. The absorption
tions, effects that are specific to particular pulsed ENDOR €nvelope also contains unresolved nuclear hyperfine splitting.
methods (such as “dead spots” in Mims ENDOR) are not The microwave pulses excite EPR transitions over a range
accounted for in the calculations. of only about 16-15 G. Subpopulations of the radical, which
For a nucleus with spih coupled to an unpaired electron are responsible for EPR absorption at various points in the
(S= 1/2), there exist Pnuclear spin transitions of the type ~SPectrum, correspo_nd to d!fferent directions of the magnetic
Am = 41 in each of the two electronic submanifolds. For field in a molecule-fixed axis system. Thus, ENDOR spectra
13C (I = 1/2), the transition frequencies are given by the Obtained at different positions across the EPR absorption are

approximate expressior§): sampling different orientations of the complex with respect
to the laboratory field.
I UNE N 1) The ESE-detected EPR absorption spectrum of the inter-

mediate radical formed in the steady state of the reaction
where vy is the nuclear Larmor frequency, aig, is the with S-2-aminopropanol and [WC-ribosyl]-AdoChl is
nuclear hyperfine coupling constant. For the casetbf shown in Figure 1b. The presence in this sampfdahstead
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Ficure 2: Mims ENDOR of trapped substrate radical in EAL. (a)
Substrate is [1,2H,]-S-2-aminopropanolBy, = 340.5 mT;7 =
0.120us; t = 8 us; ve = 9.700 GHz. Each point is the sum of
4800 echoes. (b) Substrate and AdoCbl have natural isotopic
abundanceBy, = 340.5 mT;z = 0.120us; ty = 8 us; ve = 9.700
GHz; each point is the sum of 4800 echoes. (c) Substrate is [1,1-
2H,]-S-2-aminopropanolB, = 350.5 mT;z = 0.160us; t = 8 us;
ve= 9.695 GHz. Each point is the sum of 5400 echoes. (d) Substrate
is [1,12H,]-S-2-aminopropanolB, = 346.5 mT;t = 0.160us; t
= 8 us; ve = 9.695 GHz. Each point is the sum of 5400 echoes.
(e) Substrate has natural isotopic abundance, and cofactdjgs [5
2H,-ribosyl]-AdoCbl; By = 340.5 mT;z = 0.120us; ts = 8 uS; ve
=9.700 GHz. Each point is sum of 28 800 echoes. Pulse sequenc
repetition rate= 1.0 kHz, and temperature 15—20 K in all cases.

of 2H at C1 of the substrate produces a somewhat broade
absorption spectrum than that shown in Figure 1a.

°H ENDOR The Mims ENDOR spectrum obtained from
the low-field absorption peak (point A) of the sample
prepared with [1,PH,]-S-2-aminopropanol is shown in
Figure 2a. The spectrum exhibits a doublet signal centered
about the Larmor frequency éH (2.26 MHz) that is not

present under the same conditions in a matched Samplesymmetric

prepared with unlabeled substrate (Figure 2b). The 1.4 MHz
splitting of this signal is too small to be assigned to the
remaining at the C1 of the [1,2H,]-S-2-aminopropanol,
which has a much stronger interaction with the unpaired
electron? The?H ENDOR spectrum obtained from the high-
field peak C of the EPR absorption (Figure 2c) also exhibits
a sharp doublet having an identical splitting to that shown
in Figure 2a. At intermediate magnetic field positions such
as peak B (346.5 mT, Figure 2d), thid doublet peaks are
much broader, and the spectra have line shapes mor
indicative of powder patterns.

The intensity and persistence of tfi¢ ENDOR doublet

r
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strate are virtually identical to those obtained from the sample
made up from [1,PH;]-S-2-aminopropanol (compare Figure
2, spectra a and e). The absolute amplitude of the ENDOR
doublet from the sample obtained with',[8-2H,]-AdoCbl
is however smaller than that of the doublet obtained with
deuterated substrate. The drop in amplitude may be due, in
part, to a 1/3 probability of findingH instead ofH at the
closest position of the methyl group of-8eoxyadenosine
when [3,5-?H,]-AdoCbl and unlabeled substrate are used.
There could also be a partial washout of deuterium during
multiple enzymatic turnovers with unlabeled substrate,
although the deuterium isotope effect would discriminate
against such washout. However, the identRéaIENDOR
frequencies in the two spectra indicate tHatwhich enters
the system via C1l ofS-2-aminopropanol or via C5of
deoxyadenosine ends up in the same position with respect
to the organic radical intermediate. Given the possibility of
exchange of hydrogen atoms in these radical reactions, the
°H ENDOR results by themselves do not require that’tthe
giving rise to the ENDOR signal resides ohdgoxyadeno-
sine.

13C ENDOR The Mims ENDOR spectrum obtained from
the lower field maximum of the absorption spectrum of the
radical (Figure 1b) for the sample prepared with G-
ribosyl]-AdoCbl and unlabele&-2-aminopropanol is pre-

&ented in Figure 3Aa. The corresponding spectrum from a

sample prepared with unlabled cofactor and unlabeled
substrate (Figure 3Ab) contains all of the same features
except for the well-defined set of resonances that is centered
about the'3C Larmor frequency in Figure 3Aa. The differ-
ence spectrum (Figure 3Ac) highlights th€ transitions.
The most prominent peaks occur at the outer edges of the
pattern and correspond to a splitting of 1.0 MHz). These
transitions are assigned to the orientations of the magnetic
field that are perpendicular to the unique axis of an axially
13C hyperfine coupling tensor. A weaker peak
occurs 0.25 MHz below the Larmor frequency. The corre-
sponding®*C transition from the opposite electronic sub-
manifold is not resolved at this magnetic field setting.
However, the observed, lower frequency peak implies a
hyperfine coupling of about 0.5 MHz. This weaker coupling
is assigned té\. In using relative peak amplitudes to assign
nuclear spin transitions in Mims ENDOR, one must consider
the weighting of the ENDOR response according to the
selected value ofr, the delay between the first two

Enicrowave pulses. For thEC coupling, at any orientation,

the product,Ar < 0.3 (whereA is the nuclear hyperfine
coupling constant), is safely within the regime where the

signal suggest that these peaks arise from the statisticallyeENDOR spectrum is not significantly affected by Mims blind

favored orientation in which the magnetic field is perpen-
dicular to the electronrnuclear interspin vector. Because the
corresponding “parallel” features are not readily apparent and
there is a strong possibility for a scalar coupling, direct
extraction of the principal values of the hyperfine coupling
tensor is not possible. However, consideration of the
combined®C and?H ENDOR data sets leads to a meaningful
estimate of théH to radical distance (vide infra).

The 2H ENDOR frequencies obtained when EAL is
combined with [55-?H,]-AdoCbl and with protiated sub-

2A “typical” a-deuteron hyperfine coupling tensor of(13, 4.2,
8.7) MHz is expected for théH remaining on C1 of the radical.

spots(19).

The assignments given above lead to the followif@
superhyperfine couplifgparametersA; = + 0.5 MHz, and
A = + 1.0 MHz (relative signs only). If like signs are
chosen (i.e., if the coupling does not pass through zero at
any orientation), one obtains an isotropic comporint
+0.83 MHz and (using the pointdipole approximation) a
distancey, of 4.9 A between the center of unpaired spin on
the radical and the'*C nucleus. If the opposite sign

3The terminology, superhyperfine coupling, is used to signify
coupling between an unpaired electron spin on one molecule and a
nuclear spin on another molecule.
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Ficure 3: Mims ENDOR spectra with [U3C ribosyl]-AdoCbl (A)

and the magnetic field dependence (B) of th¢ Mims ENDOR.
Panel A shows Mims ENDOR spectra from the substrate radical
in EAL, generated with unlabeled substrate: (Aa){ad-ribosyl]-
AdoChbl; (Ab) unlabeled cofactor. The difference spectrum,-Aa
Ab, is shown in Ac. The smooth curve below (Ac) is a simulation
of the difference spectrum. Experimental conditions for Aa and
Ab: By = 340.5 mT;z = 0.410us; ts = 8 us; ve = 9.697 GHz.
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axes of theg-tensor and thé*C superhyperfine tensor were
assumed to be collinear. Though approximate, this approach
reproduces the general shape of t8& ENDOR spectra
using parameters very similar to those obtained directly from
the spectra.

The magnetic field dependence of tHi€ ENDOR was
examined (Figure 3B). Spectra obtained at 340.5 and 352.0
mT, near each of the two local maxima, produce very similar
13C ENDOR spectra (Figure 3Ba,c). The major difference
between them is that in the spectrum obtained at the lower
field, the ENDOR transition at about0.25 MHz is resolved
and the transition neat0.25 MHz is a shoulder. At 352.0
mT, however, the opposite is true. The fact that the magnetic
field-dependent amplitudes of th& ENDOR spectra track
the amplitude of the radical doublet provides further assur-
ance that the ENDOR response is associated with the
substrate radical.

DISCUSSION

The low- and high-field maxima in the CW EPR doublet
signal of the radical correspond to a common set of magnetic
field orientations, namely, those perpendicular to #axis
of the reference frame of €o(V. Bandarian and G. H. Reed,
manuscript in preparation). Thus, the perpendicular field
direction is correlated with the sharp “perpendicular” features
at the extremes of tHéC ENDOR pattern. The middle region
of the EPR absorption of the radical, which is richer in
contributions from the parallel orientation of the magnetic
field in the Ca* axis system, yields ENDOR spectra having

Each point is sum of 6400 echoes; pulse sequence repetition rateStronger parallel features. These observations indicate that

= 1.0 kHz; T = 18 K. For the simulation, g value of 1.993 for
observation was used. The assumed principal values of¥he
hyperfine coupling tensor were-(.05, —1.05, +0.6) MHz; and
those of theg-tensor were (1.990, 1.990, 2.000). Panel B shows
the magnetic field dependence8€ Mims ENDOR for the same
sample used in obtaining trace 3Aa. Traces-3Bavere obtained

at magnetic fields of 340.5, 346.5, and 352.0 mT, respectively. Other
experimental conditions were the same as for Aa.

combination holds, thed, = —0.5 MHz andr = 3.4 A.
The latter combination leads to the more satisfying physical
result-namely, that a substantial isotropic superhyperfine
coupling is associated with a short distance. The former sign
combination gives a larger isotropic coupling at a much
longer distance. A negative sign fAg is also expected from
a spin polarization model in which the half-occupjedrbital
of the radical has a small overlap with the “hydrogen end”
of a CB-H ¢ orbital (20). Thus, the!3C ENDOR spectra are
most compatible with a distarfteetween C5of the cofactor
and C1 of the substrate of 34 0.2 A.

A calculated ENDOR spectrum is shown immediately
below trace 3Ac. An axially symmetriggtensor having weak

anisotropy was assumed for the radical as a rough ap-

proximation to the orientation selection arising from the
dipole—dipole coupling between the radical and the?Co
No attempt was made to account for the complex orientation
selection created by the unresolved nuclear hyperfine split-
tings within the envelope of the radical doublet. The principal

4 The implicit assumption is that the CBethyl of the ribosyl moiety
is closest of the five labeled carbons. The rapid falloff of ENDOR
intensity with hyperfine coupling (interspin distance) suggests that only
the closest*C will give rise to an ENDOR signal.

the unique axis of th&C superhyperfine coupling tensor is
approximately parallel to theaxis of CG". Analysis of the
Co*' radical spin-spin interactions indicates that C1 of the
substrate radical lies approximately along #hexis of Ca*
and that the unique axis of the half-occupipdrbital is
approximately parallel to the-axis in the Cé" reference
frame @1). The CW EPR and the pulsed ENDOR data
indicate that the unique axis of thEC superhyperfine
coupling tensor is approximately coincident with thaxis

of Co?".

The ~3.4 A distance between CHand the unpaired
electron constrains the range of allowable distances between
C1 and the nearedH on the C5 methyl group. The C5
methyl group acquires three deuterium atoms after a few
turnovers with the labeled substrat8) (before freeze-
guenching. Given the CiC5 distance, modeling shows that
there must be at least oA from the B-trideuteriomethyl
group within~3.3 A of C1. This long a distance could only
apply if all three deuterium atoms were arranged strictly
symmetrically about (and thus equidistant from) the half-
occupiedp orbital of C1. In the far more likely case that the
three couplings are not equivalent, the absence of multiple
°H doublets in the ENDOR spectra of Figure 2 would
indicate that one deuterium is much closer to C1 than are
the other two. This situation can occur, for example, if the
°H—C5 bond lies close to the C5C1 interspin vector.
The distance between C1 and fiecould become as smalll
as 2.3 A.

The present results lead to a schematic model of the radical
and 3-deoxyadenosine as shown in Figure 4. The model
explains the observation of substantial superhyperfine cou-
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Hence, the experiments show that the'-@ethyl of 3-
deoxyadenosine is in a position to mediate the hydrogen
transfers undeNVmax conditions. These structural results
support the notion that the lardgel KIE on washout ofH
from labeled cofactor arises from hydrogen atom tunneling
in the abstraction steps of EAL.
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