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ABSTRACT

The EutT enzyme from Listeria monocytogenes (LmEutT) is a member of the family of
ATP:cobalt(I) corrinoid adenosyltransferase (ACAT) enzymes that catalyze the biosynthesis of
adenosylcobalamin (AdoCbl) from exogenous Co(Il)rrinoids and ATP. Apart from EutT-type
ACATs, two evolutionary unrelated types of ACATs have been identified, termed PduO and
CobA. Although the three types of ACATs are non-homologous, they all generate a four-
coordinate cob(Il)alamin (4C Co(II)Cbl) species to facilitate the formation of a supernucleophilic
Co(I)Cbl intermediate capable of attacking the 5’-carbon of co-substrate ATP. Previous
spectroscopic studies of the EutT ACAT from Salmonella enterica (SeEutT) revealed that this
enzyme requires a divalent metal cofactor for the conversion of 5SC Co(II)Cbl to a 4C species.
Interestingly, LmEutT does not require a divalent metal cofactor for catalytic activity, which
exemplifies an interesting phylogenetic divergence amongst the EutT enzymes. To explore if this
disparity in metal cofactor requirement amongst EutT enzymes correlates with differences in
substrate specificity or the mechanism of Co(II)Cbl reduction, we employed various spectroscopic
techniques to probe the interaction of Co(II)Cbl and cob(Il)inamide (Co(IT)Cbi*) with LmEutT in
the absence and presence of co-substrate ATP. Our data indicate that LmEutT displays a similar
substrate specificity as SeEutT and can bind both Co(IT)Cbl and Co(IT)Cbi*" when complexed with
MgATP, though exclusively converts Co(II)Cbl to a 4C species. Notably, LmEutT is the most
effective ACAT studied to date in generating the catalytically relevant 4C Co(II)Cbl species,
achieving a >98% 5C—4C conversion yield on addition of just over one molar equivalent of co-

substrate MgATP.



INTRODUCTION
Ethanolamine and 1, 2-propanediol can be utilized by bacteria as a source of carbon, nitrogen, and
energy for metabolic function.!** Pathogenic bacteria such as Listeria, Escherichia, Clostridium,
and Sal/monella obtain ethanolamine from phosphatidylethanolamine, a phospholipid found in cell
membranes,> ® where it is broken down by phosphodiesterases into ethanolamine and glycerol." "
8 The primary step in ethanolamine catabolism is catalyzed by ethanolamine ammonia-lyase (EAL)
enzymes that convert ethanolamine into ammonia and acetaldehyde.’ These molecules can then
serve as a source of reduced nitrogen and a precursor to metabolically active acetyl-CoA,
respectively.!® Ethanolamine degradation by EAL involves a radical-based 1-2 elimination
reaction mediated by adenosylcobalamin (AdoCbl), a corrinoid cofactor (Figure 1).!'"'* AdoCbl is
supplied to apo-EAL by an ATP:Co(I)rrinoid adenosyltransferase (ACAT) enzyme encoded by
the eutT gene.!

ACATSs catalyze the biosynthesis of AdoCbl from exogenous Co(Il)rrinoids and ATP.!*
Apart from EutT-type ACATs, two evolutionary unrelated types of ACATs have been identified,
referred to as PduO and CobA. PduO-type ACATSs are reported to play a similar role as EutT does
in bacterial growth, supplying AdoCbl to the diol dehydratase associated with 1,2-propanediol
metabolism.!>"!7 CobA-type ACATs serve a housekeeping role and are responsible for
adenosylating corrinoid precursors in de novo cobalamin biosynthesis and maintaining adequate
intracellular levels of AdoCbl.'® ' Unlike the PduO- and CobA-type ACATs, EutT from
Salmonella enterica (SeEutT) requires a divalent metal ion [Fe(II) or Zn(II)] for activity that is
postulated to reside in a tetrahedral coordination environment provided by four Cys residues,
which are part of a conserved HX11CCX2C(83) motif.2-?? Although the three types of ACATs are

non-homologous, they all generate a four-coordinate (4C) cob(Il)alamin (Co(IT)Cbl) species to



facilitate the formation of a supernucleophilic Co(I)Cbl intermediate. This species is sufficiently
potent to attack the 5’-carbon of ATP, so as to generate the Co—C(ATP) bond of AdoCbl.2**” The
formation of a unique 4C Co(IT)Cbl species in the presence of co-substrate ATP was initially
proposed on the basis of electron paramagnetic (EPR) and magnetic circular dichroism (MCD)

26, 28-30

spectroscopic studies, and has since been confirmed by X-ray crystallographic studies of

PduO from Lactobacillus reuteri (LrPduO) and CobA from Salmonella enterica (SeCobA, Figure
2).16:31 In both structures the DMB base is solvent exposed and the lower axial position is blocked
off by hydrophobic residues in the active site. Thus, even though the reduction potentials of free
Co(IDrrinoids are substantially lower than those of biologically available reductants such as
dihydroflavins (FMN) [e.g., E°(NHE) for Co(II)Cbl =—610 mV vs —228 mV for FMN at pH 7.5],%*
32 33 the generation of 4C Co(Il)rrinoid species in the ACAT active sites raises the

Co(II)/Co(I)corrinoid reduction potential to within the physiologically accessible range.? 234
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Figure 1. Chemical structure of cob(Ill)alamin species. In AdoCbl, the variable “upper” axial
ligand, X, is Ado as indicated. In cob(Ill)inamide species the negatively charged nucleotide loop

with the DMB base is absent, which causes a water molecule to bind in the “lower” axial



position. Upon Co(III)—Co(II) reduction of cob(Ill)alamin and cob(Ill)inamide species, the
upper axial ligand is lost to generate the five-coordinate, neutral cob(Il)alamin [Co(IT)Cbl] and

mono-cationic cob(Il)inamide [Co(IT)Cbi'] species.
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Figure 2. X-ray crystal structure of 4C Co(II)Cbl (black) in the active site of SeCobA, with Mg-
ATP located above the corrin ring. Key hydrophobic residues are indicated (pale green) that
block off the lower axial position. Note that the DMB base, aminopropanol linkage and

nucleotide loop are not resolved in the crystal structure as they are likely solvent exposed.?!

Although thus far no member of the EutT family has been characterized by X-ray crystallography,
MCD and EPR studies of SeEutT revealed that this enzyme also generates a 4C Co(II) species to
facilitate substrate reduction.?* 2" These studies have also served to highlight key differences in
the selectivity and mode of 4C Co(II)rrinoid formation between the different ACAT families.
LrPduO and SeCobA can convert both Co(II)Cbl and cob(Il)inamide (Co(II)Cbi*, which lacks the
nucleotide loop with the terminal DMB base and therefore binds a water molecule in the “lower”

axial position) to 4C species that are readily reduced to the Co(]) state. In contrast, SeEutT is only

5



able to convert Co(II)Cbl to a 4C species. This is surprising considering that the Co—OH2 bond of
Co(IT)Cbi" is significantly weaker than the Co—-DMB bond of Co(II)Cbl.%*?7 Spectroscopic studies
of SeEutT revealed that the divalent metal ion is essential for the conversion of Co(II)Cbl to a 4C
species, presumably by properly organizing a putative DMB binding pocket.?* However, the EutT
enzyme from Listeria monocytogenes (LmEutT) lacks this divalent metal-binding motif, which
exemplifies an interesting phylogenetic divergence amongst the EutT enzymes. As LmEutT does
not require a divalent metal cofactor for activity, we sought to expand our understanding of the
catalytic mechanisms employed by ACATs through spectroscopic studies of this enzyme.
Specifically, we have employed electronic absorption (Abs), MCD, and EPR spectroscopic
techniques to probe the interaction of Co(II)Cbl and Co(IT)Cbi* with LmEutT in the absence and

presence of co-substrate ATP.

MATERIALS AND METHODS

Cofactors and chemicals

Dicyanocobinamide [(CN)2Cbi], hydroxocobalamin hydrochloride [HOCbI-HCI], sodium
borohydride (NaBHa4), and potassium formate (HCOOK) were purchased from Sigma Aldrich and
used without further purification. Diaquacobinamide (H20)2Cbi** was prepared from (CN)2Cbi
according to the following procedure. About 3-5 mg of (CN)2Cbi were dissolved in 5 mL MilliQ
water and sparged for 60 min with N2. The red/purple solution was then transferred via cannula to
a sealed vial containing ~27 mg NaBH4s and left stirring overnight under a slow stream of Na2. The
resulting brown/purple solution was re-oxidized in air over several hours. Once fully oxidized, the
solution was loaded onto a C18 Sep Pak column, washed with (i) ultrapure water (30 mL), (ii) a

20% methanol solution until the orange-colored band moved towards the eluting end of the



column, and (ii1) again with ultrapure water (10 mL), and finally eluted with 100% methanol.
Purified (H20)2Cbi** was collected under vacuum. Co(II)Cbl and Co(II)Cbi* were generated
anaerobically by reduction of aqueous solutions of HOCbI and (H20)2Cbi** with ~40-60 uL of a
saturated solution of HCOOK. The progress of the reduction was monitored
spectrophotometrically.

Protein preparation and purification

LmEutT was prepared as described elsewhere.®> In short, BL21-CodonPlus cells (Agilent)
containing pEUT140 (pTEV18 with LmEutT) were grown at 37 °C in 4 L flasks with metal springs
containing 2 L of Terrific Broth media.*® At an ODeoo = 0.5-0.6, eutT gene expression was induced
with 1 mM B-D-1-thiogalactopyranoside and the culture was incubated at 15 °C for 30 hours. The
harvested cells were pelleted at 6,000 x g in a refrigerated Avanti J-20 XPI with a JLA 8.1 rotor and
re-suspended at 4 °C in buffer A [50 mM, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES), 500 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), and 20 mM imidazole,
pH 7.5] with 1 mg/mL lysozyme and 0.1 mg/mL DNase. The suspension was subsequently passed
through a cell press at 1.91 kPa and phenylmethysulfonyl fluoride (PMSF, 1 mM) was added
immediately after lysis. This sample was centrifuged in an Avanti J-251 centrifuge equipped with
a JA 25.50 rotor at 40,000 x g for 30 min at 4 °C and filtered with a 0.45 um filter. The collected
lysate was loaded onto a 5 mL HisTrap Fast Flow (GE) column equilibrated with buffer A. Protein
was eluted with an imidazole gradient (20-500). The Hise-tag was cleaved by incubating the
solution with recombinant tobacco etch virus (rTEV) protease®’ for 3 hours at room temperature,
and the resulting protein sample was dialyzed three times against 1 L of buffer A. Further
purification was achieved by loading protein onto the same column re-equilibrated with buffer A

and collecting the flow-through. The collected fractions were concentrated to a protein



concentration of 1.1 mM and dialyzed three times against storage buffer (20 mM phosphate buffer,
200 mM NaCl, pH 7.5) at 4 °C. The purity of the protein was determined using an SDS-PAGE gel
and by analyzing the data with a 1D gel analysis software.
Sample preparation
Under anoxic conditions in a glove box, purified protein samples (300-700 uM) in 20 mM
phosphate buffer with 200 mM NaCl at pH 7.5 were mixed with 55-60% (v/v) glycerol and
complexed with Co(I)Cbl or Co(II)Cbi* at a cofactor to protein ratio of 0.9:1 (for MCD) or 0.7:1
(for EPR). Varying equivalents of MgATP were added to the different MCD and EPR samples, as
noted in the corresponding figure captions. The solutions were then injected into MCD sample
cells or EPR tubes and frozen in liquid nitrogen (LN2) either immediately (EPR samples) or after
collecting room temperature Abs data (MCD samples).
Spectroscopy
X-band EPR spectra were collected on a Bruker ESP 300E spectrometer equipped with an Oxford
ESR 900 continuous-flow liquid helium cryostat and an Oxford ITC4 temperature controller. All
spectra were collected at 20 K using the following instrument settings: frequency = 9.38 GHz,
microwave power = 2.0 mW, gain = 40-60 dB, modulation amplitude = 5 G, conversion time = 87
ms, time constant = 327.68 ms, range = 600-4598 G, resolution = 2048 points and modulation
frequency = 100kHz. Simulated EPR spectra were fitted using the SIMPOW program written by
Dr. Mark Nilges.*®

Room temperature Abs spectra were obtained using a Varian Cary Se spectrophotometer.
The sample compartment was purged with N2(g) for 40 min prior to data collection. Frozen
solution Abs and MCD spectra were collected with a JASCO J-715 spectropolarimeter in

conjunction with an Oxford Instruments SM-4000 8 T superconducting magnetocryostat. Circular



dichroism and glass-strain contributions to the MCD spectra were removed by taking the
difference between spectra obtained with the magnetic field oriented parallel and anti-parallel to

the light of propagation axis. Sample conditions are listed in the caption of each figure.

RESULTS
Abs and MCD Data. To probe the interaction between the corrinoid substrate and the LmEutT
active site, we have conducted a series of Abs, MCD and EPR spectroscopic studies of Co(II)Cbl
and Co(II)Cbi" in the absence and presence of LmEutT both before and after the addition of co-
substrate MgATP. The 4.5 K Abs spectrum of free, 5C base-on Co(II)Cbl in aqueous solution is
dominated by intense features associated primarily with 7—7n* transitions localized on the corrin
ring (Figure 3A). The prominent feature at ~21 000 cm™! (~476 nm), referred to as the a. band, was
previously assigned as the lowest energy corrin-based m—n* transition, while the steady increase
in Abs intensity between 17 000 and 19 000 cm™! was attributed to metal-to-ligand charge transfer
(MLCT) transitions involving the occupied Co(Il) 3d- and empty corrin n*-based molecular
orbitals (MOs).*** %" In the corresponding MCD spectrum, at least two positively signed features
are present this region. Additionally, several derivative-shaped MCD features are observed
between 14 000 and 17 000 cm™! that were assigned as electronic excitations from the doubly
occupied Co 3dx; and 3dy- based-MOs to the singly occupied, “redox active” Co-3dz-based MO
based on time-dependent density functional theory (TD-DFT) calculations.*®- 4! 42

When a small excess of LmEutT was added to a sample of Co(II)Cbl, the low-temperature
(LT) Abs and MCD spectra changed minimally (Figure 3B), indicating that Co(II)Cbl may not
bind to the LmEutT active site in the absence of co-substrate MgATP. In contrast, upon the addition

of a slight excess (1.3 equiv.) of MgATP to a sample containing Co(II)Cbl and LmEutT ina 0.9:1.0



molar ratio, an immediate color change (from orange-red to yellow) was observed that correlates
with the blue-shift of the o band in the LT Abs spectrum by ~500 cm™ (to 464 nm, Figure 3C). As
the donor MO for the o band transition has a significant antibonding contribution from the Co 3d=
and N(DMB) 2p; orbitals, a blue shift of the a band is symptomatic of a weakening of the axial
Co-ligand bond.?* ?°*> The magnitude of this blue-shift is marginally smaller (by ~33 cm™) than
the corresponding shift observed when Co(IT)Cbl binds to the SeEutT/MgATP complex, but larger
(by ~100 cm') than those reported for Co(II)Cbl binding to LrPduO/MgATP and

SeCobA/MgATP.
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Figure 3. Abs spectra at 4.5 K (gray traces) and variable temperature MCD spectra at 7 T of (A)
free Co(II)Cbl, B) Co(IT)Cbl in the presence of LmEutT and C) Co(II)Cbl in the presence of

LmEutT and 1.3 equiv MgATP. The dashed vertical line indicates the position of the o band.
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The MCD spectrum of Co(II)Cbl bound to the LmEutT/MgATP complex is characteristic
of 4C Co(II)rrinoid species. On the basis of previous studies,** 2% 2% 27 the sharp features below 15
000 cm™ can be attributed to the electronic origin (8 band at 12 560 cm™) and a vibrational
sideband (B band at 14 014 cm™") associated with the 3dxz-y2 — 3d» LF transition of 4C Co(II)Cbl.?
The weak feature at 13 144 cm™! (highlighted by *) likely corresponds to the first member of a
vibrational progression involving a ~575 cm™! corrin mode.** Conversely, the high energy (> 20
000 cm™) region is characterized by broad, both positively and negatively signed features that can
be attributed to MLCT and n—n* transitions.?> 2’ The lack of any residual features from 5C base-
on Co(I)Cbl in these spectra reveals that nearly full (> 98%) conversion of the 5C base-on
Co(II)Cbl to a 4C species occurred. Intriguingly, this near complete conversion at just over 1 equiv.
of MgATP observed for LmEutT is unprecedented, as neither SeEutT nor any of the other ACATs
studied to date achieve such a high conversion yield even in the presence of excess MgATP.

Because the Abs spectra of corrinoids are dominated by features originating from corrin-
based m—n* transitions, it is unsurprising that the Abs spectrum of free Co(II)Cbi* is similar to
that of Co(IT)Cbl (Figure 4A). Yet, the MCD spectra of free Co(II)Cbi* and Co(IT)Cbl are markedly
different, which reflects differences in the Co 3d orbital splittings and highlights the power of this
technique to probe geometric changes around the metal center of Co(Il)rrinoid species. Upon
incubation of Co(II)Cbi" with LmEutT, no changes to the MCD spectrum are apparent, indicating
that LmEutT, like SeEutT,** is unable to bind Co(II)Cbi" in the absence of ATP (Figure 4B). Even
when a large excess (10 equiv.) of MgATP was added to a Co(II)Cbi" sample incubated with
LmEutT, the color remained unchanged and minimal changes to the Abs spectrum were observed
(Figure 4C). However, close inspection of the corresponding MCD spectra reveals that the

Co(II)Cbi* does in fact interact with the enzyme, as evidenced by the modest (~295 cm™!) red-shift
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of the lowest energy feature centered at 16 388 cm™ (Figure 4C) that can be attributed to a slight
elongation of the lower axial Co—OH:z bond.? Overall, these data provide compelling evidence

that LmEutT, similar to SeEutT,?* is unable to convert Co(II)Cb" to a 4C species.
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Figure 4. Abs spectra at 4.5 K (gray traces) and variable temperature MCD spectra at 7 T of A)
free Co(II)Cbi*, B) Co(II)Cbi* in the presence of LmEutT C) Co(II)Cbi* in the presence of LmEutT
with 1.3 equiv. MgATP. The vertical lines indicate the position of the a band in the Abs spectra

and the shift of the lowest energy feature in the MCD spectra.

EPR Data. To complement our electronic Abs and MCD data, we performed parallel studies using

X-band EPR spectroscopy. As the unpaired electron of Co(II)Cbl and Co(II)Cbi" resides in the Co
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3d»—based MO, EPR spectroscopy is uniquely sensitive to changes in the axial ligation of the
Co(II) ion.?% 34 Consistent with our MCD data, the EPR spectra of Co(II)Cbl in the absence and
the presence of LmEutT are essentially identical (Figure SA and 5B), with small g spreads and a
broad, derivative-shaped feature centered at 2973 G. Fine structure arising from both *°Co
hyperfine coupling [4(Co) = 30, 40 and 305 Hz] and axial "“N superhyperfine coupling [4-(N'%)
= 40 MHz] are clearly visible between 3000 and 3700 G. Upon addition of 1.3 equiv. MgATP to
Co(II)Cbl incubated with LmEutT, large changes to the EPR spectrum are observed, with
numerous weak features appearing in the range between 600 and 4600 G (Figure 5C and Table 1).
On the basis of previous studies of other ACATs, these changes can be attributed to the loss of the
axial DMB ligand from the Co(II) ion, which leads to enhanced spin-orbit mixing between the
ground state and ligand field excited states and thus an increase in g anisotropy, as well as a greater
localization of the unpaired electron density on the Co(Il) ion as reflected in the large 4(Co)
values.?*26:29

Interestingly, the small contributions from residual SC Co(II)Cbl to the EPR spectrum of
Co(IT)Cbl in the presence of LmEutT and MgATP between 2600 and 3700 G are characteristic of
a base-off rather than a base-on Co(II)Cbl species (cf. Figure 5C and 5E). Base-off Co(IT)Cbl
(which is indistinguishable from Co(II)Cbi" by EPR spectroscopy) displays a larger g spread than
base-on Co(II)Cbl (gx = 2.48 vs gx =2.26) and lacks axial superhyperfine coupling due to the
substitution of the DMB base by a more weakly electron donating water molecule.?’ Consistent
with these EPR data, a closer inspection of the MCD spectrum of Co(II)Cbl in the presence of
LmEutT and excess MgATP (Figure S1, Supporting Information) also reveals minor contributions
from a small fraction of base-off Co(II)Cbl to the spectral region between 16 000 and 19 000 cm’

!. Addition of a larger excess (>10 equiv.) of MgATP did not noticeably change the relative
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populations of the 4C and 5C Co(II)Cbl species in the presence of LmEutT and MgATP (Figure
5C and 5D; Table 1), though the exact proportions are difficult to determine due to the large spread

of the EPR features associated with 4C Co(II)Cbl.
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Figure 5. EPR spectra collected at 20 K of A) free Co(II)Cbl (green), B) Co(I1)Cbl incubated with
LmEutT (teal), C) Co(IT)Cbl in the presence of LmEutT and 1.3 equiv. MgATP (blue) or D) >10
equiv. MgATP (purple), and E) free Co(II)Cbi* (gray). The simulated spectra (labeled “sim” and

shown in lighter colors above experimental traces) were obtained using the fit parameters provided

in Table 1.
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Table 1. Spin-Hamiltonian Parameters for Co(II)Cbl and Co(II)Cbi* in the Absence and Presence

of LmEutT and MgATP

Species g values A (¥Co)/MHz A (**N)/MHz
festd o g Ax Ay A: Aiso

A) Co(IT)Cbl

base-on 2269 2232  2.004 40 30 302 49

B) Co(II)Cbl + LmEutT

base-on 2269 2.233  2.001 40 30 306 49

C) Co(ICbl + LmEutT + 1.3/10 equiv. MgATP

4C species >80% 3.530 2.583 1.800 1265 558 700 n/a

Base-off <20% 2438 2.300 1.990 210 195 386

D) Co(IDCbhi*

Base-off 2423 2314 1994 226 210 402 n/a

E) Co(I)Cbi* + LmEutT

Base-off 2432 2322 1.990 226 210 405 n/a

F) Co(II)Cbi* + LmEutT + 10 equiv. MgATP
Base-off 2438 2300 1.990 210 195 386 n/a

G) Co(II)Cbl + SeEutT(Zn) + MgATP

4C species ~58% 3.610 2553 1.800 1362 625 760 n/a
H) Co(INCbl + LrPduO + MgATP
4C species 2.720  2.700  1.900 595 755 770 n/a

I) Co(ID)Cbl + SeCobA + MgATP
4C species 2730 2.670 2.060 635 590 805 n/a

Parameters for 4C species generated by LrPduO?®, SeCobA?*, and SeEutT?* (G-I) are shown for
comparison.
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The EPR spectra of Co(II)Cbi* in the absence and presence of LmEutT are almost
superimposable, which provides further evidence that this substrate analogue does not bind to the
protein in the absence of MgATP (Figure 6A and 6B). Yet, the EPR spectrum of Co(II)Cbi*
incubated with LmEutT in the presence of a large excess of MgATP is slightly different from that
of free Co(II)Cbi*, with the most notable difference being the distinctly smaller hyperfine splittings
compared to those observed for free Co(I)Cbi* (Table 1). This result indicates that Co(I[)Cbi* can
bind to LmEutT in the presence of MgATP (Figure 6C and Table 1), as inferred from our MCD
data. Notably, this enzyme-bound Co(II)Cbi* species is characterized by g and A values that are
more similar to those of the 5C base-off Co(I)Cbl species contributing to the EPR spectrum of

Co(II)Cbl in the presence of LmEutT and MgATP than of free Co(II)Cbi* (Table 1).
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Figure 6. EPR spectra collected at 20 K of A) Co(II)Cbi* (gray), B) Co(II)Cbi* in the presence of
LmEutT (red), and C) Co(II)Cbi* in the presence of LmEutT and 10 equiv. MgATP (gold). The

simulated spectra (labeled “sim” and shown in lighter colors above experimental traces) were

obtained using the fit parameters provided in Table 1.
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DISCUSSION
Generation of 4C Co(I)rrinoid Species. ATP:Co(I)rrinoid adenosyltransferases are a group of
enzymes involved in the de novo synthesis and scavenging of corrinoids to maintain adequate
cellular levels of AdoCbl, a biological cofactor used in a variety of enzyme-mediated organic
rearrangement and elimination reactions.!!: %43 1418 Because a supernucleophilic 4C Co(I)rriniod
species is the precursor for the formation of the Co—C bond of AdoCbl, ACATs must be capable
of performing the thermodynamically challenging Co(Il) — Co(I)Cbl reduction. All ACATs
studied to date have been shown to facilitate this reduction by converting the 5SC Co(II)Cbl species,
normally found in solution, to a unique 4C Co(II)Cbl intermediate in the presence of ATP.!4 1826,
33,34, 42, 46

In the present study we have used MCD and EPR spectroscopies to investigate if the EutT-
type ACAT from Listeria monocytogenes uses the same strategy for Co(Il)—> Co(I)rrinoid
reduction and to assess the substrate scope of this enzyme. Our data indicate that LmEutT
complexed with MgATP can bind Co(II)Cbl as well as Co(II)Cbi*; however, similar to SeEutT,*
this enzyme exclusively converts Co(II)Cbl, and not the Co(I)Cbi", to a 4C species. Compared to
the other ACATs investigated thus far, LmEutT more readily forms a 4C Co(IT)Cbl species (>98%
5C—4C conversion yield) on addition of just over one molar equivalent of co-substrate MgATP.>:
2426 In the case of the SeEutT, the inability to convert Co(II)Cbi* to a 4C species was attributed
to the presence of a putative binding pocket for the nucleotide loop of Co(IT)Cbl to enhance its
affinity for the native substrate and promote axial ligand dissociation.?” ?* The EPR spectrum of
Co(II)Cbl in the presence of the LmEutT/MgATP complex reveals that in addition to the major 4C
form, a minor 5C, base-off Co(I)Cbl species is generated (Figures 5 and S1). However, this

species is unlikely to be catalytically relevant, as its relative population remained constant on
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addition of excess MgATP. Thus, unlike SeEutT, LmEutT does not appear to generate a 5C, base-
off intermediate in the process of 4C Co(II)Cbl formation.?* This difference in substrate activation
mechanism is unsurprising given that SeEutT requires a divalent metal cofactor for 4C Co(II)Cbl

formation,””>* while LmEutT lacks this cofactor.

Table 2. SC— 4C Co(ID)rrinoid conversion yields for various ACATs as determined by MCD

Species % conversion (5C— 4C)
Co(INCbl + LmEutT + 1.3 equiv. ATP >98
Co(INCbl + SeEutT (Fe/WT) +>10 equiv. ATP >85
Co(IDCbl + LrPduO + ATP ~40
Co(II)Cbi*+ LrPduO + ATP ~50
Co(II)Cbl + SeCobA + ATP ~8
Co(I1)Cbi™+ SeCobA + ATP ~70

Data taken from references as noted: LrPduO?®, SeCobA?Z, and SeEutT?.

Table 2 summarizes the SC— 4C Co(Il)rrinoid conversion yields for various ACATs as
determined by MCD spectroscopy. The most striking difference among the three ACAT families
is that the EutT-type enzymes are unable to convert Co(II)Cbi* to a 4C species.”> 2+ 2629 The
crystal structures of 4C Co(II)Cbl bound to SeCobA/MgATP and LrPduO/MgATP revealed that
these types of ACATs lack specific binding pockets for the nucleotide loop (Figure 2), which
allows them to convert both Co(I1)Cbl and Co(II)Cbi* to 4C species.’">** The higher conversion
yields with Co(II)Cbi* (~50% LrPduO, ~70% SeCobA) compared to the substrate Co(II)Cbl
(~40% LrPduO, 8% SeCobA) can be attributed to the more facile removal of the weakly bound

water ligand in Co(II)Cbi* compared to the DMB base in Co(II)Cbl. The high substrate

promiscuity displayed by CobA-type ACATSs is consistent with the role of these enzymes as part
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of the machinery used in the de novo biosynthesis of AdoCbl, where scavenging of incomplete
corrinoids is likely."

Nature of 4C Co(IDrrinoid Species. All ACATs studied to date raise the Co(II)/Co(I)rrinoid
reduction potential to within the physiologically accessible range by generating 4C species, which
leads to a stabilization of the “redox-active” Co 3d. -based MO.? * Experimental evidence for
this orbital stabilization is provided by large shifts of the g« and gy values from the free electron
value (2.0233) due to enhanced spin-orbit coupling between the ground state and low lying LF (Co
3dxz—3d» and 3dy,—3d») excited states.”> * Additionally, the increased localization of the
unpaired electron spin density on the Co(II) ion is reflected in the larger A(°*°Co) hyperfine
coupling constants for the 4C Co(Il)rrinoid species compared to their 5C counterparts.’*
Interestingly, the 4C Co(II)Cbl species produced in the active sites of LmEutT and SeEutT are
characterized by much larger 4(*Co) hyperfine coupling constants and g shifts than those
generated by the PduO and CobA type ACATs [A(*°Co) EutT ~ 600-1300 MHz vs A(*°Co)
PduO/CobA ~ 600-800 MHz) and g« (EutT) = 3.6 vs gx (PduO/CobA) = 2.7].23 2% 26 Furthermore,
compared to the CobA and PduO-type ACATs, the g-tensors of the 4C Co(II)Cbl species generated
in the EutT enzymes are much more rhombic (gr >> g,,> g-), signifying a unique active site
environment in the EutT-type ACATs.?

In the crystal structures of 4C Co(IT)Cbl bound to LrPduO/MgATP and SeCobA/MgATP,
the corrin ring is relatively planar.'® 3! Computational studies suggested that for a planar corrin
ring conformation, the unpaired electron of 4C Co(II)Cbl resides in the Co 3dz -based MO that
also has large and roughly equal contributions from the Co 3dxy and Co 3dy. orbitals. This
prediction is consistent with the relatively axial g-tensors displayed by the 4C Co(II)Cbl species

in the LrPduO and SeCobA active sites.?’ Thus, the rhombic g-tensors exhibited by the EutT-bound
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4C Co(II)Cbl species likely reflect a severely constrained conformation of the corrin ring in these
enzymes, which would lift the near degeneracy of the Co 3dxz and Co 3dyz-based MOs and result
in very different g« and gy values. This finding suggests that the corrinoid substrate is firmly locked
in place in the EutT active site, which is expected to facilitate the removal of the nucleotide loop
during 4C Co(IT)Cbl formation.

The results obtained in this study indicate that LmEutT employs a different mechanism
than SeEutT for controlling the timing of Co(II)Cbl binding and its subsequent conversion to a 4C
species. While SeEutT can bind Co(II)Cbl in the absence of ATP and convert it to a 5S¢ base-off
species with an axial water ligand (Figure 7A), LmEutT must first bind ATP and then Co(II)Cbl,
which is directly converted to a 4C species (Figure 7B). Given the identical substrate specificities
of LmEutT and SeEutT, it is reasonable to suggest that both enzymes possess similar nucleotide
binding pockets, though in the case of SeEutT the architecture of this putative binding pocket
appears to change in response to Fe(II) or Zn(II) ion binding.?* While the exact role of the divalent
metal cofactor of SeEutT remains unclear, the fact that the Fe(Il)-bound enzyme is deactivated in
the presence of molecular oxygen suggests that it may serve as a redox sensor to control the levels
of AdoCbl generated under aerobic and anaerobic conditions. The absence of this metal cofactor
in LmEutT exemplifies an interesting phylogenetic divergence amongst the EutT enzymes

investigated so far.
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Figure 7. Proposed mechanisms for generation of 4C Co(II)Cbl in the EutT ACATs. In the case

of SeEutT (A) Co(IT)Cbl can bind to the active site in the absence of ATP as long as the divalent
metal cofactor is present (I) to yield a base-off species with an axial water ligand (II). This process
is facilitated by the binding of the DMB tail to a specific protein pocket. The subsequent binding
of ATP then triggers the formation of 4C Co(II)Cbl (III). For LmEutT (B) that lacks a divalent
metal cofactor (I), the enzyme must first bind ATP (II) and then Co(IT)Cbl, which is directly

converted to a 4C species whereby the DMB base is sequestered in a binding pocket (I1I).

SUPPORTING INFORMATION
Near-IR region of the MCD spectra of Co(IT)Cbl and Co(IT)Cbi" in the presence of LmEutT and
co-substrate MgATP. This material is available free of charge via the Internet at

http://pubs.acs.org.
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