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ABSTRACT: The radical S-adenosyl-L-methionine (AdoMet)
enzyme HydG is one of three maturase enzymes involved in

Cluster |
[FeFe]-hydrogenase H-cluster assembly. It catalyzes L-tyrosine J "
cleavage to yield the H-cluster cyanide and carbon monoxide a ‘\l:ht% AdoMet Y
ligands as well as p-cresol. Clostridium acetobutylicum HydG = osd s oo T oobe iy e
contains the conserved CX;CX,C motif coordinating the AdoMet "™"=_, _ c g co
binding [4Fe-4S] cluster and a C-terminal CX,CX;,C motif > ai Clustor I Activated [FeFe}hydrogenase
proposed to coordinate a second [4Fe-4S] cluster. To improve < A

our understanding of the roles of each of these iron—sulfur clusters

in catalysis, we have generated HydG variants lacking either the N- or C-terminal cluster and examined these using spectroscopic
and kinetic methods. We have used iron analyses, UV—visible spectroscopy, and electron paramagnetic resonance (EPR)
spectroscopy of an N-terminal C96/100/103A triple HydG mutant that cannot coordinate the radical AdoMet cluster to
unambiguously show that the C-terminal cysteine motif coordinates an auxiliary [4Fe-4S] cluster. Spectroscopic comparison with
a C-terminally truncated HydG (ACTD) harboring only the N-terminal cluster demonstrates that both clusters have similar
UV—visible and EPR spectral properties, but that AdoMet binding and cleavage occur only at the N-terminal radical AdoMet
cluster. To elucidate which steps in the catalytic cycle of HydG require the auxiliary [4Fe-4S] cluster, we compared the
Michaelis—Menten constants for AdoMet and L-tyrosine for reconstituted wild-type, C386S, and ACTD HydG and demonstrate
that these C-terminal modifications do not affect the affinity for AdoMet but that the affinity for L-tyrosine is drastically reduced
compared to that of wild-type HydG. Further detailed kinetic characterization of these HydG mutants demonstrates that the C-
terminal cluster and residues are not essential for L-tyrosine cleavage to p-cresol but are necessary for conversion of a tyrosine-
derived intermediate to cyanide and CO.

ydrogenases catalyze the efficient formation of molecular This was supported by the observation of cluster-bound
hydrogen through reduction of protons. Three phyloge- cyanide and CO ligands in the Fourier transform infrared
netically unrelated hydrogenase classes can be distinguished on (FTIR) spectrum of HydF®S.'"'* The demonstration that
the basis of their active site metal content: [FeFe]-, [NiFe]-, Desulfovibrio vulgaris HydF does not interact with its putative
and [Fe]-hydrogenases.l’2 The [FeFe]-hydrogenase cofactor I:FeFe]—hydrogenase13 implies that the proposed action of
consists of a [4Fe-4S] cluster bridged to a [2Fe] subcluster HydF as a scaffold for H-cluster synthesis might not be strictly
containing CO and cyanide ligands3’4 as well as a bis- conserved. Similarly, Shewanella oneidensis Hde was the only
(thiomethyl)amine bridge5_7 (Scheme 1). Recent evidence maturase necessary for Cpl [FeFe]-hydrogenase activation in
indicates that the cofactor is assembled in a stepwise process,s the presence of a desalted Escherichia coli lysate and additional
where the loaded [2Fe] subcluster is transferred from HydF to small molecule substrates like L-tyrosine (tyrosine hereafter)
the [FeFe]-hydrogenase protein already containing the [4Fe- and AdoMet,"* suggesting that HydG might be acting as a
4S] cluster.*” The demonstration that purified Clostridium scaffold protein. IIISYdG has fl)6een shown 1t7° cleave tyrosine to
acetobutylicum (Ca) HydF heterologously expressed in the produce p-cresol,”” cyanide,” and CO."" Evidence that the
background of Ca HydE and Ca HydG (HydF®®) is sufficient
to activate the [FeFe]-hydrogenase from Clostridium pasteur- Received: August 20, 2013
ianum (Cpl) heterologously expressed in the absence of the Revised:  November 6, 2013
maturases led to the proposal of HydF as a scaffold protein.10 Published: November 8, 2013
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Scheme 1. Role of HydG in [FeFe]-Hydrogenase Cofactor
Assembly
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diatomic molecules are incorporated into the H-cluster came
from characteristic shifts in the vibrational cyanide and CO
energies of the Cpl [FeFe]-hydrogenase produced in vitro with
natural abundance or isotopically labeled tyrosine.'® HydE has
been proposed to have a role in the biosynthesis of the
dithiolate bridge12 or translocation of the [2Fe] subcluster,"*
but despite the availability of the crystal structure of HydE,"
the substrate still needs to be identified. Even with more
information about [FeFe]-hydrogenase cofactor assembly and
transfer becoming available, detailed mechanistic insights into
HydG-based cyanide and CO ligand synthesis are lacking.

HydG and HydE both belong to the radical AdoMet
superfamily of enzymes,”® which was initially characterized by a
conserved N-terminal CX;CX,C motif*' and the requirement
for a reduced [4Fe-4S]" cluster and AdoMet for activity.”*
Three iron atoms of this [4Fe-4S] cluster (cluster I) are
coordinated by the conserved cysteines, whereas the fourth,
unique iron is coordinated by the a-amino and a-carboxy
groups of AdoMet.”*">® The transfer of a single electron from
the cluster to AdoMet initiates homolytic C—S bond cleavage,27
generating a highly reactive 5'-deoxyadenosyl radical.*®** This
radical in turn abstracts a hydrogen atom from the substrate to
generate a substrate radical, which undergoes further rearrange-
ment or cleavage to the final product(s).

Sequence analyses suggest that HydG belongs to a subclass
of radical AdoMet enzymes that act on amino acids during
cofactor biosynthesis'*** and include tyrosine lyase (ThiH) for
anaerobic thiamine biosynthesis,>’ > NocL and NosL for
nosiheptide biosynthesis,>*** and FbiC (CofG/CofH in
cyanobacteria) for the biosynthesis of the F,,, cofactor.>® The
sequence of HydG is 27% identical with that of ThiH," and
under anaerobic conditions, both cleave the C,—C; bond of
tyrosine in an AdoMet-dependent manner to yield p-cresol.'>**
An energetically more favored homolytic cleavage reaction
yields a C-centered glycine radical as the nonaromatic
intermediate, while heterolytic cleavage results in the formation
of dehydroglycine®” (Scheme 1). During the turnover of ThiH,
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glyoxylate accumulates and is presumed to be the product of
dehydroglycine hydrolysis,>* whereas little glyoxylate is formed
during HydG catalysis.'® Instead, stoichiometric quantities of
cyanide'® with respect to p-cresol were detected as well as
substoichiometric amounts of CO."”

Initial spectroscopic characterization of chemically recon-
stituted Thermotoga maritima HydG indicated the presence of
one and possibly two [4Fe-4S] clusters.”® The primary
sequence of Ca HydG contains two cysteine motifs that have
both been shown to be essential for activation of the [FeFe]-
hydrogenase.36 While the radical AdoMet CX;CX,C triad at
the N-terminus is well-conserved, the additional CX,CX,,C
motif at the C-terminus, pr03posed to coordinate the second
[4Fe-4S] cluster (cluster II),% displays some variation.>” For
301 HydG homologues investigated, only the first and last
cysteine residue (C386 and C412, respectively, in the Ca HydG
sequence) of the C-terminal motif were found to be
conserved.”” Clear evidence of the presence of an accessory
[4Fe-4S] cluster II came from iron content analyses and EPR
spectra of reconstituted Ca HydG in the absence and presence
of AdoMet."”

Other radical AdoMet enzymes containing an auxiliary
(mostly [4Fe-4S]) cluster have been identified and some
studied in great detail.®® The functional importance of the
HydG auxiliary cluster II in cyanide synthesis was inferred in a
mutagenesis study: approximately 50 and 100% decreases in the
extent of cyanide formation were observed for a Ca HydG
§X,SX,,C double mutant and a mutant lacking the entire C-
terminal domain, including the cysteine motif (ACTD),
respectively.®” In the mechanistic proposal for HydG (Scheme
1), the reaction step being affected by these mutations could
have been either tyrosine cleavage (step A) or the synthesis of
cyanide and CO (step B). This question was addressed by
further studies*® in which Thermoanaerobacter tengcongensis
(Tte) ACTD HydG was shown to have a tyrosine cleavage
activity more than 98% reduced compared to that of the wild-
type (WT) enzyme, forming only 0.04 molar equiv (1 uM) of
p-cresol. These very low levels of p-cresol may indicate poor
turnover of tyrosine, and this may explain the apparent absence
of detected cyanide. The lack of CO formation and the
decreased iron content of the SX,SX,,C and ACTD HydG
variants compared to the values of the WT enzyme were
rationalized by the proposal that cluster II is not required for
cyanide but is essential for CO synthesis.>” The proposal that
the second cluster is required for the formation of a stable
iron—carbonyl complex is consistent with the substoichiometric
detection of CO formed by WT HydG."”

In this study, we prepared an N-terminal C96/100/103A
mutant that cannot coordinate the radical AdoMet [4Fe-4S]
cluster, a single C386S mutant, and a C-terminal deletion
mutant. Characterization of WT HydG and these mutants by
iron, UV—visible, and EPR spectral analyses supports a
hypothesis in which the C-terminal CX,CX,,C motif
coordinates an auxiliary [4Fe-4S] cluster II, which is unable
to coordinate AdoMet. To establish the role of the auxiliary
cluster II and C-terminal residues during tyrosine cleavage, the
formation of p-cresol, cyanide, CO, and glyoxylate by WT
HydG and C-terminal mutants has been compared. A
prerequisite for these studies was the determination of the
respective Michaelis—Menten constants for the AdoMet and
tyrosine substrates. The Michaelis—Menten constants permit-
ted the use of near-saturating substrate concentrations upon
comparison of WT and mutant HydG enzymes, which in turn
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allowed us to assess the effect of mutations on the rate of
reaction and on apparent substrate binding. Our results indicate
that mutations affecting cluster II coordination are, at worst,
mildly deleterious to the rate of reductive AdoMet cleavage and
cleavage of tyrosine to p-cresol. Proteins lacking cluster II
formed no detectable CO, highlighting the importance of the
C-terminal cluster for CO formation.

B MATERIALS AND METHODS

Except where otherwise stated, chemicals were reagent grade or
better, purchased from commercial sources, and used without
further purification. All solutions were prepared inside an
anaerobic glovebox using deoxygenated buffers unless stated
otherwise. Expression of E. coli AdoMet synthetase was
conducted using overproducing strain DM22 (pK8) as
described previously,26 with slight modifications.*! Enzymati-
cally synthesized AdoMet was estimated by 'H nuclear
magnetic resonance to be 95% biologically active S,S-AdoMet
and by HPLC analysis to contain <0.05% adenine and <1.5%
5’-methylthioadenosine and was used throughout these studies
unless otherwise stated to prevent impurities in commercial
AdoMet samples from inhibiting HydG.* The concentration of
AdoMet was determined using its extinction coefficient (&,4))
of 15400 M™' cm™.** Protein concentrations were
determined using the Bradford assay” and bovine serum
albumin as a standard. Tyrosine solutions were prepared by
addition of a 25.7 mM stock in 200 mM HCI (350 L) to 1 M
NaOH (80 yL) and buffer D [SO mM Hepes and 0.5 M KCl
(pH 7.4, 20 uL)], giving a 20 mM stock solution that was
turther diluted as needed.

Site-Directed Mutagenesis. Mutant genes hydG_C96/
100/103A, hydG_C386S, and hydG_ACTD were prepared
using a QuikChange Lightning Multi Site-Directed Mutagenesis
Kit (Stratagene or Agilent Technologies, La Jolla, CA) using
the Ca hydG_WT gene'® as a template. Incorporation of the
mutations and the absence of secondary mutations were
confirmed by sequencing (Eurofins UK or Idaho State
University Molecular Research Core Facility, Pocatello, ID).

Protein Expression, Purification, and Reconstitution.
The pCDFDuet-1 plasmids encoding HydG variants from C.
acetobutylicum were transformed into E. coli BL21(DE3)
(Stratagene) and overexpressed as described previously,'’
with slight modifications. Briefly, single colonies obtained
from transformations were grown overnight in LB medium and
utilized to inoculate 9 L LB cultures containing 10 g/L
tryptone, 5 g/L yeast extract, 5 g/L KCI, 5 g/L glucose, and 50
mM potassium phosphate buffer (pH 7.2). The cultures were
grown at 37 °C while being shaken at 225 rpm until the ODy,
reached 0.5, at which point 0.06 g/L ferrous ammonium sulfate
(FAS) and isopropyl f-p-1-thiogalactopyranoside (final con-
centration of 1 mM) were added. The cultures were grown for
an additional 2.5 h at 37 °C, at which time an additional aliquot
of 0.06 g/L FAS was added. The cultures were then transferred
to a 10 °C refrigerator and purged with N, overnight. Cells
were harvested by centrifugation, and the resulting cell pellets
were stored at —80 °C until further use. Protein expressions in
Southampton were conducted as described previously,'® but
without the addition of FAS. Protein purifications were
conducted as previously published'® with the following
modifications. Cell lysis was performed in the absence of
PMSEF, while sonication was achieved over five or six 10 min
cycles of 1 s bursts (20 W). Buffer-exchanged protein fractions
were pooled and concentrated to 30—40 mg/mL and flash-
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frozen in liquid N,. Protein reconstitution was achieved by
dropwise addition (over 20 min) of FeCl; followed by Na,S-
9H,0 (10 equiv for WT and C386S HydG and S equiv for
ACTD HydG) as 20 mM stock solutions in buffer C [20 mM
Hepes, 0.5 M NaCl, 5% (w/v) glycerol, and S mM DTT (pH
7.4)] to protein solutions previously supplemented with DTT
(5 mM). After the mixture had been gently stirred for 2 h,
precipitated protein and excess iron sulfide were removed by
centrifugation (SS-34, 13000 rpm, 4 °C, 20 min), and the
protein was flash-frozen in liquid N, and stored as 0.5 mL
aliquots at —80 °C until further use. Prior to experiments,
proteins were freshly desalted into the required buffer via a pre-
equilibrated PD-10 column packed with Sephadex G-25 (GE
Healthcare). The efficiency of chemical reconstitution was then
assessed by UV—visible spectroscopy and iron content analyses
using the method of Fish.*® Protein purification, reconstitu-
tions, and assays performed in Montana followed previously
published methods with slight modifications."”

EPR Spectroscopy. Reconstituted WT, C386S, and ACTD
HydG proteins (~500 yM) in buffer C were thawed inside an
anaerobic glovebox before being desalted into buffer D.
Proteins were mixed with substrate(s) [1 mM commercial
AdoMet, 1 mM S-adenosyl-L-homocysteine (AdoHcy), or 1
mM AdoHcy and 1 mM tyrosine] prepared in buffer D before
the addition of sodium dithionite (1 mM). Following a 20 min
incubation period, the mixture (160 L) was transferred into an
EPR tube (Wilmad Quartz, CFQ, 4 mm outside diameter) and
sealed with a rubber septum before being flash-frozen in liquid
N, outside the glovebox. EPR measurements at University
College London (UCL) were performed on a Bruker EMXplus
spectrometer operating at 9.4 GHz (X-band) equipped with a
4122SHQE resonator, with an Oxford Instruments ESR900
cryostat for measurements in the temperature range of 10—40
K. Measurements were performed with a magnetic field sweep
from 0 to 600 mT, a microwave power of 2 mW, a modulation
amplitude of 0.5 mT, and a modulation frequency of 100 kHz.
EPR samples analyzed at Montana State University (MSU)
were prepared as described previously.'” Briefly, the HydG
enzyme was supplemented with 50 mM Tris (pH 7.4), 100 uM
deazariboflavin, and S mM DTT in buffer E [SO mM Hepes, 0.5
M KCl, and 5% (w/v) glycerol (pH 7.4)] and placed in an ice—
water bath in the MBraun box. Following illumination with a
300 W Xe lamp for 1 h, enzymatically synthesized AdoMet (1
mM) was added in the absence of light. Within 3 min, the EPR
tube was sealed with a rubber stopper and the sample flash-
frozen in liquid N,. Low-temperature EPR spectra were
recorded using a Bruker (Billerica, MA) EMX X-band
spectrometer equipped with a liquid helium cryostat and
temperature controller from Oxford Instruments. Typical EPR
parameters were as follows: sample temperature, 12 K;
microwave frequency, 9.37 GHz; microwave power, 1.59
mW; time constant, 20.48 ms. Experimental spectra were
baseline corrected and plotted using OriginLab (version 8.6.0,
OriginLab Corp., Northampton, MA). All simulations of EPR
data were performed using EasySpin*’ and yielded the g values
reported throughout the text and summarized in the
Supporting Information.

Determination of Michaelis—Menten Constants. Ty-
rosine cleavage was assessed by measuring initial rates of p-
cresol formation as a function of AdoMet or tyrosine
concentration. The AdoMet dependence was measured in
assays (200 pL) containing reconstituted HydG (S5 uM),
tyrosine (400 uM for WT and 3 mM for C386S and ACTD
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HydG), sodium dithionite (1 mM), and varying concentrations
of AdoMet (5—500 uM), while the dependence of the rate on
tyrosine was determined in similar assays containing AdoMet
(100 uM for WT and 200 uM for C386S and ACTD HydG)
and varying concentrations of tyrosine (13 uM to 4 mM)
instead. Control assays were devoid of sodium dithionite to
accurately measure the nanomolar p-cresol impurities observed
in tyrosine preparations. Assays were equilibrated at 37 °C for §
min before initiation with sodium dithionite. Reactions were
stopped at four time points between 1 and 14 min by addition
of 20% perchloric acid (15 uL) and then mixtures stored at
—80 °C before HPLC analysis. All assays were cleared by
centrifugation (13000 rpm and 25 °C for 20 min) before the
supernatant was analyzed for p-cresol usin% a modified HPLC
procedure described by Challand et al>® In short, assay
supernatants (40 uL) were applied to a Gemini C,g reverse
phase HPLC column (4.6 mm X 250 mm, 5 um, 110 A,
Phenomenex) equilibrated with 70% solvent A [0.1% (v/v)
acetic acid in water, 0.8 mL/min]. After injection, the column
was eluted for 5 min with 70% solvent A, followed by a gradient
to 40% solvent B [0.1% (v/v) acetic acid in acetonitrile] over 3
min. An additional gradient over 7 min to 42% solvent B was
applied before a step to 100% solvent B over 1 min where it
was held isocratically for 8 min and then returned to 70%
solvent A over 1 min. Before the next injection, the column was
re-equilibrated with 70% solvent A for S min (total sampling
time of 30 min). The fluorescence detector (Shimadzu RE-
10Ax]) measured excitation and emission at 274 and 312 nm,
respectively. The amount of p-cresol (f = 15.9 min) was
quantified using a calibration curve of synthetic standards (7.8—
125 nM) analyzed in parallel. The quantification limit was 15
nM.

In Vitro Activity Assays. Time course assays with all HydG
variants contained reconstituted HydG (40 uM), AdoMet (0.5
mM), and tyrosine (4 mM) and were initiated with sodium
dithionite (1 mM) as described above. Negative control assays
were devoid of tyrosine. Duplicate reactions were stopped (1—
60 min) by addition of 20% perchloric acid (15 yL), and then
mixtures were immediately buffered by addition of 0.5 M
Hepes (pH 7.5, 20 uL) and 1 M NaOH (30 uL) before being
stored at —80 °C. HPLC analysis for 5’-deoxyadenosine (5'-
dAH) and p-cresol was conducted as previously described.'
Formed cyanide was quantified as the fluorescent 1-cyanobenz-
[flisoindole derivative with slight modifications.'® Briefly, a
solution to be analyzed (10 L) was added to a freshly prepared
working solution of MeOH, 20% NH;, and 83 mM taurine in
water (9:1:3, 65 uL) before addition of naphthalene-2,3-
dicarboxaldehyde (10 mM in MeOH, 25 uL). After being
incubated for 30 min at 20 °C, the solution was diluted 1:1 with
water and immediately injected (40 L) onto a pre-equilibrated
HyperClone BDS C, reverse phase HPLC column (4.6 mm X
150 mm, 5 um, 130 A, Phenomenex, 0.8 mL/min) for the most
accurate results. Following sample injection, the column was
eluted isocratically for S min using 60% solvent A (2 mM
ammonium formate buffered to pH 3 with formic acid), before
a gradient to 100% solvent B (MeOH) over 10 min was applied
and then held isocratically for 10 min. The gradient was
reversed to 60% solvent A over 1 min before the column was
re-equilibrated for 9 min (total sampling time of 35 min).
Under these conditions, the fluorescent 1-cyanobenz[f]-
isoindole eluted with a t; of 11.9 min (A, = 418 nm; A, =
454 nm). Cyanide recovery in the presence of protein is
reduced,”® while sodium dithionite affects the fluorescence of
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the cyanide derivatization product. To accurately quantify
cyanide, a calibration curve under assay conditions was
employed where duplicate KCN standards (final concentrations
of 1.25—160 uM) in 2.5 mM NaOH were added (80 uL) to
activity assays (200 uL) lacking AdoMet and tyrosine. These
assays were incubated for 12 and 38 min before being subjected
to the precipitation—derivatization conditions described above.
Glyoxylate was quantified as the fluoresecent 2-quinoxalinol
derivative using a previously described method,* with slight
modifications. Briefly, cleared assay supernatants (10 L) were
diluted with SO mM Hepes (pH 7.5) to S0 uL before being
acidified with 0.5 M HCI (100 uL) and addition of freshly
prepared o-phenylene diamine in 0.5 M HCl (10 mg/mL, SO
uL). Using a polymerase chain reaction machine, all samples
were incubated at 25 °C for 1 min, before being heated at 95
°C for 10 min and then cooled to 25 °C for 10 min before
addition of 1.25 M NaOH (120 uL). After a 5 min period at 4
°C, the samples were stored at —80 °C and thawed only shortly
before HPLC analysis. The derivatization mixture (40 uL) was
injected onto an equilibrated HyperClone BDS C,g reverse
phase HPLC column (4.6 mm X 150 mm, 5 um, 130 A,
Phenomenex) connected to a fluorimeter (4., = 350 nm; 4,,, =
420 nm), and the column was washed with 85% solvent A (100
mM ammonium bicarbonate, 0.8 mL/min) for S min, followed
by a gradient to 50% solvent B (acetonitrile) over 15 min. The
gradient was increased to 100% solvent B over 1 min, held
isocratically for 4 min, and returned to 85% solvent A over 0.5
min. Before the next injection, the column was re-equilibrated
with 85% solvent A for 9.5 min (total sampling time of 35 min).
Under these conditions, 2-quinoxalinol eluted between 6.2 and
6.6 min. Sodium dithionite present in activity assays affects the
fluorescence of the 2-quinoxalinol derivative. Quantitative
estimates for glyoxylate were thus obtained from a calibration
curve of derivatized synthetic glyoxylate standards (3—100 M)
prepared and incubated as described for the activity assays
lacking AdoMet, HydG, and tyrosine.

Data Analysis. Data were analyzed and graphs prepared
using GraphPad Prism (version 6.00 for Windows, GraphPad
Software, La Jolla, CA). At saturating substrate concentrations,
the velocity data of all HydG variants were fit (R* > 0.98, except
for WT Ky agomer, Where R* = 0.93) to classical Michaelis—
Menten kinetics**° (eq 1).

_ kcat[s]
[HydG] K + [S]

14

(1)

where v is the initial velocity, k., is the turnover number, [S] is
the substrate concentration, and Ky, is the Michaelis—Menten
constant. Time courses were fit (R > 0.97) to a first-order
kinetic process (eq 2).

[P] = [Plop (1 — ™) 2)

where [P] is the observed product concentration, [P], .. is the
maximal amount of product formed, and k is the observed first-
order rate constant, or fit to linear product formation. The
slope of this curve at time zero gives the initial rate of product
formation (v = [P],.k). Dividing the initial rate by the
concentration of HydG gives the apparent turnover number,
kEP, as shown in eq 3.

k[P]

max

[HydG]

app _
cat

©)
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B RESULTS

HydG Contains Two [4Fe-4S] Clusters. C. acetobutylicum
HydG was anaerobically purified by Ni-affinity chromatography
and contained substoichiometric amounts of iron. After
chemical reconstitution with 10 molar equiv of iron and sulfide
in the presence of DTT, WT HydG contained on average 7.1 +
1.1 irons per protein and showed a broad UV-—visible
absorption band around 410 nm (Figure 1), characteristic of

Wavelength (nm)

Figure 1. UV—visible characterization of HydG variants. Representa-
tive UV—visible spectra of WT [(—) 8.0 + 0.9 Fe atoms/protein],
C96/100/103A [(--) 3.4 + 0.1 Fe atoms/protein], and ACTD HydG
[(-+) 3.6 &+ 0.2 Fe atoms/protein].

[4Fe-4S]** clusters.>" On the basis of the protein concentration
determined using the Bradford assay, the extinction coeflicient
at 400 nm was calculated to be 34 mM™! cm™}, in agreement
with the presence of two [4Fe-4S]** clusters'”*® assuming an
€400 of 16 mM ™ cm™'>' To characterize the individual clusters

bound to the N- and C-terminal cysteine motifs of HydG, we

prepared an N-terminal C96/100/103A triple mutant that
cannot coordinate the radical AdoMet cluster and a ACTD
mutant that is lacking the CX,CX,,C motif proposed to
coordinate cluster II and amino acids thereafter. Both mutants
were expressed as soluble and stable proteins, suggesting that
neither cluster is required for the folding of the protein in a
soluble form. Iron analyses after in vitro reconstitution with 5—6
molar equiv of iron and sulfide indicated the presence of 3.4 +
0.1 irons per C96/100/103A HydG and 3.1 + 0.4 irons per
ACTD HydG (Table S1 of the Supporting Information). The
corresponding UV—visible spectra are characteristic of a [4Fe-
48]** cluster (Figure 1), and the calculated molar extinction
coefficients (£,90) of approximately 16 mM ™" cm™ suggest the
presence of a single [4Fe-4S]** cluster in C96/100/103A and
ACTD HydG, in agreement with the iron analyses.

EPR spectroscopy was used to confirm the presence of [4Fe-
4S] clusters and to allow a more detailed characterization.
Photoreduced, reconstituted WT HydG has previously been
characterized and displayed g values of 2.03, 1.92, and 1.90 in
the absence of AdoMet, while two distinct rhombic signals were
observed (g; values of 2.02, 1.93, and 1.91; g, values of 2.00,
1.87, and 1.83) in the presence of AdoMet."” For ease of
comparison, these spectra are reproduced in Figure 2A. The
observation of 0.48 spin/protein in photoreduced WT HydG
samples in the absence and 0.88 spin/protein in the presence of
AdoMet suggests that binding of AdoMet to cluster I increases
its redox potential. This is in accord with spectroelectrochem-
ical results that showed that the redox potential of the [4Fe-
48]**/* couple in the radical AdoMet enzyme lysine-2,3-
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Figure 2. X-Band EPR spectra of reduced, reconstituted HydG variants in the presence of 1 mM AdoMet (12 K). (A) Photoreduced WT HydG (65
UM, 8.7 + 0.7 Fe atoms/protein). (B) Dithionite-reduced WT HydG (101 uM, 6.5 = 0.1 Fe atoms/protein). (C) Photoreduced ACTD HydG (424
UM, 2.4 + 0.2 Fe atoms/protein). Experimental spectra are colored black, while composite simulations are colored red. Spectral components to the
simulated signal are depicted in the top part of each panel. (D) The bottom part of the panel shows the spectrum for photoreduced C96/100/103A
HydG (90 uM, 3.4 = 0.1 Fe atoms/protein) in the absence (black) and presence of 1 mM AdoMet (red), and the top part of the panel shows the
experimental spectrum of the photoreduced enzyme (black) and the corresponding simulation spectrum (red). Samples were prepared in S0 mM
Hepes, 0.5 M KCl, and 5% (w/v) glycerol (pH 7.4). See Materials and Methods for EPR spectrometer parameters.
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aminomutase is increased from —480 to —430 mV in the
presence of AdoMet.** It should be noted that some batch to
batch variability was observed in the extent of additional cluster
I reduction for the WT enzyme when AdoMet was present
(data not shown). Addition of the AdoMet analogue S-
adenosyl-L-homocysteine (AdoHcy, 1 mM) to WT HydG had
no observable effect on the reduced WT HydG spectrum (data
not shown). While there is little difference between photo-
reduced and dithionite-reduced HydG spectra with regard to
the overall line shape and g values, the fraction of reduced
AdoMet-bound cluster I was found to be slightly higher in
dithionite-reduced than in photoreduced HydG samples as
exemplified for WT HydG in panels A and B of Figure 2 and
panels A and B of Figure S1 of the Supporting Information (see
also Table S2 of the Supporting Information).

The S = '/, signal in the EPR spectrum of photoreduced,
reconstituted ACTD HydG closely resembles the WT
resonance, with g values of 2.03, 1.92, and 1.90 (Figure S1C
of the Supporting Information). As seen for WT HydG,
addition of AdoMet generates a rhombic signal (g values of
2.00, 1.88, and 1.84) and a mostly axial signal (g values of 2.04,
1.92, and 1.90) representing AdoMet-bound and unbound
cluster I, respectively (Figure 2C). Simulation of the data
suggests that 73% of the overall signal arises from AdoMet-
bound cluster 1. Spin quantification in the absence (0.31 spin/
protein) and presence of AdoMet (0.39 spin/protein) indicates
that the radical AdoMet [4Fe-4S] cluster is only partially
reduced in either case.

Photoreduced, reconstituted C96/100/103A HydG dis-
played a broad signal with g values of 2.03, 1.92, and 1.88
(Figure 2D, bottom panel, black trace). This spectrum is similar
to that of reduced WT HydG and unambiguously demonstrates
that the C-terminal cysteine residues can also coordinate a
[4Fe-4S] cluster. The observed values of 0.41 spin/protein in
the absence and 0.43 spin/protein in the presence of AdoMet
are very close to those of the [4Fe-4S]* clusters quantified for
ACTD HydG and suggest similar redox potentials for clusters I
and II. Although the similarity of these EPR resonances points
toward comparable electronic environments of each cluster,
addition of AdoMet to the C96/100/103A mutant in >10-fold
excess did not cause a significant signal perturbation (Figure
2D, bottom panel, red trace), suggesting that cluster II cannot
substitute for cluster I with regard to AdoMet binding.

EPR analyses of the HydG variants lacking the N- or C-
terminal cluster allowed extraction of the signals deriving from
the individual clusters. Spectral summation of these N- and C-
terminal cluster signals in a near 1:1 ratio accurately simulates
the reduced WT HydG spectrum (Figure S1A,B and Table S2
of the Supporting Information), suggesting that both clusters
behave independently, with no observable coupling in the
absence of AdoMet. The observation that AdoMet does not
interact with cluster II allowed for detailed simulation of the
reduced WT spectrum in the presence of AdoMet by
additionally including the AdoMet-bound cluster I signal.

The C-terminal cysteine motif contains only three conserved
cysteine residues, indicating that cluster II is site differentiated,
with one iron available for potential tyrosine coordination in a
mode similar to that of binding of AdoMet to cluster L
Coordination of the substrate to the auxiliary [4Fe-4S] cluster
was experimentally observed for MoaA>>** and was implicated
for TYW1.>® The presence of 1 mM tyrosine or AdoHcy and
tyrosine (1 mM each) caused subtle perturbations of the EPR
spectrum of the dithionite-reduced WT enzyme (Figure S2 of
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the Supporting Information), which may be indicative of
coordination of tyrosine to cluster II. In the absence of
additional experimental evidence, however, it is difficult to
verify this. The absence of signal perturbation in the dithionite-
reduced WT HydG spectrum upon addition of AdoHcy
suggests that it does not substitute for AdoMet. In a separate
experiment, we explored the possibility that the binding of
tyrosine to cluster II occurs only in the presence of AdoMet by
using the C96/100/103A variant protein (data not shown).
These EPR spectra revealed similar slight perturbations to the
paramagnetic signatures associated with the reduced cluster II
signals as shown in Figure S2 of the Supporting Information,
indicating that either tyrosine does not coordinate cluster II or
its coordination does not substantially perturb cluster g values.

These results collectively support a role for the C-terminal
cluster and/or amino acid residues in the C-terminus in
contributing to the proper orientation of substrates in the active
site, as well as ensuring efficient N-terminal cluster reduction.

Characterization of the C386S HydG Single Mutant. A
C386S HydG single mutant was reconstituted with 10 molar
equiv rather than 5 molar equiv of iron and sulfide to
investigate whether the single amino acid change and the
similarity of the ability of serine and cysteine to act as cluster
ligands®®~*® are sufficient for partial or full assembly of cluster
II. Reconstituted C386S HydG contained on average 4.9 + 1.1
irons per protein and showed a slightly decreased absorbance at
410 nm compared to that of reconstituted WT HydG (Figure
S3 of the Supporting Information). This suggests that cluster II
might be present in only a fraction of C386S HydG or,
alternatively, may only be partially assembled, for example, as a
[3Fe-4S] cluster.®® The UV-—visible spectrum supports the
absence of [2Fe-2S] clusters that have strong characteristic
absorption maxima at 330, 420, and 460 nm. © Parallel EPR
studies of dithionite-reduced C386S HydG (Figure S4A of the
Supporting Information) also excluded [2Fe-2S] clusters as the
S = !/, signal can be observed only below 30 K (data not
shown). This EPR resonance is more rhombic than that of WT
HydG and was best simulated as 86% reduced cluster I (g
values of 2.03, 1.93, and 1.89) and 14% reduced cluster II (g
values of 2.02, 1.93, and 1.86). Addition of AdoMet gave rise to
a clear rhombic signal (g values of 2.00, 1.89, and 1.84) for
AdoMet-bound cluster I, with an approximately 10%
contribution from the reduced C-terminal cluster (g values of
2.04, 193, and 1.87) (Figure S4B of the Supporting
Information). The small amount of reduced cluster II required
to simulate the spectrum is in accord with the decreased
amount of iron quantified compared to that for WT HydG.

Determination of Substrate Michaelis—Menten Con-
stants for WT and Mutant HydG. We set out to determine
the Michaelis—Menten constants for AdoMet and tyrosine
(Kt adomet @0d Ky 1yg, respectively) (i) to investigate whether
any observed reduction in the level of formation of cyanide by
HydG mutants®”** was due to a decrease in the rate of tyrosine
cleavage or a decreased affinity of the AdoMet and/or tyrosine
substrates for these enzymes and (ii) to use this information to
optimize activity assays for more accurate detection of AdoMet-
and tyrosine-derived cleavage products. Unsurprisingly, the N-
terminal C96/100/103A triple mutant (100 M) was unable to
cleave AdoMet to 5’-dAH upon being incubated with 1 mM
AdoMet, 1 mM tyrosine, and 5 mM sodium dithionite at 37 °C
for 60 min because of the lack of AdoMet binding cluster L
Accordingly, this mutant was not included in the following
study.
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To assess tyrosine cleavage, initial rates of p-cresol formation
were determined. The slow reaction catalysis by HydG (k, < 2
X 107 s71)'° limited the number of turnovers that could be
measured. As a result, the initial rates may not have been
determined under ideal steady state conditions. Another
consequence of slow turnover was the requirement, at low
substrate concentrations, to add relatively high concentrations
of HydG (S uM) to achieve measurable turnover. This gave
equimolar concentrations of the enzyme and substrate for the
lowest AdoMet and tyrosine concentrations, conditions at
which the free ligand assumption ([S]iw = [Slgee for
Michaelis—Menten kinetics) is not valid. For these two reasons,
the associated Michaelis—Menten constants should be treated
as approximate values.

At saturating tyrosine concentrations (400 M for WT and 3
mM for mutant HydG), the velocity data of all HydG variants
were best fit to classical Michaelis—Menten kinetics*”*° (eq 1
and Figure 3A). The Ky agomer Values for WT (2.6 + 1.1 uM)

A
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Figure 3. Substrate-dependent initial rates of p-cresol formation by
HydG variants. Initial rates (v,/[E]) of formation of p-cresol by HydG
(5 uM) in SO mM Hepes, 0.5 M KCl buffer (pH 7.4) at 37 °C. Assays
additionally contained 1 mM sodium dithionite and (A) tyrosine (400
uM for WT and 3 mM for mutants) and varying AdoMet
concentrations or (B) AdoMet (100 uM for WT and 200 uM for
mutants) and varying tyrosine concentrations. The data were fit to
Michaelis—Menten kinetics (eq 1). Calculated kinetic parameters for

summarized in Table 1.

and ACTD HydG (3.6 + 0.7 uM) are identical within error,
whereas the Ky agomee for C386S HydG was calculated to be
174 + 2.6 uM (Table 1). At higher AdoMet concentrations
(>300 uM), an activity decrease for WT but not for mutant
HydG was observed, which may be due to a decreased assay pH
caused by the presence of residual trifluoroacetic acid in the
employed AdoMet samples.

At saturating AdoMet concentrations (100 uM for WT and
200 4M for mutants), the p-cresol velocity data were also fit to
eq 1 (Figure 3B) and the Ky, 1y for WT HydG was calculated
to be 278.9 + 34.0 uM (Table 1). This Ky value is 1 order of
magnitude higher than most reported substrate Ky, values of
other radical AdoMet enzymes,®' ™ but it lies below the
intracellular tyrosine concentration of C. acetobutylicum
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Table 1. AdoMet- and Tyrosine-Dependent Kinetic
Parameters for WT and Mutant HydG (Figure 3)

KM AdoMet kcat éioMEE kcaL '3FYR7l
HydG (uM) (X107 s7) Ky ryr (mM) (X107 s7")
WT 26+ 11 26+01 03+00(3) 4402
C386S 174 +26 29 +0.1 1.6 + 02° 43+ 03"
ACTD 36+07 11+00(3) 106 +06° 3.0+ 01°

“Initial rates of AdoMet- and tyrosine-dependent p-cresol formation
were fit to Michaelis—Menten kinetics (eq 1). “These values should be
regarded as approximate. For the ACTD HydG, the apparent Ky is
above the highest concentration investigated, and for the C386S
mutant, only two data points were obtained above Ky;. The solubility
of tyrosine limited the measurements that were possible at higher
tyrosine concentrations.

ATCC824 during acidogenesis (640 uM) and solventogenesis
(660 uM),** ensuring that HydG would be able to respond to
fluctuations in tyrosine concentration during both stages of cell
growth. Bearing in mind the assumptions required when
treating a Ky as an apparent binding constant,*® we found the
increased Ky; ryr constants for C386S and ACTD HydG of 1.6
+ 02 and 10.6 + 0.6 mM, respectively, clearly show that
modifications to the C-terminal cluster decrease the apparent
affinity for tyrosine. The similarity of the turnover number
(ko) values for p-cresol formation between ACTD HydG (3.0
x 1073 s7') and WT and C386S values (4.3 X 1073 s™") (Table
1) is consistent with a model in which the rate of radical
formation and tyrosine cleavage is unaffected in the variant
proteins. This suggests that catalytic steps can be rescued at
higher tyrosine concentrations. Experimentally, this is observed
for C386S HydG, but it is experimentally difficult to fully
saturate ACTD HydG because of the limited solubility of
tyrosine in assay buffer at physiological pH.%

Kinetic Characterization of WT and Mutant HydG. We
previously observed catalytic formation of p-cresol and cyanide
in a 1:1 ratio by WT HydG in the presence of AdoMet,
tyrosine, and sodium dithionite (1 mM each).'® Taking
advantage of the determined Michaelis—Menten constants for
AdoMet and tyrosine (Table 1), we repeated these time course
experiments under optimized assay conditions (40 yM HydG,
0.5 mM AdoMet, 4 mM tyrosine, and 1 mM sodium dithionite)
to compare formation of the tyrosine cleavage products cyanide
and glyoxylate as well as the AdoMet cleavage product 5’-dAH
relative to the formation of p-cresol. Under these conditions, all
HydG proteins use AdoMet as a substrate, as reflected in the
formation of 5'-dAH, and cleave tyrosine catalytically (Figure
4). The employed concentration of AdoMet represents a
compromise between the observed inhibition of WT HydG
(significant above 300 uM AdoMet) and the problem of
AdoMet becoming limiting upon multiple turnovers (increas-
ingly a problem at low AdoMet concentrations). In fact, the
inhibition of WT HydG remained a significant problem as we
observed a 50% decrease in the level of p-cresol formation by
WT HydG [k%P = (1.8 + 0.2) X 107 s7!] compared to that of
C386S HydG [k%P = (4.6 + 0.2) X 107 s'] (Figure 4A,B and
Table 2). Over a 60 min time period, ACTD HydG formed
quantities of p-cresol similar to that formed by the (inhibited)
WT enzyme with a k%P of (1.1 + 0.1) X 107 s™" (Figure 4C
and Table 2). This observed apparent k., compares very well
with the rate for the previously observed tyrosine-dependent p-
cresol formation (Figure 3B), and bearing in mind that ACTD
HydG cannot be experimentally saturated with tyrosine, we
suggest that neither the auxiliary cluster II nor the C-terminal
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Figure 4. Time-dependent HydG-catalyzed AdoMet and tyrosine
cleavage. Formation of molar equivalents of 5'-dAH (O), p-cresol (@),
cyanide (A), and glyoxylate (A) with respect to (A) WT (40 uM, 8.0
+ 0.9 Fe atoms/protein), (B) C386S (40 uM, 6.4 + 0.8 Fe atoms/
protein), and (C) ACTD HydG (40 uM, 3.6 + 0.2 Fe atoms/protein)
in the presence of AdoMet (0.5 mM), tyrosine (4 mM), and sodium
dithionite (1 mM) in SO mM Hepes, 0.5 M KCl assay buffer (pH 7.4).
The data represent the average of duplicate assays conducted at 37 °C
and are shown with standard deviations. The data were modeled (not
shown for the sake of clarity) with first-order kinetics (eq 2) to yield
the respective turnover numbers summarized in Table 2.

Table 2. Apparent Turnover Numbers for HydG-Catalyzed
AdoMet and Tyrosine Cleavage (Figure 4)“

kZP (x107* s71)
product WT C386S ACTD
S’-dAH 23+03 69 + 0.3 23+ 1.1
p-cresol 1.8 +£02 4.6 £ 02 1.1 £0.1
cyanide 0.6 + 0.0 (2)° 1.6 + 04 NA®
glyoxylate 0.5 £ 0.1 42 +09 1.5 +03

“Data were fit to first-order kinetics (eq 2), and the apparent turnover
number was extracted using eq 3. bA fit to eq 2 was not successful, and
cyanide formation was modeled with linear kinetics. “Not applicable.

residues (after C386) are essential for the cleavage of tyrosine
from p-cresol.

The nonaromatic product of ThiH-catalyzed tyrosine C,—C
bond cleavage is hypothesized to be dehydroglycine.®
Dehydroglycine is hydrolytically unstable and yields glyoxylate
in vitro. While stoichiometric quantities of glyoxylate with
respect to p-cresol were identified in ThiH activity assays, little
glyoxylate accumulated during HydG turnover. Instead, a 1:1
ratio of cyanide to p-cresol was observed,'® suggesting that
dehydroglycine (or the closely related glycine C,-centered
radical) is an intermediate during cyanide synthesis (Scheme 1,
step B). In this study, we observed some variation in the
cyanide stoichiometry compared to that with p-cresol for
different WT HydG samples. At the 60 min time point for
batch A, a p-cresol:cyanide ratio of 2.5:1 was observed, whereas
for batch B, the ratio was 1.3:1 (Figure 4A). The reduced level
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of cyanide formation compared to that of p-cresol was
completely ascribed to detection of increased amounts of
glyoxylate. We hypothesize that glyoxylate accumulates in vitro
if the reaction step from dehydroglycine (or a closely related
intermediate) to cyanide and CO formation (Scheme 1, step B)
is very slow or indeed aborted. The varying amounts of cyanide
formed indicate that some batch to batch variation can be
observed in reconstituted HydG samples, although no
significant differences in the iron quantification and UV-—
visible spectra were observed. This variation makes it difficult to
accurately assess the role of the C-terminal cysteine motif and
coordinated cluster II with respect to cyanide formation for the
C386S HydG mutant. The turnover number for cyanide
formation by C386S HydG was on average 65% lower than that
of p-cresol (Table 2), which is equivalent to a p-cresol:cyanide
ratio of 2.2:1 after 60 min (Figure 4B). Again, the remaining
tyrosine cleavage product is accounted for by glyoxylate. It is
interesting to note that while the WT enzyme formed 1.5-2.3
molar equiv of cyanide with respect to protein concentration,
the C386S mutant catalyzed formation of 2.8 molar equiv of
cyanide. Although ACTD HydG catalyzed formation of 100
UM p-cresol over a 60 min period (Figure 4C), representing a
60-fold improvement in activity compared to observations by
Tron® for Ca or Tte ACTD HydG, the amounts of detected
cyanide reported herein were very small (4.6 + 0.6 uM, 0.12
mol/mol of ACTD). Instead, almost 100% glyoxylate with
respect to p-cresol was formed. Importantly, none of the C-
terminally modified HydG variants formed detectable amounts
of CO.

B DISCUSSION

In addition to the canonical radical AdoMet CX;CX,C motif
found close to the N-terminus, Ca HydG contains a C-terminal
CX,CX,,C cysteine triad, proposed to coordinate a second
[4Fe-4S] cluster. While the C-terminal motif is not completely
conserved among different organisms,>” its requirement for
HydG activity during [FeFe]—hgldrogenase activation has been
demonstrated by mutagenesis.”” Using an N-terminal C96/
100/103A mutant and a truncated ACTD HydG variant
lacking the 87 C-terminal residues, we have used UV—visible
and EPR spectroscopy together with iron analyses to
independently characterize the [4Fe-4S] cluster in these
variants, and the results unambiguously demonstrate that the
C-terminal cysteine triad in WT HydG coordinates an auxiliary
[4Fe-4S] cluster. The EPR spectra of reduced C96/100/103A
and ACTD HydG both displayed remarkably similar g values
compared to that of WT HydG, which suggests the N- and C-
terminal clusters occupy similar electronic environments.
Analysis of the EPR spectra does not, however, unequivocally
identify the nature of the fourth ligand to the C-terminal
cluster. While addition of AdoMet to reduced ACTD HydG
samples gave a rhombic EPR signal, characteristic of an
AdoMet-bound [4Fe-4S] cluster, a similar change in line shape
was not observed for the triple N-terminal mutant. These
results suggest that while the N- and C-terminal clusters are
both site-differentiated, AdoMet binding occurs only at the N-
terminal radical AdoMet cluster. This explains the observed
inability of the C96/100/103A HydG mutant to cleave
AdoMet.

Independent characterization of each [4Fe-4S] cluster by
EPR using the N- and C-terminal HydG variants allowed for
the successful reconstruction of the WT reduced signal in the
absence (Figure S1AB of the Supporting Information) and
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presence of AdoMet (Figure 2A,B). These results clearly show
that the reduced WT signal is best simulated as a near 1:1
mixture of N- and C-terminal [4Fe-4S]* clusters, while the
observed signal change following AdoMet addition can be
simulated by additionally including the AdoMet-bound cluster I
signal. These simulations define the g values associated with the
individual [4Fe-4S] cluster states in WT HydG more clearly
(Table S2 of the Supporting Information) than simulations we
previously employed.'” As a result, we identified that the nearly
doubled spin quantification in the WT HydG-AdoMet sample
compared to that of WT HydG mostly reflects an enhanced
reduction of the radical AdoMet and not the C-terminal
auxiliary [4Fe-4S] cluster (Table S2 of the Supporting
Information). For WT, C386S, and ACTD HydG, the extent
of cluster reduction in the presence of AdoMet varied between
protein preparations, likely depending on efficiency of cluster
reconstitution, and this variability restricts a detailed
interpretation of the data.

We used enzymatically synthesized AdoMet to determine the
Ky adomer I the presence of saturating tyrosine concentrations
for WT, C386S, and ACTD HydG to be between 3 and 17 uM.
Given that AdoMet coordinates to cluster I and is additionally
involved in well-characterized hydrogen bonding interactions to
residues not expected to be affected by the C386S mutation
and C-terminal deletion,>~>>%7% it is not surprising that the
affinity for AdoMet is very similar for these HydG variants. It
further suggests that the introduced mutations do not strongly
affect the positioning of AdoMet binding residues, implying
correct folding of the characteristic core triosephosphate

isomerase (TIM) barrel observed among radical AdoMet
enzymes.”

The C386S HydG mutant showed a 5-fold decrease in the
apparent tyrosine affinity compared to that of WT HydG,
suggesting a significant role for the auxiliary [4Fe-4S] cluster in
the recognition and/or binding of tyrosine. On the basis of
these results, it is intriguing that addition of tyrosine with
AdoHcy introduced slight changes into the EPR spectrum of
dithionite-reduced WT HydG, but additional experiments are
required to verify the binding of tyrosine to cluster IL Deleting
the HydG C-terminal domain decreases the apparent affinity
for tyrosine an additional 7-fold compared to that of C386S
HydG and could point toward additional binding interactions
between tyrosine and amino acids in the C-terminal domain.

Using the determined substrate Michaelis—Menten con-
stants, we conducted comparative in vitro activity assays. The
WT, C386S, and ACTD HydG enzymes all cleaved tyrosine
catalytically with apparent p-cresol k., values ranging between
1.1 and 4.6 X 107> s™". This agrees well with our previous WT
HydG characterization'® and product formation rates observed
for other radical AdoMet enzymes.”® Bearing in mind that the
ACTD HydG enzyme cannot be saturated with tyrosine
because of experimental limitations (the solubility of tyrosine),
we find the observed similarity in the amounts of p-cresol
formed compared to that for (partially inhibited) WT HydG
indicates that tyrosine cleavage can continue in a manner
predominantly independent of the C-terminal domain. With
the observed affinity decrease for tyrosine after removal of the
C-terminus (suggesting some interactions with these amino
acid residues), it appears that spatially distinct and additive
binding contacts to tyrosine can be established but that
initiation of tyrosine cleavage occurs inside the TIM barrel.
This is in accord with HydG and ThiH sharing similar patches
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of conserved amino acid residues positioned at the internal face
of the f-sheets of the TIM barrel.'®

Spectral EPR simulations furthermore allowed the deconvo-
lution of the cluster components present in reduced C386S
HydG to be approximated as 13% cluster II compared to 46%
simulated for WT HydG. The observation that WT and C386S
HydG catalyzed cyanide formation with the same relative rates
compared to that of p-cresol implies that cluster II is not
required for cyanide synthesis, as previously suggested by
Nicolet and co-workers.”> While substoichiometric detection of
CO in WT HydG assays'”” indicated the formation of a
strong iron—carbonyl complex, the formation of 2.8 molar
equiv of cyanide by C386S HydG (after 60 min) argues against
the coordination of cyanide to cluster IL

The levels of cyanide apparently formed by ACTD HydG
are very low (4—S pM); in fact, they are so close to our
quantification limit (S M) that they may represent a “false
positive”. In any case, the formation of 100 gM p-cresol and
glyoxylate but negligible cyanide by ACTD HydG supports the
notion that C-terminal amino acid residues are required for
cyanide synthesis.> In conclusion, our collective data support a
model in which deletion of the Ca HydG C-terminal domain is
at worst only mildly deleterious to the AdoMet and tyrosine
cleavage steps but strongly affects the steps leading to cyanide
and CO formation. In this regard, C-terminally truncated Ca
HydG strongly resembles ThiH.>>

The auxiliary [4Fe-4S] clusters of the radical AdoMet-
dependent Cys- and Ser-type anaerobic sulfatase-modifying
enzymes’"’* and the 2-deoxy-scyllo-inosamine dehydrogenase
BtrN”*>7* have been proposed to act as electron acceptors. This
was evidenced in BtrN by an EPR silent mutant not containing
the radical AdoMet cluster and the appearance of a new EPR
signal during WT BtrN turnover, suggesting a very low redox
potential for auxiliary cluster I in WT BtrN, which is however
reduced during catalysis of the reaction. A similar electron
transfer role could be envisaged for the Ca HydG C-terminal
cluster to permit the interconversion between the tyrosine-
derived dehydroglycine and the glycine radical (Scheme 1).
EPR analyses of the C96/100/103A HydG mutant showed a
broad signal, confirming that (in contrast to BtrN) cluster II in
HydG can readily be reduced. In principle, tyrosine can be
cleaved homolytically or heterolytically to form a C-centered
glycine radical or dehydroglycine, respectively (Scheme 1, step
A). While formation of the glycine radical is thermodynamically
favored,®* our in vitro observations that significant amounts of
the dehydroglycine hydrolysis product glyoxylate are formed by
the C386S and ACTD HydG mutants (which contain little or
no C-terminal cluster) point toward heterolytic cleavage of
tyrosine to form dehydroglycine. Because of the reducing assay
conditions and the absence of cluster II, it is not evident how
the postulated glycine radical could be oxidized to dehydro-
glycine. When considering the stoichiometry of reaction
products, decarbonylation of the dehydroglycine intermediate
can potentially yield cyanide and CO products.'® We have
confirmed the observation® that none of the C-terminal Ca
HydG mutants formed CO. The apparent requirement for
cluster II supports an alternative hypothesis that holds that the
reduced cluster II may provide one electron for reversible
reduction of dehydroglycine to the C-centered glycine radical
(Scheme 1). In this hypothesis, deletion of the HydG C-
terminal domain prevents formation of the glycine radical from
dehydroglycine. The mechanism by which one of these
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intermediates is converted to cyanide and CO will require
further elucidation.”

B ASSOCIATED CONTENT
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Summary of the iron content of reconstituted HydG variants,
EPR spectra of HydG variants in the absence of AdoMet, UV—
visible and EPR spectra of C386S HydG, and a summary of
EPR (simulation) parameters. This material is available free of
charge via the Internet at http://pubs.acs.org.
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