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ABSTRACT

The resistance of Bacterial spores to UV radiation makes them a causative agent in
many diseases and poses a threat to humans and animals alike. This unique resistance
stems from the repair of a thymine dimer, 5-thyminyl-5,6-dihydrothymine (spore
photoproduct, or SP)on exposure to UV irradiation. During the early stages of
germination, this SP is repaired by an enzyme, spore photoproduct lyase (SPL) into two
thymines. SPL is a member of the radical SAM superfamily of enzymes and requires S-
adenosylmethionine (SAM) and a [4Fe-4S]1+/2+ cluster to perform its catalysis. The first
part of this dissertation is dedicated towards understanding the solution phase dynamics
of this protein on binding with its substrate and co-factor via hydrogen deuterium
exchange. Analyses of the effects of SAM binding to SPL indicate that the protein does
go through a conformational change localized around its active site. We have also
demonstrated that the concomitant binding of SAM and dinucleotide SP contributes more
significantly to the active site stabilization than what is observed with just SAM binding.
Moreover we have provided initial evidence that the SPL might be utilizing the
deformation of the phosphodiester back bone of SP to recognize, bind and initiate
catalysis. We have unequivocally demonstrated that the catalytic [4Fe-4S] cluster plays a
significant role in substrate/cofactor binding most likely due to the stabilization of the 8
residue loop region it resides on. The second part of this dissertation is focused towards
understanding the role of maturase proteins in the assembly of the active site of [FeFe]-
hydrogenase. The assembly and biosynthesis of the H-cluster requires three accessory
enzymes HydE, HydG and HydF. Herein show that HydE utilizes cysteine as a substrate.
We have also shown through LCMS and specifically deuterium labeled substrate, that
catalysis is initiated via a H atom abstraction from the 3 carbon of cysteine. Our
investigations into the mechanism of HydG mediated turnover of tyrosine reveal that
catalysis is initiated via a single H atom abstraction from the phenolic position of the
substrate. Taken together we believe that our investigations have provided some critical
insights into specific roles of these enzymes.
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CHAPTER 1

INTRODUCTION

Iron- Sulfur Clusters in Proteins

Metal-binding proteins constitute nearly half of all proteins in nature and have been
implicated in a diverse array of biological processes, such as respiration, molecular
oxygen reduction, photosynthesis and nitrogen fixation (/-3). Metal cofactors comprised
of iron and sulfide are thought to be some of the earliest prosthetic groups in nature(4, 5)
. These iron sulfur (Fe-S) clusters ensconced in the protein active sites were first
identified via electron paramagnetic resonance studies (EPR) of mitochondrial
membranes (6) and soluble ferredoxin proteins (7, 8). Subsequent studies using a
multitude of techniques as diverse as UV-visible spectroscopy, X-ray crystallography and
chemical synthesis of cluster analogs resulted in the discovery of proteins containing a
single iron to more complex systems consisting up to eight iron ions (9-117). The most
commonly observed Fe-S clusters include [2Fe-2S], [3Fe-4S] and [4Fe-4S] clusters and
cysteinyl sulfur is by far the most commonly observed protein derived ligand (/2).
However, it is not unusual to find histidine, serine, or arginine coordination to Fe-S
clusters (/3) (Figure 1). (/4). Proteins containing Fe-S clusters can range from 6 kDa up
to 500 kDa in primary sequence (/5) and have been found in all kinds of cells
accomplishing some of the most important physiological functions (16, 17). The
characterization these unique clusters have engendered the rapidly expanding field of

biomimetic Fe-S chemistry, thereby providing us with profound insights into the
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indispensability of the protein environment surrounding the clusters (/2). Another
fascinating aspect of Fe-S chemistry is their predicted involvement in the synthesis of
pre-biotic organic molecules (/8). Taking into consideration the geo-chemical and
atmospheric conditions of early earth (/9), it is entirely plausible that simple self-
assembling Fe-S clusters could have been the workhorses which produced primitive

macromolecules and peptides .

RS SR \F —s \F S
\Fe\‘° SI”’Fe/ <] S/—lFe//| -
S—Fe S+|—Fe
RS/ \S/ SR FL/_S/ g FL/_ | Ner
rs” as”

Figl.1: The most common iron sulfur clusters found in nature are the [2Fe-2S],[3Fe-4S]
and the [4Fe-4S].

Early on in the study of Fe-S cluster containing proteins, it was hypothesized that the
singular role of these prosthetic groups was electron transfer. The exceptional intrinsic
capability to delocalize electron density over both Fe and S ions allow Fe-S clusters to be
the perfect candidate to mediate electron transfer reactions in biology (20, 21). The
coordination environment of the Fe-S cluster dictates its range of redox potential and
consequently the physiological role of the protein it’s ensconced in. Indeed, depending on
the coordination environment, Fe-S clusters can adopt redox potentials ranging from -500
mV to 4400 mV. Such flexibility in redox potentials allows Fe-S containing proteins to

serve a wide array of physiological functions (5). With the virtual explosion in the field
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of metalloprotein biochemistry, we have started to broaden our horizons with respect to
the diverse roles of Fe-S clusters beyond just electron transfer and structural stabilization.
Interestingly, it has been shown that the 8Fe ferredoxins in Clostridia (22) serve as a
repository of Fe as is the case in methanogenic archaea which contain 12 [4Fe-4S]
clusters, all purportedly used for Fe storage. (23). Remarkably, DNA repair enzymes
such as Endonuclease III possess redox inactive clusters which play an essential role in
structuring a protein loop utilized for the recognition and repair of damaged DNA (24,
25). Moreover, metalloproteins containing Fe-S clusters have also been implicated in
translation and transcriptional gene regulation (26). A singular example is the cytosolic
iron responsive protein 1 (IRP1). In its iron replete form, IRP1 with its complement of
[4Fe-4S] cluster functions as an aconitase, however under iron deprivation conditions it
has been shown to bind to iron responsive elements in mRNA and control downstream
iron homeostasis (27). Fe-S clusters have also been shown to be involved in controlling
enzyme activity, typically acting in response to external stimuli. Two of the characteristic
examples of such roles of Fe-S clusters are glutamine 5-phosphoribosyl-1-pyrophosphate
(PRPP) amidotransferase in Bacillus subtilis (28)and mammalian ferrochelatases (29).
The (PRPP amidotransferase enzyme is stabilized structurally in the presence of an intact
[4Fe-4S] cluster, but the cluster is degraded in the presence of oxygen which
subsequently results in the enzyme being proteolyzed (28). The ferrechelatase classes of
enzymes contain [2Fe-2S] clusters essential for activity but are rapidly degraded in the
presence NO. Interestingly the cluster is shown to be absent in the majority of the

equivalent enzymes in bacteria thereby implying that the cluster might act as form of
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defense mechanism that thwarts the infecting organism from using host synthesized
heme. The role of Fe-S cluster containing proteins in catalyzing radical mediated
reactions have been the focus of intense study for some time. A particular group iron and
sulfur containing enzymes that utilize a site differentiated [4Fe-4S] cluster to catalyze
radical based reactions are referred to as radical S-adenosylmethionine (SAM)

superfamily of proteins.

Radical SAM Superfamily of Enzymes

The radical SAM protein superfamily of proteins are characterized by the use of a site-
differentiated [4Fe-4S]**"* cluster and SAM to initiate diverse radical reactions in biology
(30-33). The [4Fe-4S] cluster in these enzymes is bound by a conserved CX;CX,C
cysteine motif, leaving one iron of the cluster not coordinated by the motif. SAM to
promote cleavage of the S-C5’ bond to generate a 5’-deoxyadenosyl radical intermediate
(Figure 2). This 5’-dAdo radical intermediate, believed to be central to nearly all radical
SAM reactions, then abstracts a hydrogen atom from a substrate molecule to initiate
varied radical based reactions (Figure 3). The unique iron of the [4Fe-4S] cluster is
coordinated by SAM via its carboxyl and amino moieties, and in the reduced state the
cluster can transfer an electron to In most cases, SAM is utilized as a co-substrate with
5’-deoxyadenosine generated as a byproduct, however the enzymes lysine 2,3-
aminomutase (LAM) and spore photoproduct lyase have been shown to use SAM as a
cofactor (34-36). Radical SAM enzymes have been implicated in numerous

biochemical reactions including the formation of protein based glycyl radicals, sulfur
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insertion, biosynthesis of complex cofactors, and repair of DNA to name just a few

(Figure 3)(30, 33)

e
[4Fe-48]*" - SAM
Met + dAdo Il
SAM as
substrate
SAM SAM as J
cofactor ﬁ‘i H

T\

[4Fe-4S]>" - Met + dAdo”

[4Fe-451" - Met + dAdo

Figure 2: General mechanism of catalysis of radical SAM enzymes. Reaction commences
with a single electron transfer to the sulfonium of SAM resulting in the cleavage of the S-
C bond and formation of the d-Ado radical. The radical then abstracts an H atom from the
substrate forming dAdo and a substrate radical. (this figure is obtained from reference
33)

Mechanistic Insights into Radical SAM Enzymes

The central feature of all members of the radical SAM superfamily is the presence of a
redox active [4Fe-4S] cluster (30). The function of this cluster is two-fold with its
preliminary role as a binding site for SAM via its unique iron site(37, 38) followed more
critically by its function as an electron donor to the sulfonium center of SAM via an inner

sphere electron transfer mechanism (39).Initial insights into the interactions of SAM
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with the [4Fe-4S] cluster were obtained via X-ray absorption spectroscopic (XAS)
studies of LAM. Ultilizing cofactors seleno-SAM (Se-SAM) and analogous seleno-
methionine (Se-Met), it was shown that SAM directly interacts with the catalytic cluster
with a distance of 2.7A between the Se and Fe ion (40). Additional studies utilizing
electron nuclear double resonance (ENDOR) spectroscopy of pyruvate formate activating
enzyme (PFL-AE), as well as LAM, demonstrated a bidentate coordination environment
of the unique iron by the amino and carboxyl moieties of the methionine component of
SAM (37). This distinctive coordination has been further confirmed via several high
resolution crystal structures from this superfamily that reveal that SAM is held in position
through various interactions between active site amino acids and the SAM molecule itself
(see below) (38-41). Following the reduction of the cluster to the catalytically active
[4Fe-4S]" state, it is proposed that a single electron is transferred via inner sphere
electron transfer to SAM resulting in the homolytic cleavage of the S-C5’ bond. This the
most commonly observed cleavage mechanism for members of this superfamily and
leads to the formation of the highly reactive 5’deoxyadenosyl radical (d-Adoe) and
methionine (42). Successively, the d-Adoe radical abstracts a H atom form the substrate
forming d-Ado and a substrate radical which is then subsequently involved in a wide
array of reactions . Thereafter, the mechanism employed by these enzymes diverges,
dividing this family into two classes(43). In one class the product radical formed in an
earlier step re-abstracts a H atom from d-Ado, thus reforming the d-Adoe species which
can then recombine with methionine reforming SAM and donates an electron back to the

[4Fe-4S]** cluster priming the enzyme for another turnover event (Figure 2). The most
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well studied examples of this subclass include LAM and SPL, both of whom use SAM as

a cofactor (35, 44).

/l:l\/[ ’ oPPP
e =t

Hoh o
- =0 Y - T H
o}_ e ' - CH,
—HN o s T2 N
2—NH was ¢ I L
o) ‘; N g

S-0u,

% 0
= o op
PO O N‘\fr'\ _4‘ q N :.-l Hy ’3_
— CH;
Q ThiC N . o ap, T "l”
OHass 29 1 HO o “" OH
L | 5\ | HO /Y
Absh a7 f I'hIH

MaA-lommy [ghveine Al -geonnal dol HO.C

Figure3: The Radical SAM enzyme superfamily consists of over 2500 enzymes that
catalyze a wide array of reactions. They range from glycyl radical activation, co-factor
biosynthesis, rearrangement reactions to DNA repair. (Taken from reference 33)

In the second class of SAM enzymes, the H atom abstraction by d-Adoe is irreversible
with a single molecule of SAM being consumed per turnover event with the subsequent
release of d-Ado and methionine as products. Evidence for the role of SAM as either a

cofactor or cosubstrate has also been supported by ENDOR studies measuring the
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distances between SAM and the catalytic cluster. In the case of the enzymes using SAM
as a co-factor (LAM), it has been shown that the methyl group of SAM is in closer
proximity to the unique iron. This in turn implies a shorter sulfonium ion to iron ion
distance relative to PFL-AE, an enzyme which uses SAM as a co-substrate (45). A
probable rationalization of such a phenomenon is that when SAM is utilized catalytically,
the unique iron becomes hexa coordinated (with methionine ) upon SAM cleavage vs
penta coordinated. Consequently the hexa coordinated methionine is proposed to be
bound more tightly to the unique Fe site and thus is locked in for reformation of SAM
when SAM is employed stoichiometrically, a counter strategy is utilized where the
increased distances and coordination environment from the cluster allow the methionine
to diffuse out, or is replaced by a fresh SAM molecule which subsequently primes the
active site for the next catalytic cycle (46). Remarkably it has been recently observed that
an alternative SAM cleavage pathway exists , such as in the diphthamide biosynthetic
enzyme Dph2, wherein the reductive cleavage of SAM results in the formation of an

amino carboxy propyl radical and methylthioadenosine as products(47, 48)

Structural Insights into Radical SAM Enzymes

Currently, there are about 2600 enzymes that have been classified as belonging to the
radical SAM superfamily, although to-date only ten X-ray crystal structures have been
solved (38). A comparison of the structures reveal a remarkable degree of similarity
between enzymes demonstrating a remarkable variation on a single structural theme.
Members of this family have been shown adopt a complete or partial triose-phosphate

isomerase mutase (TIM) barrel like motif (Figure 4). Most of these enzymes consist of a
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partial TIM barrel (6 a helices and 6 3 sheets) with BioB and HydE containing complete

TIM barrels with 8 o helices and 8 3 sheets(49).

Figure 4: Partial TIM barrel structure of radical SAM enzyme s lysine 2,3-aminomutase
(LAM, left, minus its C-terminus), MoaA (center), and pyruvate formate-lyase activating
enzyme (PFL-AE, right). Each structure has a single SAM molecule bound to the active
site (this figure is obtained from ref 33)

In all cases, the choice of structural motif is dictated by two primary considerations, the
size of the substrate and controlling the radical chemistry initiated by SAM cleavage. In
almost all cases the catalytic cluster is coordinated by a loop region in the core with the
canonical CX;3CX,C motif(38). The unique iron is always coordinated by SAM (as
mentioned earlier) and the latter acts to a certain extent to protect the cluster from solvent
exposure. It is not yet known what the ligand for this unique iron is in the absence of
SAM. Typically the active site that accommodates SAM is located within the lateral
opening of the barrel with the SAM held in place via various H bonding and
hydrophobic interactions with surrounding protein moieties(49). The most commonly
identified SAM binding motifs in these enzymes is the classic GGE motif consisting of 2
conserved glycines followed by a glutamine or aspartate. It has been shown that the

amino group of SAM interacts with the GGE motif ensuring the correct orientation of the
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methionyl moiety with the unique iron in the cluster (38, 47). It is interesting to note that
beyond the conservations in the cluster and SAM binding sites there are very little
sequence similarities between radical SAM enzymes in general. This lack of conservation
can be rationalized by the large variability in the substrates in this super family, ranging
from small molecules, to oligonucleotides, to proteins. Among the multitude of radical
SAM enzymes, this dissertation is focused on understanding the functions two of them.
Spore photoproduct lyase a DNA repair enzyme in bacterial spores and HydE, an enzyme
involved in the maturation of the active site of Fe-Fe Hydrogenase. The remainder of this
section is dedicated to providing a brief description of the roles of these enzymes in

nature.

Spore Photoproduct Lyase

It was first shown in the late 1960s and early 1970s that UV irradiation of bacterial
spore DNA produced an unusual type of thymine dimer that was removed not by
photoreactivation, but by a novel dark repair mechanism involving the enzyme spore
photoproduct lyase (SPL) (50) . SPL is encoded by the sp/B gene, part of the two-gene
spl operon. The second gene, splA, is thought to encode a regulatory protein (57). The
spl operon was shown to be expressed only in the forespore and only during sporulation,
and remained unaffected by DNA damage in growing cells (52). Initial characterization
of the SPL protein was reported in 1998 by Nicholson and co-workers, who purified the
enzyme from dormant B.subtilis spores and from an E.coli overexpression system (53).
They showed that SPL was a 41-kDa iron sulfur containing protein with sequence

homology to anaerobic ribonucleotide reductase and pyruvate-formate lyase activating
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enzyme. In addition, the SPL mediated repair of SP was shown to be dependent upon

reducing conditions and the addition of SAM (Figure 5) (53).
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Figure 5: A general scheme of SPL catalyzed repair of SP. The d-Ado (Ado-Ch;e)
abstracts an H atom from the pro-R position of SP to generate a substrate radical. The
repaired thymidine pair (TPT) is formed after a series of complex radical based
chemistry including the cleavage of the methylene bridge.

Spore photoproduct lyase is now known to be a member of the radical

SAM protein superfamily, whose key characteristics are the use of a site-differentiated
[4Fe-4S]**"* cluster and SAM to initiate diverse radical reactions in biology (30-32).
Spore photoproduct lyase exhibits biochemical and spectroscopic features typical for
radical SAM enzymes, including the canonical CX3CX,C cluster binding motif that
coordinates the site-differentiated [4Fe-4S] cluster (53, 54). The unique iron of this
cluster is thought to bind SAM, as it does for other characterized members of the
superfamily (55). The UV-visible spectra of recombinant SPL from both Clostridium
acetobutylicum (C.a.) and Bacillus subtilis (B.s.) exhibit features characteristic of

enzymes containing an iron-sulfur cluster, including a broad absorbance with prominent
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features at 410 nm and 450 nm that reduce in intensity upon reduction (55, 56). Electron
paramagnetic resonance (EPR) spectra of the as-isolated enzyme typically shows an
isotropic signal (g = 1.99) indicative of the presence of a [3Fe-4S]" cluster (55, 56); such
a cluster is a common observation among radical SAM enzymes, where the cluster is
oxygen-sensitive and labile, with the unique iron being prone to loss upon oxidation.
Reduced SPL in contrast shows a nearly axial signal (g =2.03, 1.93 and 1.92) indicative
of a [4Fe-4S]" cluster (55-58). The EPR spectral properties of reduced SPL undergo
interesting transformations on the addition of SAM; unlike many other radical SAM
enzymes, the g-values are only moderately perturbed by the presence of SAM (g = 2.03,
1.92, 1.82), however the signal intensity is considerably decreased (56). Spectroscopic
characterization of SPL from other organisms such as Geobacillus stearothermophilus
have demonstrated the presence of a redox active [4Fe-4S] cluster with similar UV-vis
and EPR properties (59, 60). In order to probe the interaction between the [4Fe-4S]
cluster of SPL and SAM, Fontecave and coworkers used HYSCORE, a two-dimensional
pulsed EPR technique. The coupling constant of 9.1 MHz was indicative of an
interaction between the amino group of SAM with the unique iron in the [4Fe-4S] cluster

of SPL (57, 61).

DNA Damage and Repair

Deoxyribonucleic acid (DNA) is a macromolecule that contains the instructions for
the development and functioning for almost all life on Earth. Due to its quintessential
role in life, it was once thought to be extraordinarily stable and immune to environmental

stressors (62). More recently however the durability and fidelity of DNA have come
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under intense scrutiny. DNA damage can be caused by various factors native to the cell
machinery itself such as the incorporation of mismatched base pairs during replication
and recombination (63, 64). In addition to such innate errors, DNA subjected to
environmental stressors such as reactive oxygen species and harmful chemicals can form
lesions, which in turn affect the fidelity of transcription (65-68). Therefore in order to
maintain the integrity of the encoded genetic information it is absolutely essential for the
damaged DNA to be repaired quickly and in the most energy efficient manner (69-71).
Among the many environmental stressors to which nucleic acids are subjected, damage
by ultraviolet (UV) radiation has been shown to be particularly problematic (72, 73). On
exposure of DNA to UV radiation, lesions can form between neighboring pyrimidine
bases such as thymine (T) and cytosine(C). These photo-lesions can take multiple forms
in vegetative cells, including cyclobutane pyrimidine dimers (CPD), (6-4) photoproducts,
and dewar isomers (74, 75) (Figure 6). Some of the well characterized means of
pyrimidine dimer reversal are nuclear excision repair (NER) and the photo reactions
catalyzed by DNA photolyases (76-82), with photolyases unusual in catalyzing the direct
reversal of the damaged nucleobases (83, 84). Photolyases use UV or blue light (A = 320
— 500 nm), a flavin, and either folate (methenyltatrahydrofolate (MTHF)) or deazaflavin
(8-hydroxy-5-deazariboflavin (8-HDF)) (85-87) to repair CPD or (6-4) photoproducts.
The predominant UV induced lesion in bacterial spores is a unique photoproduct, 5-
thyminyl-5,6-dihydrothymine, and is referred to as the spore photoproduct SP (Figure 5)
(71, 83, 85-89). The radical SAM enzyme spore photoproduct lyase catalyzes the direct

reversal of SP and is the focus of this present section.
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Bacterial Spores and the Role
of Small Acid Soluble Proteins

The unusual DNA photochemistry in bacterial spores has been attributed to the
unique conditions present inside the spore (90), which include low hydration levels, high
levels of certain small molecules, such as dipicolinic acid, and an abundance of low
molecular weight DNA binding proteins called small acid soluble proteins (SASP) (51,
91-93). The binding of these SASPs to DNA is proposed to change its conformation to a
form that favors formation of SP at the cost of other photoproducts (94-96). These
remarkable proteins are synthesized early during the sporulation process and eventually
comprise up to 20% of the total spore weight. There are three types of these SASP
proteins (a, 3, v), however, only the o/f types have been shown to bind the bacterial spore
DNA (97). The o/p type SASPs range from 5-7 kDa in size and show no sequence
homology to any other protein family, but display significant homology across and within
Bacillus species (98). These proteins have been shown to bind DNA nonspecifically with
a single protein molecule covering approximately a Sbp region of the DNA, and in this
fashion they envelop the entire spore chromosome (99). Further insights into the
interaction between SASP and DNA were provided by the X-ray crystal structure of
SASP complexed with a 10bp DNA duplex (94). SASPs were shown to bind the minor
groove of the target DNA via a helix turn helix motif in which the first helix lies along
the minor groove of the DNA and the second helix is inserted inside the minor groove.
Such binding is rare in nature as most DNA binding proteins utilize the major groove to

bind target DNA (00).
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Figure 6. DNA lesions upon UV-Irradiation A) Cyclobutane pyrimidine dimer, B)
pyrimidine-pyrimidine (6-4) photoproduct, C) Dewar Isomers D) spore photoproduct, (5-
thyminyl-5,6-dihydrothymine).

As initially proposed in 1991 and later confirmed through structural studies, binding of
SASP to DNA changes its conformation from B type to an intermediate A-B type (94,
95). The reduced photosensitivity of A-DNA is well documented and is believed to result
from the limited formation of CPD and 6,4-photoproducts due to the lower base pair
twists and restricted conformation in A-DNA (/01). In addition, structural studies of
SASP bound DNA showed that the DNA in this complex is rigid due to the multitude of
interactions between these proteins with their target (/02). As mentioned earlier, SASP

binding to DNA changes the latter’s conformation from B type to an intermediate A-B
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form (95), this resulting rigid complex is then unable to access the conformation
necessary for the formation of CPD and 6,4-photoproduct (94). Taken together, this data
indicates that this change in the DNA conformation is directly responsible for the
preferential formation of SP lesions over CPD and photoproducts in bacterial spores. By
altering spore DNA photochemistry to produce a lesion that is specifically reversed by SP
lyase, SASPs contribute to the UV resistance and thus the viability of spores (89, 103).
Further, SASPs have been shown to protect spore DNA from damage by harmful
chemicals and heat, thereby providing additional protection and increasing survivability

of the spore (104, 105).

SP Formation in vivo and in vitro

The first evidence hinting at the presence of a different type of thymine dimer in
bacterial spores was reported by Donnellan and co-workers in 1965 (88). They found that
the DNA in Bacillus megaterium spores exposed to UV radiation contained T-T dimers
unlike those from vegetative cells, and they referred to this new lesion as spore
photoproduct (SP) (88). In 1970 Varghese further characterized this unique dimer to be 5-
thyminyl-5,6-dihydrothymine, and proposed a mechanism for the formation of this lesion
involving  bond cleavage to form a radical pair, followed by hydrogen atom abstraction
from the adjacent thymine methyl to give the 5-a-thyminyl and 5,6-dihydrothymin-5-yl
radicals, which then recombine to form the spore photoproduct (/06). Experimental
support for this mechanism was recently provided by the Li group using deuterium

labeled (TpT) (107) (Figure 7).
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Figure 7: Proposed mechanism for the formation of SP. UV radiation results in the Cs-Ce
double bond on the thymine. The resulting radical pair abstracts an H atom from the
neighboring thymine resulting in a methylene bridge

SP can be generated in vitro by UV irradiation of DNA under appropriate conditions,
which generally include low hydration levels and the presence of SASPs and in some
cases dipicolinic acid. These conditions are thought to mimic those inside the spore, and
have been shown to lead to the preferential formation of SP over other photoproducts,
with optimized SP yields of approximately 4%- 8% of total thymine (99, 108). The total
yields of SP are relatively low, and the irradiated DNA invariably contains other types of
DNA damage; for these reasons, the appropriate application of DNA hydrolysis and
quantitative analysis of the hydrolytic products were required to assay for SP formation
and repair (35, 55, 99, 108-110). Despite its inherent inhomogeneity, UV-irradiated
DNA has served as the substrate for most studies focused on the enzymatic repair of SP.
SP has also been synthesized in the laboratory, initially by Begley and coworkers who
synthesized the SP dinucleotide from protected thymidine and dihydrothymidine (171,
112). Carell and coworkers followed up on this synthesis, providing the first
stereochemically-defined synthetic dinucleoside spore photoproducts (/73), which were
subjected to enzymatic repair assays as described in a later section. Further syntheses of

the dinucleoside and dinucleotide spore photoproduct have also been reported (56, 114),
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and synthetic SP analogs have been incorporated into oligonucleotides (115, 116). In all
cases, these synthetic efforts have proven to be invaluable in mechanistic studies of the

enzymatic repair of SP, as is described further in the following sections.

Mechanism of SP Repair by Spore Photoproduct Lyase

Early insights into the mechanism of SP repair were provided by the work of Mehl
and Begley, who suggested that the putative adenosyl radical intermediate served to
abstract a hydrogen atom from the C-6 position of SP to initiate a radical-mediated -
scission (/17). Observation of tritium transfer from C6(3 H)-SP, but not from methyl(3 H)-
SP, to SAM during SP repair ultimately provided experimental support for this
mechanism (Figure 8step II) (35). Li and coworkers subsequently showed that the H-
atom abstraction from C6 was stereospecific for the pro-R position (/78). The
observation of tritium in SAM, rather than 5’-dAdo, after SP repair also suggested that
SAM was acting as a catalytic cofactor to reversibly generate the 5’-dAdo radical
intermediate with reformation of SAM after turnover (Figure 8) (35). Subsequent work
demonstrated that only catalytic amounts of SAM were required for SP repair, and that
dAdo was not a stoichiometric product of repair, thereby further supporting a catalytic
role for SAM (55). Support for step IVb in the mechanism was provided by the
observation of tritium transfer from 5’(°’H)-SAM to the thymine products of SP repair
(55). SP lyase in Bacillus species has been shown to contain four conserved cysteine
residues, with three of these belonging to the canonical radical SAM cluster-binding
motif of CxxxCxxC (54). The fourth cysteine (Cys141) has been shown to play no role in

cluster formation, however a C141A variant was reported to abolish SPL activity,
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suggesting an essential role for Cys141 in the repair mechanism (54). This was, however,
a perplexing observation given that the essential Cys141 in Bacillus is always an Ala in
SPL from Clostridium. It was subsequently shown that C141A SPL converted SP to a
unique dinucleotide mono-phosphate with a sulfinate group attached to the methyl carbon

of the 3’-thymine (/179).
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Figure 8: Proposed mechanism for SP repair by SP lyase with SAM.

These results suggested that the Cys-141 may be instrumental in controlling the radical
reaction by acting as an H-atom donor to the allylic product radical. Li and coworkers
carried out a series of label transfer experiments in which they did not observe the
transfer of deuterium from 5°-D,-SAM to the repaired product of SP repair (TpT) (1/18),

in contrast to the tritium transfer from SAM to repaired product described above (55).
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Further, Li and coworkers report the incorporation of deuterium from DO into the
product TpT. Based on these results, as well as on earlier reports that a fourth cysteine
was required in catalysis, Li and coworkers proposed an alternate mechanism in which
the second half of the reaction, involving the return radical transfer from the TpT product
radical to 5°-dAdo, occurs through this Cys141 residue. In other words, the TpT product
radical abstracts an H atom from Cys to generate an intermediate thiyl radical (Figure 8,
step IIla), which subsequently abstracts a hydrogen atom from 5’-dAdo to regenerate the
5’-dAdo radical. Since the cysteine thiol hydrogen would be solvent exchangeable, such
a mechanism could account for incorporation of deuterium from D,O into the product
TpT. The cysteine proposed to be involved in this manner is conserved, however, only in
Bacillus species, and not in SPL from other organisms, thus calling into question the
cysteine mechanism, or raising the issue that SPL from different sources may operate
through a different mechanism. Final resolution of the discrepancies in experimental
results, as well as formulation of a unified mechanism (if this is indeed the case), will
require further experimental efforts.

A density functional theory (DFT) study by Himo and coworkers supports the
feasibility of the mechanism shown in Figure 8. Their calculations provided estimates for
the energetics of each step of the mechanism, and predicted that the final H-atom
abstraction step, in which the product thyminyl radical abstracts a hydrogen from 5’-
dAdo, would be rate limiting. This is consistent with the expectation that forming a
primary carbon-centered radical by H-atom abstraction with a secondary carbon radical

would be an uphill process. While providing general support for the proposed
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mechanism, Himo and coworkers also suggested an additional inter-thymine H atom
transfer step, followed by abstraction of hydrogen from 5’dAdo. Such a scenario would
involve the occurrence of the initial and final H-atom abstraction steps without significant
movement of the 5’-dAdo intermediate.

The precise nature of the SP that was recognized by and repaired by SPL remained in
question for many years. Specifically, the formation of SP results in creation of a new
stereo center at the C5 position (/20), meaning that two possible diastereoisomers could
be produced (/21). Begley and coworkers suggested that only the 5R configuration was
possible in vivo due to constraints imposed by adjacent thymines in double stranded DNA
(111). However such details could not be adequately addressed until the combination of
synthetic methods to make SP, NMR methods to accurately define the SP
stereochemistry, and biochemical methods to isolate active SPL, were all achieved.
Synthetic SP dinucleoside was shown to be converted to two thymidines by the action of
SPL (113, 114, 122), however the repair rates are significantly slower than when
irradiated DNA was used as substrate. The dinucleotide SP substrate containing a
phosphodiester bridge between the ribose moieties was shown to be a significantly better
substrate as reflected by its increased rate of repair (56). Incorporation of the SP
dinucleoside into a 12-mer piece of DNA produced a more physiologically relevant
synthetic substrate that was shown to be repaired by the SPL from Geobacillus
stearothermophilus (115). A synthetic SP containing a formacetal (-CH,-) linker in place
of the phosphodiester bridge was also a viable substrate; however the rate of repair was

slower than what was observed using a SR-SP dinucleotide substrate (116, 118).
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Figure 9: 5R (left) and 5§ (right) synthetic spore photoproduct analogues including the
phosphodiester linkage.

The availability of synthetic methods for making SP ultimately led to the preparation
and assay of the pure 5R and 5S diastereomers (Figure 9). Contrary to the prediction of
Begley that only the 5R diastereomer would be able to be formed in double-stranded
DNA, initial reports indicated that with the synthetic substrates, SPL repaired only the 5S
diastereomer (59, 113, 123). Subsequent work from the Broderick laboratory our
laboratory reached the opposite conclusion: that SPL repairs only the SR isomer of SP
(56, 114). This latter conclusion was more consistent not only with the steric constraints
of DNA, but also with a concurrent NMR characterization of the structure of SP
generated by UV irradiation (/24). The apparent discrepancy between the experimental
results with stereochemically defined SP substrates was ultimately clarified by Carell and
coworkers, who pointed out the importance of determining not only the stereochemistry
at CS5, but also whether the synthetic lesion is a 5’3’ lesion or a 3’25’ lesion (Figure
10) (115). In this paper, Carell and coworkers reported the synthesis of 5’23’ 5R and 5S
phosphoramidite dinucleoside SP lesions and their incorporation into a 12-mer double
stranded DNA strand; these oligo-SPs were then co-crystallized with DNA polymerase

from Geobacillus stearothermophilus (115). Using the DNA polymerase as matrix for
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crystallization, Carell and co-workers attempted to model a phosphodiester linkage
between the 3’ and 5° OH groups present on ribose in the 5S and 5R isomers. They were
able to show that while the linkage could be modeled easily on the SR isomer and its
presence produced only a slight change in the overall structure, it was impossible to
model the phosphodiester linkage in the 5S isomer thereby showing that the 5S isomer is
only a hypothetical compound (/15). Subsequently, it was proposed by Carell and co-
workers that if the SP formation reaction occurred in the 5 °_3’ direction then it would

give rise to the SR-configured lesion, however, a reaction catalyzed in the 3 °_5’ direction

would provide the 5S-configured product.
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Figure 10: The reliance of nucleotide directionality on the physiologically relevant spore
photoproduct

Binding Interactions between SP and SPL

Other than SPL, the other only well characterized means of pyrimidine dimer direct
reversal is by the photolyase family of enzymes (77, 78). DNA photolyases have been
shown to be structure specific, rather than sequence-specific, DNA binding proteins; with
SPL binding shown to be independent of the DNA sequence, it has been suggested that

the binding mechanism of both these enzymes might be similar (/25). SPL binds
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specifically to SP and not to CPD or other forms of the DNA damage, and induces a
substantial distortion of the DNA backbone, similar to observations with DNA
photolyase (110, 126). Initial work on SPL demonstrated that the enzyme specifically
recognizes and binds SP but not CPD or 6, 4 photoproduct in a 35-bp double stranded
oligonucleotide (/10). Further, DNase I protection assays showed that SPL was able to
protect at least a 9-bp region surrounding the damaged region (/70). Moreover it was also
noted that the binding of SPL to SP led to significant distortion of the DNA helix in the
vicinity of the lesion (/10). To better understand the binding events that lead to substrate
recognition Carell and coworkers in a recent study showed that the SP lesion induced
minimal distortions in the duplex structure in an overlay of the 5R lesion-containing
DNA with undamaged DNA. This was especially remarkable when such SP induced
DNA backbone perturbations were compared to other UV induced lesions such as 6,4-
photoproduct and dewar isomers (/15). Most DNA repair enzymes including those in the
photolyase family are known to use discontinuity at the lesion site due to nucleotide
extrusion to recognize and bind their substrate (125, 127). This brings up fresh questions
as to the recognition pathway used by SPL to target its substrate as the distortion in the
helical structure is minor; it seems likely therefore that SPL must be using some novel

mechanism to target and bind the SP lesion.

Structural Insights into SPL. Mechanism

A recent X-ray crystal structure of SPL has provided invaluable insights into the
mechanism of lesion binding and catalysis by this enzyme (/28). The structure depicts

an enzyme with an ae/Pe partial triose phosphate isomerase (TIM) barrel, the fold
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common to all structurally characterized radical SAM enzymes.The catalytic [4Fe-4S]
cluster is located on an eight residue loop region at the top of the TIM barrel containing
the cluster ligating Cys90, Cys94 and Cys97 residues. The fourth unique Fe is shown to
be coordinated by SAM through its amino and carboxylate groups. The proposed
mechanism of SP catalysis by SPL suggests an inner sphere electron transfer from the
unique iron in the cluster to the sulfonium center in SAM followed by homolytic
cleavage (55, 117). The crystal structure of SPL corroborates such a view, as the
distances between the unique Fe ion and the sulfonium ion of SAM (3.6 A) are optimum
for such an electron transfer event to take place. In addition, the SAM molecule is held
inposition by various hydrogen bonding and hydrophobic interactions between amino
acids in the protein core and the adenine, ribose, and methionine portions of SAM. The
crystal structure also provides some profound insights into the possible recognition and
binding mechanism of SP with SP lyase. The active site depicts a laterally opened barrel
which is analogous to other radical SAM enzymes (such as PFL-AE) that act on
macromolecules, ensuring easy active site access (47). Interestingly, the SPL structure
features two anti-parallel B strands forming a long B hairpin region protruding out of the
core domain. The authors hypothesize that this hairpin region containing Tyr305 and
Arg304 may act in substrate binding, with the Tyr initially entering the DNA helix
leading to the unwinding of the latter. It is also suggested that the Arg then plays an
integral role in flipping out the damaged nucleotides into the active site by temporarily
replacing those nucleotides and stabilizing the DNA strand (Figure 11). Such a base

flipping mechanism has precedence in nature with DNA repair enzymes such as DNA
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photolyase (126), uracil-DNA glycosylases (UDG) (/29) and the T4 endonuclease V
(130). It is suggested that concomitant to substrate binding the core of the enzyme
undergoes significant conformational changes, particularly in the active site pocket and
the B hairpin region. This is accomplished by Tyr98 in the catalytic core which is
proposed to undergo an exquisite rotation of about 45° in order to make room for the SP
along with residues Thr101 and Lys106 which undergo a conformational change to prime
the active site for catalysis. In addition, the B hairpin then changes position by ~2 A in
order to seal off the active site from solvent and permit the delicate radical mediated
catalysis to proceed. Insightful as these results are, a lot still remains to be elucidated
regarding intricacies of SPL mediated repair of SP. One of the draw backs in the crystal
structure study is the use of a synthesized SP dinucleoside substrate, without the presence
of the accompanying double stranded DNA. The lack of the quintessential phosphate
backbone along with the exclusion of the oligonucleotide strand generates grave concerns
as to the physiological relevance of the observed results. It has been previously shown
that the catalytic activity of SPL is lowered significantly when a dinucleoside substrate is
utilized instead of the SP generated by UV irradiation of plasmid DNA, as the latter acts
as a much more physiologically relevant substrate (//4). Therefore, the crystal structure
of SPL bound to a double stranded oligonucleotide in the presence of SAM would go a

long way in addressing some of these outstanding issues.
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Figure 11: A superimposition of the purported base flipping out mechanism preceding
repair in the active site of SPL . It is proposed that SPL binds to the major groove region
and unwinds the DNA strand followed by the damaged TT pair being flipped out. This
damaged region is then enveloped and stabilized into the active site pocket in a manner
that facilitates catalysis.

The structure of SPL also provides some interesting perspectives into the mechanism
of SPL mediated repair of SP. As mentioned previously, the generation of the 5’-dAdo
radical leads to a H atom abstraction from the C6 position of the 5’-dihydrothymine
leading to the [ scission of the methylene bridge. The resulting substrate radical
intermediate then re-abstracts an H atom from the 5’-dAdo (formed earlier in the
reaction) to produce the repair product of 2 thymidines (55).

The authors suggest that a conserved cysteine, Cys140 (analogous to Cys141 in
B.subtilis), on Geobacillus thermodenitrificans contributes towards catalysis by being the

alternate source of the re-abstracted H atom. To further lead credence to this viewpoint,
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they monitor the repair reactions catalyzed by two mutants, C140A and C140S, as well as
analyze the structural ramifications of these mutations in the overall protein fold. Their
results suggest that there are no structural differences between the mutants and the wild
type SPL. Further, it is also observed that both in the wild type as well as the mutant
proteins all the active site amino acid interactions between the substrate and SPL were
rigidly maintained. This further suggests that Cys140 in G. thermodenitrificans (and by
extension to Cys141 in B. subtilis) do not play any part in substrate recognition or
binding. However, interpreting the influence of the aforementioned mutations on the
repair reaction on an SP dinucleoside containing 12-mer oligonucleotide has been more
challenging. In addition to observing a 2.5 fold decrease in activity for the mutant
proteins, the authors reported the formation of product molecules purportedly containing
SO, adducts. It was also noticed however that both the mutants produced fully repaired
product oligonucleotides in significantly higher concentrations (as observed through peak
intensity in the MS spectra) than their SO, containing analogs. This poses the question
that if indeed the Cys140 is the only source of the H atom during repair, then why would
its replacement not completely abolish enzyme activity? In addition, based on spectral
intensities, it seems that comparable amounts of repaired oligonucleotides were produced
in both the wild type as well as the mutant proteins, thereby suggesting an alternative
explanation for the appearance of the SO, containing product analogs. Also, it is unclear
as to the exact protocol followed in the reconstitution step of SPL used in these assays.
Our experience with this technique typically involves the stepwise addition of FeCl; and

Na,S in the presence of a reducing agent such as dithiothreitol (DTT). The authors do not
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mention the presence of any reducing agent in their reconstitution protocol, nor do they
verify the cluster content via spectroscopic techniques. This could then partially be
responsible for the ambiguity in the results observed for both sets of mutant proteins as
the catalytic cluster could perhaps be improperly formed or reconstituted to low
occupancy. In order to synergize their observations with the hypothesis of SAM acting as
cofactor during catalysis, the authors suggest a mechanism analogous to those observed
in class II ribonucleotide reductases with adenosylcobalamin (/37). The authors propose
that the substrate radical abstracts a H atom from Cys140 forming a thiyl radical as well
as two repaired thymidines. The thiyl radical then abstracts a H atom from the 5’-dAdo in
a reaction coupled to a different thermodynamically favorable reaction. They further
suggest that the role of a highly conserved Tyr98 present in the enzyme active site may
be to act in a proton coupled electron transfer conduit to reduce the earlier generated thiyl
radical.

The Broderick group and others has thus far been at the forefront of investigating the
mechanistic details of SPL derived catalysis of SPL. Therefore, the specific thrust of this
dissertation is to understand the structural and conformational changes in SPL brought
about my substrate and/or cofactor binding. This work also endeavors to amalgamate
mass spectrometry techniques with anaerobic biochemistry approcahes so as to open an

diverse window into the workings of this enzyme from unique viewpoint.

[FeFe]-Hydrogenase

The Hydrogenase family of enzymes are proposed to catalyze the reversible reduction

of protons to hydrogen gas (2H"+2e™$ Hy) and are a key feature in the H, metabolism of
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many microorganisms. There are two primary classes of hydrogenases [NiFe]- and
[FeFe]-hydrogenases, with their nomenclature being reflective of the identity of the metal
ions in their activase site(/32). The [FeFe]-hydrogenases have been shown to contain a
unique active site metal cluster, known as the H-cluster, responsible for hydrogen
catalysis (Figure 12). The [FeFe]-hydrogenases have a catalytic bias towards proton
reduction, and are the most efficient producers of H, among the hydrogenases (132, 133).
The active site H-cluster of this enzyme contains a [4Fe-4S] cubane bridged to a 2Fe
binuclear center via a single cysteinyl thiolate. The Fe ions of the 2 Fe subcluster have
been shown to be in octahedral coordination environments with the unique and
biologically toxic CO and CN" diatomic ligands and a five membered non protein
bridging diothiolate ligand (1/34) (135, 136). The identity of the bridgehead atom in the
bridging dithiolate ligand has yet to be experimentally identified but available evidence
indicates it is either dithiomethylamine or dithiomethylether, with recent spectroscopic
studies suggesting it is dithiomethylamine (/37-139) . Structural studies have shown that
the bridging cysteine thiolate serves as the only linkage between the structural
hydrogenase protein and the 2Fe subcluster, although the latter is shown to be ensconced

in a defined cavity in the protein (/40).

H-Cluster Maturation in [FeFe]-Hydrogenases

The synthesis of the non-protein ligands on the 2Fe subcluster of H-cluster is
dependent on maturase enzymes that have been proposed to introduce modifications on a
simple [2Fe-2S] cluster. The CO and CN" ligands are synthesized and assembled by the

combined actions of HydE, HydG, and HydF (141, 142). The first insights into the role
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of these maturases were first obtained through bio-informatics on mutant strains of C.
reinhardtii that were incapable of producing H, (/43). Such an inability was traced to
mutations on 2 genes hydEF and hydG, with proteins encoded by these genes being
strictly conserved in all organisms with active hydrogenases (/44). Sequence alignment
studies of these enzymes showed that the HydE and HydG contain the canonical
CX;CX,C sequence motif, thereby designating them to the radical SAM superfamily of
enzymes. HydF was proposed to be a scaffold with an N-terminal GTPase domain and C-
terminal Fe-S cluster binding domain (/45). These initial observations were critical to
shaping the early hypotheses of H-cluster maturation whereby it was proposed that either
HydE or HydG were responsible for the synthesis of the bridging dithiolate ligand from
an unknown substrate (but presumed to be a common metabolite) on a [2Fe-2S] cluster
framework; This reactivity was proposed to occur first as it would effectively shift the
reactivity away from the sulfides towards the iron ions for subsequent diatomic CO and
CN' ligand addition.
Diatomic ligand synthesis was proposed to occur through generation of a small amino
acid radical (potentially a glycyl radical) by the actions of either HydE or HydG. This
early hypothesis also invoked HydF as acting as a scaffolding protein during this process,
with the mature cluster being translocated from HydF to the apo HydA (/46). This
hypothesis thereafter formed the basis of a series of experiments which further
highlighted the individual roles of each of the maturases in the biosynthesis of the H-

cluster.
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Figure 12: The active site of Fe-Fe Hydrogenase. The H cluster domain contain the
complex metal bridged center is complemented by accessory F clusters (This has been
obtained from reference 138)

To investigate the action of(/417) maturation proteins on [FeFe]-hydrogenase, an in vitro
E. coli based system was developed in which the [FeFe]-hydrogenase structural protein,
also known as HydA, was expressed in the absence of the accessory proteins (HydA**).

AEFG
A

It was observed that Hyd existed as a stable protein but did not exhibit any

hydrogenase activity. Remarkably, this inactive Hyd A**"¢

was then reactivated by
addition of the cellular extracts in which the three accessory proteins (HydE, HydF and
HydG from Clostridium acetobutylicum) were co-expressed (/41). Furthermore, it was
shown that when HydE, HydG, and HydF were expressed together, it produced a protein

based activating element which could then be used to activate HydA“*"C. Interestingly, it

was shown that HydA“*" could be activated by purified HydF grown in the genetic
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background of HydE and HydG (HydF"), and without the addition of any exogenously
added small molecules (/47). This led more credence to the idea that the precursor to the
H-cluster was built by HydG and HydE, with HydF acting as a protein scaffold and
eventually transferring the H-cluster precursor to HydA**"®. Low temperature EPR

characterization of HydF expressed singly (HydF*F¢

) showed signals that were consistent
with both [4Fe-4S]" and [2Fe-2S]" clusters under reducing conditions. However, when
grown in the presence of both enzymes (HydF=), only a signal corresponding to a [4Fe-
4S]" cluster was observed under reducing conditions. It was also observed that the
addition of GTP enhanced the signal intensity of the cluster , thereby providing evidence
for a role (although undefined) of GTP in cluster maturation(/48) (134). Moreover, it
was shown via fourier transform infrared spectroscopy (FTIR) that HydF"® had features
consistent with the presence of CO and CN' ligands which are conspicuously absent in
the FTIR spectra of HydF**® . Remarkably, analogous FTIR features are observed in the
H-cluster of holo FeFe-hydrogenase which indicates a similarity in the cluster
composition between HydF=S and holo HydA(749).1t was clearly evident by this point
that HydF was acting as either a scaffold or carrier protein and that the two radical SAM
enzymes were involved in the biosynthesis of the CO, CN" and bridging dithiolate
ligands. Thereafter, it was shown that HydG, which shares 27% sequence similarity with
a previously characterized radical SAM enzyme ThiH (which cleaves tyrosine into p-
cresol and dehydroglycine (/50) cleaved tyrosine into p-cresol and presumably a glycine

like derivative (/50). Unlike ThiH, HydG was shown to contain an additional 90 amino

acid C-terminal domain that contained conserved cysteine residues (CX,CX,,C) and was



34
likely responsible for binding an additional FeS cluster. Further biochemical
characterization demonstrated that HydG catalyzed tyrosine cleavage resulted in
formation of not only p-cresol but both CO and CN" diatomic moieties (Figure 13) (151,
152). Mutational studies on the C-terminal cluster of HydG indicated that this FeS cluster
was directly responsible for synthesis of CO, with CN™ formation apparently occurring at
a site distinct from the FeS cluster (145, 153). Collectively, the results suggested that the
role of HydE was in the biosynthesis of the bridging diothiolate ligand of the H-cluster.
Based on all the available evidence it is hypothesized that a 2Fe-2S cluster on HydF is
acted upon by HydE to produce the bridging diothiolate ligand, there by shifting the
reactivity to the Fe. Thereafter, it is proposed that HydG biosynthesizes all five CO and
CN- ligands from tyrosine decomposition and forms the mature 2Fe subunit(/54). At this
time it is suggested that HydF translocates the mature cluster via a cationic channel from
the surface of apo HydA to a cavity in the interior of the protein. Once this transfer is
completed it is believed that the cationic channel collapses brought about by a series of

conformational changes in two conserved loop regions (32, 140, 155).

Maturation Enzyme HydE

As mentioned above, the maturase enzyme HydE was classified as a member of the
radical SAM superfamily of enzymes(/56, 157). Initial EPR spectroscopic and
biochemical characterization of reconstituted HydE indicated that it contained 2 distinct
4Fe-4S clusters and was able to reductively cleave SAM to produce 5°d-Ado(157).
Subsequent structural characterization of HydE from Thermotoga maritima showed a

unique complete TIM barrel motif (0/f)s and contained a site differentiated [4Fe-4S]
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cluster. Moreover, it was shown that HydE had about 27% sequence similarity with
another radical SAM enzyme BioB, responsible for biotin synthesis. In addition, HydE
contains 3 additional Cys residues that were discovered to coordinate an accessory FeS
cluster (either [2Fe-2S] or [4Fe-4S] in nature) with variable occupancy depending on
reconstitution conditions. While it was initially proposed that this second cluster may
serve in a similar manner as the second cluster in BioB (which is acted on during
turnover and is the source of the sulfides incorporated into dethiobiotin)(/58), site-
directed mutagenesis studies of the three accessory cysteine residues in HydE showed no
significant deleterious effects on the ability to produce active [FeFe]-hydrogenase.
Experiments of over 20,000 molecules resulted in the identification that the active site
was capable of binding a small metabolite or amino acid with carboxylate and amino
moieties, while soaking experiments identified that thiocyanate could bind within the
interior cavity with high affinity (/56). Moreover, HydE was shown to have a large
interior cavity and in silico screening. The substrate and mechanism utilized by HydE to
presumably synthesizes the dithiolate ligand is still under investigation.
Very limited information is also available as to the identity of the putative product of
HydE, that most likely leads to the synthesis of the dithiolate ligand. Moreover the
composition of the bridge head atom in the dithiolate ligand remains under debate. The
role of HydE in H-cluster maturation is only inferred from the available biochemical

evidence that exists for HydF and HydG.
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Figure 13: The proposed maturation scheme of Fe-Fe Hydrogenase active site. The
radical SAM enzymes biosynthesize the diatomic ligands on the 2Fe-2S scaffold HydF.
The resulting 2Fe center is translocated on to apo HydA (This has been obtained from
reference136)

In fact, in a recent publication, it was hypothesized that HydE simply acts as a
chaperone protein for HydF during the 2Fe subcluster translocation process to HydAAEFG
(159). We do not favor this hypothesis and believe that HydE is playing a central role in
the synthesis of the bridging dithiolate ligand. Insights into the putative substrate for
HydE may be provided by studies involving cell lysates of the maturase enzymes which
showed that the addition of cysteine and tyrosine stimulated [FeFe] hydrogenase activity,
potentially indicating that cysteine acts as a substrate for HydE (/60). Clarification on

this issue is clearly needed and currently only a very preliminary characterization of

HydE is available in the literature (/57). This thesis describes advances made in both the
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spectroscopic and biochemical characterization of HydE, as well as outlining efforts

made towards identifying a substrate for this enzyme

Research Objectives

The primary topics of the research behind this dissertation are threefold. The first
topic of interest was to understand the solution phase dynamics of SPL in the presence of
damaged DNA substrate and SAM. We were also interested in investigating the effects of
the [4Fe-4S] catalytic cluster on dynamics of substrate and cofactor binding of this
enzyme. Initial work in our lab had focused primarily on understanding the
stereospecificity of the substrate of SP lyase, particularly investigating and characterizing
the stereochemistry of the SR-SP and 55-SP. Additionally, spectroscopic characterization
of the [4Fe-4S] cluster in SP lyase and its interaction with SAM was investigated using
UV-Vis, low temperature electron paramagnetic resonance (EPR), and X-ray absorption
spectroscopy (XAS). Initial insights into the nature of binding of SP with SPL and SAM
was initially approached in our lab through electrophoretic mobility shift assays and
EMSA and fluorescence studies which specifically probed the Ky as well as changes in
the protein secondary structure. The worked described in this dissertation was initiated
before the crystal structure of SPL was published and response to questions regarding the
secondary structural changes brought about by substrate binding under anaerobic
conditions. In order to answer these seminal queries we decided to utilize a technique
seldom utilized in bio-inorganic chemistry to probe structural changes in enzymes
containing oxygen sensitive metal clusters. We approached this problem via hydrogen

deuterium exchange reactions as monitored through high performance liquid
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chromatography and mass spectrometry. We were able to monitor changes in protein
conformation on ligand binding in real time and were able to probe the effects of the
[4Fe-4S] catalytic cluster on the binding interactions.

The second topic of research related to the biochemical characterization of HydE with
the ultimate goal being identification of its substrate and elucidation of its role in H-
cluster maturation. We were specifically interested in identifying not only the substrate,
but the mechanism of action and product of HydE catalysis. The crystal structure of
HydE guided us to the initial line of investigation when it predicted the putative nature
and binding parameters of potential substrate molecules. Furthermore, studies involving
cell lysates of the maturase enzymes showed that the addition of cysteine and tyrosine
stimulated [FeFe] Hydrogenase activity(/60) Work in our lab involving the screening of
all twenty amino acids and some common metabolite compounds indicated that under
conditions involving reconstituted HydE, SAM, and cysteine that an increase in 5’-dAdo
production was achieved (/61). This was strong evidence of cysteine being a putative
substrate of HydE due to the enhanced rate of SAM cleavage in the presence of the
former. However without the bio-analytical detection and quantitation of cysteine
degradation we were unable confirm the hypothesis that cysteine was the substrate for
HydE. To answer these pivotal questions we employed enzyme assays under anaerobic
conditions followed by detection and quantitation via LC-MS. We were able to detect the
disappearance of cysteine over time and correlate that with the formation of 5’-dAdo.
Additionally we were able to investigate the effects of the scaffold protein HydF on

HydE kinetics. Our research shows that the presence of HydF decreases levels of
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nonproductive 5’-dAdo formation significantly, reducing it to background levels.
Moreover, the data shows that the presence of HydF in HydE assays causes an increased
disappearance in cysteine over time. Assays performed with different labeled versions of
cysteine subsequently identified that HydE abstracts the deuterium label from the 3
carbon position, which we were able to detect via incorporation into 5’-dAdo. This in
turn indicates that during catalysis, 5’-dAdose is able to abstract an H atom from the 3
carbon of cysteine; these results provide a significant first step towards identifying the
mechanism of cysteine degradation and product formation by HydE.

The final line of investigation was to probe the mechanism of tyrosine cleavage by
HydG. Work in our laboratory and that of others demonstrated that HydG catalyzes the
degradation of tyrosine into p-cresol, CO and CN'(/51, 152). However, the mechanism
of action, specifically which H atom from tyrosine is abstracted during catalysis was
unknown. By employing tyrosine molecules differentially labeled with deuterium in
HydG activity assays, we were able to identify the phenolic H atom as the site of
abstraction by 5°-dAdoe through LC-MS techniques. This was demonstrated by detection

of the D label in 5’-dAdo as reflected in a change in m/z.
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CHAPTER 2

SOLUTION PHASE DYANAMICS OF THE DNA REPAIR ENZYME SPORE

PHOTOPRODUCT LYASE AS PROBED BY H/D EXCHANGE

Shourjo Ghose, Jonathan K. Hilmer, Kaitlin Duschene, Brian Bothner, and Joan B.
Broderick*

Department of Chemistry and Biochemistry, Montana State University, Bozeman, MT
59717

Abstract

Spore photoproduct lyase (SPL) catalyzes the direct reversal of spore photoproduct (SP),
the major UV-induced DNA lesion in spore-forming organisms, in a reaction that utilizes
S-adenosylmethionine (SAM) as a cofactor. We have utilized H/D exchange under
anaerobic conditions to explore the conformational changes in SPL brought about upon
binding of SAM, undamaged oligonucleotide, and the minimal substrate SR -SPTpT
dinucleotide. The results show that in the presence of SAM, binding of the SR -SPTpT
dinucleotide results in a significant reduction in H/D exchange, indicating a shift of 20
amide protons from a rapidly-exchangable state to a fully-protected conformation.
Although the oligonucleotide is larger than the SR —SPTpT, its binding induced fewer
shifts in the H/D exchange population, with 10 protons protected relative to enzyme
alone. In the absence of SAM, neither the oligonucleotide nor the dinucleotide ligand
produced a significant perturbation in H/D exchange, indicating SAM is a requisite
binding partner. Performing the same experiments in aerobic conditions reduced the
magnitude of ligand-induced structural changes, confirming the importance of the
oxygen-sensitive iron-sulfur cluster for SAM and substrate binding.

Introduction

Bacterial spores exhibit remarkable resistance to various environmental stressors,
including wet and dry heat, variations in temperature, and UV radiation [1]. The UV
resistance of bacterial spores can be attributed to the unusual photochemistry of spore

DNA, coupled with the efficient repair of accumulated damage. On exposure of spores
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to UV radiation, a unique methylene bridged thymine dimer, 5-thyminyl-5,6-
dihydrothymine (spore photoproduct or SP) accumulates as the main photoproduct [2-4].
However, this accumulated photo-damage is rapidly repaired upon spore germination,
thereby giving rise to the unusual UV resistance of the bacterial spore [1, 5]. The repair
of SP is catalyzed by a specialized enzyme, spore photoproduct lyase (SPL), and
involves the direct reversal of SP into two thymines in a light-independent reaction

(Scheme 1).
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Scheme 1: Repair of SP by SP lyase using a radical mediated mechanism. SP lyase is a
radical SAM enzyme that repairs the spore specific DNA damage SP. The enzyme

utilizes a site differentiated [4Fe-4S] cluster bound to a SAM molecule, which it cleaves
to initiate repair.

SPL is a member of the radical S-adenosylmethionine (AdoMet) protein superfamily:
this large superfamily includes enzymes that play critical roles in metabolism, and they
are found in all kingdoms of life. Radical AdoMet enzymes are involved in cofactor
biosynthesis, including biotin [6, 7] [8], the lipoyl cofactor [9-11], the molybdopterin
cofactor [12, 13], and the complex metal clusters at the active sites of nitrogenase [14]

and hydrogenase [15-17]. Members of this superfamily also generate protein radicals
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required for anaerobic glycolysis and anaerobic ribonucleotide reduction [18] and
catalyze important modifications of the translational machinery [19, 20].

Radical AdoMet enzymes have in common the utilization of a site-differentiated [4Fe-
4S]" cluster (most commonly coordinated by a CX3;CX,C motif) to reductively cleave
AdoMet to generate a 5’-deoxyadenosyl radical intermediate, which subsequently
abstracts a hydrogen atom from substrate to initiate catalysis [18, 21-23]. A radical
mechanism for repair of SP by SPL first suggested by Mehl and Begley in 1999 [24] has
received considerable experimental and computational support in recent years [25-27]. It
is generally accepted from these studies that SPL, like lysine 2,3-aminomutase (LAM)
but unlike most characterized radical AdoMet enzymes, utilizes AdoMet as a cofactor
rather than a substrate and AdoMet is not consumed during SP repair[26].

Compared to the kinetics and cofactor involvement, the structural details of SPL/DNA
binding and damage recognition is less well understood.. DNasel footprinting has been
used to demonstrate that SPL can bind to DNA containing an SP lesion and protect it
from digestion [28]. It has been suggested that SPL recognizes the SP lesion in a
sequence-independent manner, as a result of helical distortion of the phosphodiester
backbone, and that additional distortion induced by SPL binding helps to initiate repair
[28]. Such a model is consistent with the binding mechanisms of a multitude of DNA
binding proteins such as Uvr(A)BC exonuclease [29], DNA photolyase [30, 31], and
phage T4 endonuclease V[32]. Studies using stereochemically-defined synthetic SP
substrates have demonstrated that SPL repairs only the SR(5’=>3’)SP, with the presence

of a phosphodiester linkage in SP enhancing the rate of repair [33-35]. These results
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suggest that SPL has an active site that is capable of productive binding of only a single,
well-defined diastereomer of SP. A recently published crystal structure of SPL bound to
the SR-SP di-nucleoside and SAM [36] reveals a characteristic o¢f¢ partial triose-
phosphate isomerase (TIM) barrel consisting of a laterally open active site that could
accommodate a large substrate. It was proposed that SPL has a mechanism of binding
similar to other DNA-binding enzymes such DNA endonuclease and probably employed
a base-flipping mechanism to bind and initiate repair of SP [36, 37]Despite the insights
provided by this crystal structure, many outstanding questions remain unanswered:
among these are the role of the catalytic 4Fe-4S cluster in substrate recognition and
binding, the possible role of SAM in ordering the enzyme active site prior to SP binding,
and the local and global structural changes brought about by cofactor and substrate
binding in a non-restricted aqueous environment.

In order to obtain more insight into the role of protein dynamics in the binding and
recognition of DNA damage by SPL in solution, we have carried out hydrogen-deuterium
(H/D) exchange) reactions with mass spectrometry detection. The basic mechanism of
HDX involves an abstraction of an amide proton by OH/D- followed by its replacement
by an deuterium from the abstracting solvent, as described in the general Linderstrom-
Lang scheme [40]. In this scheme, it is a prerequisite for exchange that the amide proton
be available for exchange: exchange can be inhibited due to proton participation in
hydrogen bonds, especially in the case of bonds within secondary structural elements[38,
39] These inhibitory bonds can be found in the core of a protein, but they are not

specifically restricted to that region: model studies have found amide protons with slow
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exchange rate despite close proximity to solvent. In these cases, strong hydrogen
bonding was shown to be sufficient to inhibit HDX[38-40]

The net sum of hydrogen bonding and similar effects is to reduce the observed H/D
exchange rate, compared to the rate observed for hypothetical unstructured or random
coil conformations. In this way, HDX can be a sensitive, specific, and relevant probe for
structural conformations of proteins in solution: if an experimental treatment reduces the
exchange rate for a number of protons relative to the control, it can be inferred that the
experimental conditions may have resulted in an increase in hydrogen bonding. When
coupled with mass spectrometry (HDX-MS), this approach does not require large
quantities or high concentrations of protein, and experiments can be conducted very
rapidly[41, 42]. The additional challenges of working with oxygen-sensitive proteins
such as SPL can also be addressed with mass spectrometry: the rapid rate of analysis
minimizes potential for oxidation, and the small sample sizes and automated HPLC
equipment both aid in the practical concerns of maintaining an anaerobic environment.
Our primary objective in this endeavor is to investigate the total changes brought about
by ligand and/or cofactor binding to SPL, with constraints of biologically relevant
conditions in solution In addition to collecting novel data on the SP/ligand system, our
experiments also demonstrate the validity and utility of the HDX-MS approach for
difficult real-world protein studies, where traditional approaches (X-ray crystallography,
nuclear magnetic resonance) are unavailable and/or unviable. Moreover, we propose here

that our system does indeed possess the sensitivity to differentiate between isomers of
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small molecule substrates and therefore can be employed as a general screening
mechanism for potential ligands in other protein systems.

In order to achieve a thorough characterization of potential conformational changes
brought about by cofactor/ substrate binding, we decided to utilize the physiologically
relevant pure synthetic SR-SPTpT dinucleotide. This stereochemically defined substrate
analog has been shown to act as an excellent mimic for SP in previous studies done by
the Broderick group and is shown to be repaired by SPL with a specific activity of 7.1 £
0.6 nmol min'mg'[42]. In all cases, our experiments were also repeated with di-
nucleoside analog (SR-SP) of the aforementioned small molecule, to obtain a qualitative
measure of global conformational change induced by ligand binding.

Our results provide evidence for a conformational change of SPL upon binding
AdoMet, and this conformational change is enhanced upon binding substrate. Further,
we demonstrate that AdoMet binding is an requisite precursor to substrate binding,
indicating that an AdoMet-induced conformational change enhances the binding affinity

for substrate.

Materials and Methods

Protein Expression and Purification

The N-terminal hexa-histidine tagged SP lyase from Clostridium acetobutylicum (C.a)
was expressed using Escherichia coli Tuner(DE3)pLysS cells transformed with a pET14b
expression vector containing the sp/B gene. The resulting protein was grown in minimal
media and purified anaerobically by Ni-HisTrap chromatography and FPLC as previously

described [43, 44]. The protein was anerobically dialyzed in 20 mM sodium phosphate,
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350 mM NaCl, 5% glycerol, pH 7.5. The protein was then concentrated using an Amicon
concentrator fitted with an YM-10 membrane to a final concentration of ~650 uM. All
protein samples used in assays were prepared in the MBRAUN box (O, < 1 ppm) unless
mentioned otherwise. The protein and iron concentration were determined by methods

previously described [45, 46]. SAM was synthesized as previously described [47].

Preparation of Enzyme/Ligand Mixtures

A 6-mer oligoneucleotide (5’-GCAAGT-3" and complement 5’-ACTTGC-3") were
obtained from Integrated DNA Technologies (Coralville, IA). Equimolar amounts of
each strand were mixed in water and then annealed by heating to boiling, followed by
removal of the heat source and slow cooling of the water temperature to 25°C. Proteins
were prepared in advance in a buffer consisting of 40mM sodium phosphate, 350mM
NaCl, 5% glycerol, pH 7.5 under appropriate anaerobic conditions. Protein solutions
were diluted to an identical concentration for all assays, and identical aliquots (10 uL)
were split for each pair of control/reaction experiments. A ligand solution or control
buffer was added to each of the half of the matched control/experimental protein samples.
The ligand solutions consisted of the following: 6mer oligo, synthetic SR-SPTpT, SR-SP
[43, 44], and SAM. All anaerobic assays were conducted the with buffer and/or D,O
preveosly degassed on the schlenk line. The degassed buffer and/or D20 was brought
into the MBRAUN glove box and the assays prepared as mentioned above. All aerobic
samples were handled in an identical fashion as their anaerobic counterpart with the
exception of the degassing step and were thereafter prepared on benchtop. The

preparation of all enzyme/ligand mixtures was conducted identically, with matched
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timing for solution preparation steps and for the delay (10min) between preparation and

subsequent H/D exchange reactions.

H/D Exchange Reactions

The 10 pL aliquots of protein/ligand solutions were transferred to autosampler vials
and sealed: the capped tubes were then covered with teflon tape to minimize O,
contamination. Two Hamilton gas tight syringes were filled with 40 uL of anaerobic
D,0O-containing buffer (20 mM sodium phosphate, 350 mM NaCl, 5% glycerol, pD 7.9)
and their tips covered with Teflon tape. The D,O and sample were then mixed by
puncturing the septum of the MS vial and manually mixed with the Hamilton syringe.
Following mixing, the vial was placed into the HPLC autosampler and the automated
sampling series was begun immediately: the interval between samples was 2 min. The
autosampler was not within an anaerobic environment, but the anaerobic reactions
remained sealed in the autosampler vials for the duration of the reactions (30 min).
Injection of the sample into the HPLC system provided the quenching step, as described

below.

LC-ESI/MS with MicrOTOF Mass Spectrometer

The HPLC system was composed of an Agilent 1100 HPLC with binary pump,
temperature-controlled autosampler and column compartment, and a C4 reverse phase
column (8x1 mm, Microchrom Biosciences). Solvents consisted of HO with 0.1% (v/v)
formic acid in channel “A” and acetonitrile with 0.1% formic acid in channel “B”. The
autosampler and reactions were held at 25°C, and the column compartment was

maintained at 4°C to maximize reproducibility. Prior to sample injection, the C4 column
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was equilibrated with 20% “B” at 0.6 mL/min: this flow rate was maintained throughout
the run. Concurrent with sample injection (t = 0.01 min), the solvent composition was
changed via the binary pump to 100% “B”: the residual water in the system and column
were sufficient to slightly delay the elution of the protein from the flow-through. The
protein elution peak was centered at approximately 0.4 minutes. Following protein
elution, at 1.21 min the solvent composition was changed back to 20% B for column re-
equilibration. The mass spectra were obtained on a Bruker micrOTOF Mass
Spectrometer equipped with an ESI source. The capillary exit voltage was 120V and gas
temperature was 200°C. All data were recorded in positive mode between 300 and 3000
m/z in profile mode. The hardware summation time was 1 second with no rolling
averaging.

Quenching of the H/D exchange reaction was a consequence of sample injection into
the HPLC system. A flow rate of 600 uL/min carried the sample from the autosampler
(maintained at 25 °C) to the column compartment and reverse-phase column (maintained
at 4 °C) in less than 2 seconds. Although this temperature produces more back-exchange
compared to 0 °C, it is more stable. The solvents also provide quenching due to the low
pH and reduced water composition of the loading solvent: 80/20 H2O/acetonitrile with
0.1% (v/v) formic acid. A control reaction was run immediately following each
experimental reaction to account for hidden variation in the instrumentation, and
replicates of control/experiment reaction pairs were conducted on separate days to ensure

unbiased results.
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Analysis of H/D Exchange Data

With the described chromatographic system, the protein eluted at 0.4 min during the 2
min run. The resulting mass spectra were then averaged and processed using the Data
Analysis 4.0 software suite supplied by Bruker Daltonics. The Maximum Entropy
routine was used for charge-state deconvolution of the raw data, which were then
exported into text files: these steps were automated via scripts to ensure reproducibility.
The deconvoluted spectra were processed using Python and Scipy scripts, a reference
spectrum of a 0% D,0 sample was used to calculate the cross-correlation with the
experimental spectra for the true HDX reactions. The cross-correlation function
produced a symmetric peak centered at the deuterium uptake of the experimental sample,
describing the shift between reference and experimental peaks. These calculations were
manually verified against the more common centroid peak assignment method, but the
use of cross-correlation was less sensitive to bias, permitted the use of noisier spectra,
and permitted a fully-automated processing workflow. The shape and symmetry of the
cross-correlation shift plot also provided quality control for deviations in peak shapes
between the reference and experimental spectra: none were observed. A minimum of
three trials were conducted for each experiment. Although a control protein reaction was
run with every experimental reaction, the H/D exchange rates of this control reaction
were not used to apply any correction factors: all experimental replicates are unique and
unmodified, and they were collected non-sequentially with delay intervals (up to days) to

ensure they were independent measurements. The data thus obtained were plotted using
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Origin 8.0 (MicroCal, MA). The standard deviation was reported as the variation in

deuterium uptake between the independent trials at each time point.

Results

H/D Exchange into SPL Alone

The enzyme in non-deuterated buffer (Fig 2) has a mass of 41118.0 Da. On
dilution with D0, a rapid initial uptake of deuterons is observed as indicated by a
mass increase of 186 Da within the first five minutes. The rate of deuteron uptake
slows in subsequent injections, reaching a plateau at approximately 30 min with
an average mass increase of 228.8 (+ 2.2 Da), indicating significant exposure of

solvent-exchangeable protons in SPL alone.

Figure 2: Change in mass of SPL upon dilution into D,O buffer. Data was collected
over 30minutes at 5 minute intervals. The mass of the non deuterated SPL is 41118.0
kDa. The shift of the mass peak is indicative of the mass increase of the enzyme on
deuteration. The initial deuterium uptake is significant as indicated by the discernible
shift in the spectra. The uptake slows down significantly over time. The spectral feature
at 41300 m/z is most likely a species of the intact protein with an oxidized methionine,
most likely the thiol group with a sulfone adduct.
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The mass change due to deuteron uptake for SPL, in absence of cofactor/ligands, was the
same regardless of whether the exchange was carried out under aerobic or anaerobic
conditions (data not shown). Experiments were terminated after 30 minutes for three
primary reasons: the short length of time ensures that the anaerobic experiments have
experienced minimal O, contamination, SPL degradation such as oxidation or [4Fe-4S]
cluster loss is avoided, and the rate of H/D exchange is slowed to insignificant levels by
that time. Collection of additional data of experimental relevance would require hours or

days, and it is not possible to maintain the enzyme system for that length of time.

Effect of SAM on H/D Exchange

In the presence of SAM, dilution of SPL into D,0 also resulted in effectively full
exchange within 30 minutes: this pattern repeated in all experimental trials. However,
the magnitude of the mass increase in the presence of SAM is smaller than that observed
in its absence, indicating that some of the exchangeable protons on SPL transitioned to an
effectively inexchangable conformation upon SAM binding. The average difference in
uptake at 30 min between the SPL alone and the aerobic SPL+SAM samples was 6.3 +
0.6, indicating that the binding of SAM protects approximately 6 protons from H/D
exchange (Table 1, Fig 3A). SAM binding to radical SAM enzymes is known to involve
the [4Fe-4S] cluster, which is generally oxygen sensitive, suggesting the possibility that

anaerobic conditions would affect SAM binding and thus H/D exchange.
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Figure 3: The influence of the effector molecules on SPL as depicted by the comparative
difference in deuterium uptake over 30mins. Panel A, B depict the average difference in
deuterium uptake with SAM and SAM+5RSPTpT respectively. In the both these cases
the experiments were repeated under aerobic and anaerobic conditions. Panel C depicts
the difference in deuterium uptake by SPL in the presence of SAM+5RSPTpT and
SAM+5RSP, both under anaerobic conditions. Panel D is an overall comparison of the
differential deuterium uptake as a function of different conditions and affecter molecules.
In all cases the average difference in mass (AM (Da) is calculated by subtracting the
average mass of D labeled SPL with the effector molecule at 30min from the average
mass of D labeled SPL only at 30min.The data is indicative of significant difference in
deuterium uptake between the aerobic and anaerobic trials of the same effector molecule.
The most significant difference in uptake is observed when the enzyme is bound to SAM
and 5R-SPTpT concomitantly. The standard error was reported as the difference in
deuterium uptake between the trials at each injection point.

H/D exchange was therefore also carried out on anaerobic SPL + SAM samples, resulting
in a further decrease in deuteron uptake, with a difference in mass change of 13.0+ 0.4

relative to SPL alone (Table 1, Fig 3A).
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Effect of Substrate on H/D Exchange

In the absence of SAM, the presence of a minimal substrate, dinucleotide SR-SPTpT,
provided only minimal perturbation of the H/D exchange of SPL, decreasing the mass
change by 1.1 £ 0.5 Da (Table 1). A short 6-mer oligonucleotide provided a similar
slight perturbation, with a decrease in mass change of 2.6 £ 1.3 Da (Table 1). In the
presence of both SAM and the 6-mer oligonucleotide (5’-GCAAGT-3"), the deuterium
uptake was comparable to the samples containing only SPL and SAM, with a decrease in
deuterium uptake of 6.9 + 3.4 Da under aerobic conditions, and 10.4 £ 0.8 under
anaerobic conditions (Table 1).

Interestingly, a significant decrease in exchangeable sites is observed in SPL samples
containing both SAM and the synthetic SP dinucleotide SR-SPTpT (Fig 4). Compared to
the samples with SPL alone, those samples containing SPL + SAM + 5R-SPTpT showed
a decrease in deuteron uptake of 12.0 + 1.2 Da under aerobic conditions, and 20.4 + 1.4
Da under anaerobic conditions; these numbers are nearly double those observed for SPL
in the presence of SAM alone (Table 1,Fig 3B). Given the small size of SAM, and the
small size of the SR-SPTpT dinucleotide substrate, we can conclude that the change in
deuteron uptake reflects a reordering of H-bonding arrangement brought about by a
dynamic perturbation in the enzyme, rather than simply steric blocking of exchangeable
sites by SAM and substrate binding. The crystal structure of SPL was solved recently,
utilizing the SR-SP dinucleoside and SAM as minimal substrates [36]. Therefore, we
decided to conduct H/D exchange experiments using identical ligands and probe the

effects of the phosphodiester linkage on deuterium uptake.
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Sample Difference in AM
(Da)

(AMSPL B A1v[sample )

SPL only (control) N/A

SPLA45R-SPTpT 1.1+£0.5

SPL+6mer Oligo 26+£13

SPL+SAM (Aerobic) 6.3+0.6

SPL+SAM (Anaerobic) 13.0+0.4

SPL+SAM-+6mer oligo 6.9+34

(Aerobic)

SPL+SAM+6mer oligo 10.4+£ 0.8

(Anaerobic)

SPL+SAM+5R-SPTpT 12.0£1.2

(Aerobic)

SPL+SAM+5R-SP 17.0£1.5

(Anaerobic)

SPL+SAM+5R-SPTpT 20414

(Anaerobic)

Table 1: Mass changes in SPL as a result of H/D exchange upon diluting in D,0. H/D

exchange was probed in SPL alone as a control, and then experiments were carried out in
the presence of SAM, synthetic dinucleotide spore photoproduct (SR-SPTpT), synthetic
dinucleoside spore photoproduct (SR-SP) a 6-mer oligo, or combinations of these as
indicated. The difference in mass (AM (Da)) is calculated by subtracting the mass of D
labeled SPL with the effector molecule at 30min from the mass of D labeled SPL only at
30min.The first column of data shows the mass change of the SPL in each sample as
measured 30 min after dilution in D,O. The second column of data shows the average

difference in mass change at 30 min between SPL alone and SPL bound to SAM and/or
SP and/or oligo.
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Under anaerobic conditions, the samples containing the dinucleoside substrate and SAM
showed a small increase in the number of exchangeable sites as compared to the
dinucleotide counterpart. This is reflected in an uptake of 17.0+1.5 Da in dinucleoside
samples, which is about 3.4 Da less that the dinucleotide counterpart (Table 1 Fig 3 C).
Experiments with SR-dinucleoside was not conducted as the mass differences observed
with its dinucleotide counterpart was negligible. SPL displays initial, rapid deuterium
uptake in the first few minutes after mixing with D,O, buffer followed by an approach to
a limiting value. This behavior is consistent throughout all the experiments irrespective
of ligand binding, and all experiments demonstrate completion exchange within the
timescale of our experiments: calculations indicate that there should be remaining un-
exchanged protons, but they are exchanging a rate which is so dramatically slowed that
they are effectively static and silent compared to our observed exchanging protons. and
dynamic changes in SPL upon binding to undamaged DNA and a dinucleotide SR-SPTpT
and 5R-SP dinucleoside substrate

Experiments conducted over longer periods (60 min, data not shown), confirmed this

behavior. This is a critical observation because it rules out one mechanism of H/D

exchange for SPL: global protein exposure (‘“unfolding”).
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Fig 4. Deuterium uptake of SPL (250uM) with and without [SAM (27mM) + SPTpT
(375mM)] in the absence of oxygen. The initial uptake of deuterons was around 151.9 +
1.0 Da for the bound (M) sample and 180.9 + 2.6 Da for the unbound (#). Uptake
slowed down after the seventh injection with the maximum uptake being at 215.6 + 4.7
Da for the bound and 235.2 + 2.3 Da for the unbound

Discussion

Here we have used H/D exchange as a probe to explore the solution phase
conformational Global protein exposure is a mechanism that must be examined carefully,
since it has the potential to produce misleading results in H/D exchange experiments in
the context of ligand binding[48]. If a protein exchanges primarily through a non ligand-
bound state, despite the presence of high concentration of ligand , resulting HDX
measurements will be a metric of protein/ligand affinity instead of protein structure[48].
Our results exclude this possibility due to the different magnitudes of “unexchangable”
protons: The populations of exchangeable protons would be the same (and small) in
global unfolding, so their existence in SPL confirms the presence of limited allosterics

upon ligand binding. It should be noted that these allosterics are specifically those
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motions and bonds relevant to H/D exchange experiments: large-scale motions which
preserve the network of hydrogen bonding may occur but fail to produce substantial
differences in the H/D exchange results. The shift of a subset of protons from highly
accessible to highly inaccessible states is also consistent with the crystal structure of SPL:
SPL has been shown to have a remarkably open conformation, consistent with an enzyme
evolved to accommodate a large substrate, DNA in this case (Figure 5 Panel A)[36]. Nor
is this structural characteristic uncommon among radical SAM enzymes as evidenced by

the structure of PFL-AE[23].

Figure 5: The figure represents the crystal structure of SPL only with the 3 hairpin
highlighted in yellow. The Fe-S cluster resides on the 8 residue loop and is proposed to
induce stabilization in that region. The structure depicts a wide lateral opening common
in enzymes evolved to fit large substrates such as a double stranded DNA

Based on the structure of SPL, we propose that likely candidates for the rapid H/D
exchange include the long B hairpin located between strand 5 and a6 [36]. This hairpin

motif has been shown to project out of the core domain and its conformation remains
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unchanged when SPL is free of substrate (Fig 5) [36]. Other likely candidates for rapid
deuterium uptake include the loop regions near the active site of the SPL, including the 8
residue loop region binding the [4Fe-4S] cluster (Fig 5). All these regions would be
amenable to exchange reactions in the absence of SAM and substrate due to the wide
lateral opening of the SPL TIM barrel. Our data show that in the absence of SAM,
addition of DNA oligonucleotide or the synthetic substrate SR-SPTpT results in little
alteration in deuterium uptake (Table 1). These results suggest either that SPL has low
affinity for substrate or DNA in the absence of SAM, or that only minimal
conformational changes occur upon binding DNA or substrate in the absence of SAM.
Upon addition of SAM alone, however, the protein undergoes a significant structural
change, as reflected by the difference in maximal uptake of deuterium between the bound
and unbound forms (Figure 3A). Although this change occurs under aerobic conditions
(where the [4Fe-4S] cluster is not intact), it is more pronounced under anaerobic
conditions (Figure 3A). We believe that this is most likely due to an alteration in the H-
bonding partners of the specific amino acids that are involved in the stabilization of SAM
in the active site[36]. Computational simulations of the H/D exchange model in the
presence of ligand[48] support this conclusion, with minimal AG° between the exposed
conformations in the presence or absence of ligand. This state implies that the transition
to a H/D exchangeable conformation is tightly coupled with loss of ligand: the ligand-
bound state is highly protected from deuterium exchange, but that protection is restricted

to a small number of amino acids. This conclusion is consistent with kinetic
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characterization of SPL with similar ratios of synthetic substrate, which have indicated
the presence of predominant levels of ES steady-state complexes [36, 43, 44, 49].

We believe that the differential deuterium uptake pattern can be correlated to the
ability of SAM, to cause significant structural perturbations regardless of the integrity of
the iron-sulfur cluster. This is consistent with the observation that SAM binds SPL by a
variety of interactions such as hydrogen bonding, hydrophobic interactions and salt
bridges [36]. The amino group of the methionyl moiety of SAM interacts with Ser142
and Asp143 and the carboxylate moiety interacts with Lys174 and Ser195, while the
adenine and ribosegroups are held in place via hydrogen bonding interactions with Tyr96,
Tyr98, Ala234 and Ala273 [36]. It is likely that these interactions and the associated
conformational changes upon SAM binding contribute to the substantially decreased
levels of deuterium exchange in the presence of SAM. The increase in H/D exchange
protection under anaerobic conditions can be ascribed to the presence of a [4Fe-4S]
cluster in the anaerobic enzyme that increases SPL stability and also coordinates the
bound SAM. The Broderick lab has painstakingly developed exquisite techniques of
anaerobic protein purification that allows for the survival of the intact [4Fe-4S] cluster
through the purification process, precluding the need for chemical reconstitution [25, 44].
Our results from the as-purified enzyme with its native [4Fe-4S] cluster suggest that upon
SAM binding, the active site undergoes a transition to a more ordered state, as reflected
in the significant increase in H/D protection from the SPL only (ligand-free) to the
anaerobic and aerobic trials of SPL bound to SAM. We ascribe this increase in protection

to the binding pocket and not to an allosteric affect distant from the binding site, based
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upon the ligand-bound crystal structure of SPL (see below) and the lack of signature H/D
trends resulting from allosteric interactions or global exposure. On the addition of the
6mer oligonucleotide to SPL in the presence of SAM (aerobic), the deuterium uptake is
very similar to that of SPL + SAM, indicating that the principal conformational change is
induced by SAM binding, and the contribution of the 6mer is relatively minor. However,
the effect of the dinucleotide substrate SR-SPTpT plus SAM on SPL H/D exchange is
significantly greater than that of SAM alone (Figure 3D). The results suggest that SR-
SPTpT binding induces significant conformational changes in the active site of SPL, as
compared to SAM or SR-SPTpT binding alone. In order to probe the effects of the
phosphodiester linker of SR-SPTpT on binding, we decided to conduct H/D exchange
experiments with the SR-SP dinucleoside substrate. The SR-SP has been previously
characterized through kinetic assays to be a relatively poor substrate for SPL. [43]. It is
believed that SPL, like other DNA repair enzymes [50], utilize the damage-induced
deformation on the DNA backbone to recognize and bind the spore photoproduct [51].
Moreover the lack of the backbone most likely leads to significant freedom around the
methylene bridge of SP dinucleoside, thereby preventing the molecule from adopting the
correct orientation for efficient catalysis. The role of the linker in binding has been well
established in other DNA repair enzymes, bound to lesions containing either a phosphate
bridge or a formacetal linker [52, 53]. In all cases a conserved arginine residue has been
shown to interact directly with the linker to correctly orient the substrate in the active
site.[52, 54]. Although the crystal structure of SPL was solved with a dinucleoside

substrate, the presence Lys309 and Arg273 in regions associated with the linker is
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suggestive of their interaction with the phosphodiester backbone[36, 55]. We believe that
our difference in uptake of 3.4 Da between the SR-SPTpT and 5R-SP substrates is largely
due to the interactions of these two amino acids with the phosphodiester backbone of the
dinucleotide SP. The structure of SPL bound to the dinucleoside SP lesion also
implicates Tyr98, in close vicinity to the substrate, which undergoes a ~45° rotation to
accommodate the lesion, as well as Thr101 and Lys106 which undergo conformational
changes. In addition, it is also reported that the B hairpin, which experiences a
conformational change of 2A on lesion binding, might also be involved in base flipping
interactions commonly observed in DNA repair enzymes such as DNA photolyases [53,
56]. Our results suggest H/D exchange protection is highly localized and lacks large-scale
allosteric or global characteristics. Combined with the existing structural data on SPL
and other radical SAM enzymes, is is reasonable to conclude that these highly localized
effects can be assigned to the active site, and are involved in substrate recognition and
binding. Such localized structural changes have been commonly observed other DNA
repair enzymes such as (6-4) photolyase and CPD photolyases, where the damaged
regions are stabilized in the active site through hydrogen bonding [52, 54]. We believe
that a similar sequence of events follows on SPL binding to its substrate, where the
binding event breaks the existing H-bonding interactions in the active site, leading to a
new H-bonding network and stabilizing the lesion pair. Comparison between reactions
conducted anaerobically vs aerobically shows an additional protection of protons (Fig
3D). This again points to the relevance of the [4Fe-4S] cluster in enhancing protein

stability and maintaining the correct conformation for SAM and ligand binding.
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Summary and Conclusions

The data presented herein demonstrates that the number of exchangeable protons on
SPL decreases by 20 upon binding SAM and the minimal substrate SR-SPTpT. The sum
of existing structural data and our H/D exchange measurements supports assignment of
these protected region ( due to H bonding or lack of solvent exposure) to the active site,
and not to allosteric effects. Our results suggest that binding of SAM and 5R-SPTpT
effectively seals off the active site, thus protecting a large number of protons which can
be rapidly exchanged in the ligand-free state. The presence of the [4Fe-4S] cluster is also
important for this interaction, as performing the experiment under aerobic conditions
(with associated loss of the cluster) results in decreased protection from H/D exchange.
It is interesting to note that even binding of SAM alone results in protection of thirteen
exchangeable sites under anaerobic conditions, while binding of substrate alone offers
insignificant protection from H/D exchange. Conformational changes associated with
cofactor and/or substrate binding have been implicated in other radical SAM enzymes
[57-59], and may serve to provide a solvent inaccessible and protected active site to

safely catalyze radical reactions.
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CHAPTER 3

IDENTIFICATION AND QUANTITATION OF A PUTATIVE SUBSTRATE FOR
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Abstract

The assembly and biosynthesis of the H-cluster in [FeFe]-hydrogenase requires the
action of 3 accessory enzymes HydE. HydG and HydF. Herein we have identified the
putative substrate for HydE , cysteine, via high performance liquid chromatography and
mass spectrometry. We have also demonstrated that HydE could be potentially utilizing
HydF as a co-substrate thereby reinforcing the role HydF in the H-cluster maturation as
that of a scaffold. We have also shown preliminary evidence that the role of SAM in
HydE catalysis could be that of a co-factor instead of a co-substrate.

Introduction

Hydrogenases utilize organometallic metal clusters at their active sites to catalyze the
reversible reduction of protons to H,. The cluster at the active site of the [FeFe]-
hydrogenase is called the H-cluster, and is composed of a [4Fe-4S] cubane connected via
a bridging cysteine thiolate to a 2Fe subcluster that is further coordinated by carbon
monoxide and cyanide ligands, as well as a bridging dithiolate (Figure 1) (/, 2). Itis at
this 2Fe subcluster, stabilized in lower oxidation states by the m-acid ligands, that protons
are thought to bind and be reduced. The H-cluster is unique to the [FeFe] hydrogenases,

although the presence of CO and CN ligands is a feature common to other hydrogenases,
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including the [NiFe] hydrogenase. Structural, spectroscopic, and computational studies
have revealed important structural and electronic parameters in catalysis, and have both
spurred and been informed by elegant chemical synthetic approaches directed towards

functional mimics of the [FeFe]-hydrogenase (3).

Figure 1. The H-cluster of [FeFe]-hydrogenase. The [4Fe-4S] cubane is connected
via a single bridging cysteine to a 2 Fe subcluster. The 2Fe subscluster contains
biologically rare ligands in the form of 3 CO and 2CN ligands. The site of H,
catalysis is proposed to be the distal Fe on the 2Fe subcluster.

Details of the synthesis and assembly of this unusual organometallic H-cluster in the
[FeFe] hydrogenases have begun to emerge in recent years. Assembly of the H-cluster
requires three hydrogenase maturation proteins HydE, HydF, and HydG (4). HydE and
HydG are radical S-adenosylmethionine (SAM) enzymes, while HydF is a GTPase (4, 5).
Radical SAM enzymes are characterized by the presence of a site-differentiated [4Fe-4S]
cluster coordinated by three cysteines in a conserved motif (generally CxxxCxxC), with
SAM coordinating the unique fourth iron. These enzymes catalyze biological radical
reactions initiated by reductive cleavage of SAM to generate a 5’-deoxyadenosyl (dAdo)

radical intermediate (6-8). The dAdo radical abstracts a hydrogen atom from a substrate
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to initiate one of the diverse chemical reactions characterized by this enzyme
superfamily, such as sulfur insertion, generation of protein based glycyl radicals, heme
biosynthesis, and DNA repair (8-10). Recent reports have provided insight into the
possible roles of each of the maturation proteins and a theoretical pathway for cluster
assembly. Spectroscopic and structural characterization of HydA expressed in the

absence of the maturation proteins (Hyd A%t

) have demonstrated that the hydrogenase
protein contains the [4Fe-4S] subcluster of the H-cluster, but not the unique 2Fe
subcluster (/7-13) . The inference drawn from these results is that the [4Fe-4S]
subcluster can be synthesized by standard iron sulfur cluster assembly machinery (Isc or
Suf systems), while the 2Fe subcluster requires the dedicated maturation proteins (/4).
HydF has been demonstrated to act as a carrier or assembly scaffold for the 2Fe

subcluster, and to transfer this subcluster to HydAAEFG

in the final step of hydrogenase
maturation (/5, 16). The EPR spectrum of HydF expressed in the absence of HydE and
HydG (HydF“t%) exhibits signals indicative of [4Fe-4S]* and [2Fe-2S]" clusters, while
HydF expressed in a background of HydE and HydG (HydF"®) exhibits only the [4Fe-
4S]" cluster signal (/6). This observation coupled to the presence of CO and CN
vibrational bands on HydF™C, but lacking from HydF*F®, suggested a model in which
HydE and HydG modify a [2Fe-2S] cluster precursor on HydF to an EPR silent H-cluster
precursor (16, 17). Interestingly, a recent study utilizing a cell-free approach to probe H-
cluster biosynthesis concluded that the 2Fe subcluster, or a precursor thereof, is

synthesized on HydG; HydF was proposed to stabilize the cluster intermediate species

and act as a transferase in activating HydAAEFG. The role of HydE in this study was
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purported to be a facilitator in the cluster translocation process from HydF to HydA*FF¢
(18). Despite the different proposals regarding the nature of HydF’s role during H-cluster
maturation, biochemical studies have clearly shown that targeted and sequential protein-
protein binding interactions take place between HydE, HydG, and HydF (79, 20). The
role of GTP binding and hydrolysis by HydF is not well resolved, however it appears to

not be associated with the activation of HydA“**® by HydF*¢

(16). Until recently the
substrates required for the radical SAM enzymes involved in H-cluster biosynthesis were
unknown, although both tyrosine and cysteine were found to stimulate hydrogenase
activation in cell extracts (27/). Tyrosine was additionally shown to stimulate the
reductive cleavage of SAM by HydG, and p-cresol was identified as a product of tyrosine
cleavage (22). The central role of tyrosine in H-cluster biosynthesis was ultimately
revealed when CO and CN™ were shown to be products of HydG catalyzed tyrosine
degradation (23-25). Here we report the first evidence for a putative substrate for HydE.

We also show preliminary tantalizing evidence that HydE might be using SAM as a

cofactor instead of a co-substrate.

Experimental Procedures

Protein Expression, Purification, and Reconstitution

HydE was expressed in E. coli BL21(DE3) as described previously (/5). Single
colonies from streaked plates were used to inoculate 50 mL of phosphate buffered Luria-
Bertani (LB) medium, pH 7.5, containing ampicillin. These cultures were grown for 12-
15 hours at 37°C and 225 rpm in a thermostatted shaker and were used to inoculate 9-L

cultures of 50 mM phosphate buffered (pH 7.5) LB medium supplemented with 5 g/L
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NaCl, 5 g/L glucose. The 9 L cultures were grown in a thermostatted shaker at 37°C and
225 rpm until an optical density (ODgn) of 0.5 — 0.6 was reached. The cells were then
induced with 1 mM isopropyl thiogalactopyranoside (IPTG) and the medium was
supplemented with ferrous ammonium sulfate (FAS, 0.06 g/L). The cultures were grown
for an additional 2.5 — 3.0 hours prior to cooling to room temperature and addition
additional FAS (0.06 g/L). The cell cultures were then placed under nitrogen at 4°C for
an additional 15 hours. Cells were then harvested by centrifugation and immediately
flash frozen in liquid N, before being stored at -80°C until further use. Cell lysis and
purification of the proteins were accomplished anaerobically in a Coy anaerobic chamber
(Coy Laboratories, Grass Lake, MI). Cell pellets were resuspended in a lysis solution
containing 50 mM HEPES pH 7.4, 10 mM imidazole, 500 mM KCl, 5% glycerol, 20 mM
MgCl,, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-100, 0.2 mg/mL
lysozyme, 0.03 mg/mL DNAse and 0.03 mg/mL RNAse. Cells were incubated in the
lysis mixture for 1 hr on ice with gentle stirring at which time the mixture was
centrifuged for 30 min at 18000 rpm. The supernatant was loaded onto a 5 mL HisTrap
Ni**-affinity column or a gravity Ni** affinity column (GE Healthcare) that was pre-
equilibrated with Buffer A (50 mM HEPES pH 7.4, 500 mM KCl, 5% glycerol, 10 mM
imidazole) , The column was then washed with 10 column volumes of buffer A followed
by a step gradient of increasing imidazole in buffer B (50 mM HEPES pH 7.4, 500 mM
KCl, 5% glycerol, 500 mM imidazole). The eluting protein fractions were collected and
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and

those determined to be 95% or more pure were pooled. The pooled fractions were then
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dialyzed against 50 mM HEPES pH 7.4, 500 mM KCl, and 5% glycerol. The dialyzed
protein was then placed in O-ring sealed tubes, flash frozen, and stored at -80 °C until
further use. Protein concentrations were determined by the method of Bradford using a
kit sold by Bio-Rad and bovine serum albumin as a standard (26). Iron content was
determined using the method developed by Fish (27).

Purified HydE was chemically reconstituted under anaerobic conditions in a Coy
anaerobic chamber by addition of 5 mM DTT and a ~6-fold excess of FeCl; and Na,S, as
described previously (24). After incubation for 2-3 hours, the protein was centrifuged to
remove excess Fe and S and subsequently desalted and buffer exchanged over a G-25
Sephadex column (GE Healthcare) pre-equilibrated in 50 mM HEPES pH 7.4, 500 mM
KCl, and 5% glycerol. UV-Vis spectroscopy under anaerobic conditions was used to
confirm the iron-sulfur cluster content of the purified, reconstituted protein. The room
temperature spectra were taken with a dual beam Varian Cary 50 BIO UV-Vis or Cary
6000i UV-Vis-NIR spectrophotometer at a scan rate of 600 nm/minute. The
reconstituted protein was concentrated using a Minicon-B-15 concentrator (Millipore)
and then placed in O-ring sealed tubes, flash frozen in liquid N, and stored at -80 °C
until further use

EPR Sample Preparation
and Spectroscopic Analysis

Reconstituted HydE (3.4 + 0.1 Fe/protein, 154 uM final conc) was prepared for EPR
analysis in an anaerobic MBraun Box (<1 ppm O,). Oxidized samples were prepared by

addition of 5 mM potassium ferricyanide and were incubated for 20 minutes prior to flash
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freezing. Photoreduced samples were prepared by supplementing the as-reconstituted
protein with 50 mM Tris pH 7.4, 100 uM deazariboflavin, and 5 mM dithiothreitol
(DTT). Samples were then placed in an ice water bath and illuminated with a 300 W Xe
light for one hour. To directly compare the effects of SAM addition, two photoreduced
samples were prepared simultaneously and following the 1 hour photo-illumination
period, | mM SAM was added in the absence of light to one sample, and then both
samples were immediately flash frozen in liquid nitrogen.

Low temperature EPR analysis was performed using a Bruker EMX X-band
spectrometer equipped with a liquid helium cryostat and Oxford Instrument temperature
controller. Typical EPR parameters were: 9.37 GHz microwave frequency, 1.84 mW
microwave power, 12 K sample temperature, and 81.92 ms time constant. Accurate g-
value assignment and data simulations were carried out using the EasySpin software
program(28) and spin quantitation of samples was calculated by comparison to integrated
peak areas for a series of copper(Il)-triethanolamine standards (Origin 7.0, Microcal,
MA). To study temperature dependence of the iron sulfur cluster content, the EPR
spectrum of the photoreduced sample with added SAM was studied from 14 K up to 60 K
in 10 K increments. The saturation of the EPR signal of the same sample with
microwave power ranging from 18 uW to 36 mW was studied at 12 K. The experimental
data were then plotted by comparing the log(signal/square root power) vs. power as

described in reference (29).
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HvdE Screening Assays

Assays with and without potential substrates were carried out in parallel in an MBraun
anaerobic chamber maintained at <1 ppm O, . Reaction mixtures consisted of 25 uM
reconstituted HydE, 1 mM SAM, 2 mM dithionite, 50 mM HEPES, pH 7.4, 500 mM
KCl, and 5% glycerol. Potential substrates were present at 2 mM unless noted otherwise.
The assay mixtures were held at 37 °C in an IsoTemp block (Fisher Scientific)
throughout the course of the assay. Aliquots (50uL) were taken at various time points and
the reaction was quenched with 1 M HCI and the protein was removed by boiling for 10
min followed by centrifugation at 13000 rpm The components of the supernatant were
then separated over a Phenomenex Curosil PFP (5 um, 4.6 x 150 mm) analytical column
by high-performance liquid chromatography (HPLC). Prior to sample injection the
column was pre-equilibrated in 98% solvent A (0.1% acetic acid in water) and 2%
solvent B (0.1% acetic acid in acetonitrile) at a flow rate of 1 ml/min. Following sample
injection the mobile phase composition was held at 98% A/ for 7 minutes followed by a
linear gradient from 98% A to 40% A, from 7 minutes to 24 minutes. From 24 minutes to
27 minutes the composition was held at 40% A and was the changed back to 98% A for
re-equilibration. All HPLC runs were 35 minutes long and the column was held at 25 °C
throughout the course of the analysis. Eluting analytes were monitored via UV at 254 nm
and the amount of 5’-deoxyadenosine (Rt = 12 min) was quantitated by comparison to
peak integrations from standard samples (Origin 7.0, Microcal, MA). The rate of change

of the dAdo peak was deemed to be an indicator for change in HydE activity. Assays
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examining the potential for deoxyadenosine stimulation in the presence of cysteine by

PFL-AE and HydG were performed as described above.

LCMS HydE Activity Assays

Assays were carried out in the MBraun box (< 1 ppm O,) using buffers and reagents
that were freshly degassed on a Schlenk Line. Assays comprised 25 uM reconstituted
HydE, 2 mM dithionite, 50 mM HEPES, 0.5 M KCl, 5% glycerol, at pH 7.5 and 200 uM
L-cysteine. Assays containing all components but SAM were pre-incubated for 5
minutes at 37 °C and the reaction was initiated by the addition of 1 mM SAM. Aliquots
of 50 uL were taken at different time points and quenched with 3 uL of 1M HCIl. The
samples were then centrifuged at 13,000 rpm for 15 min at 4 °C to remove precipitated
protein and the supernatant was then flash frozen in liquid N; and stored at -80 °C until
analysis. To determine the level of cysteine consumed over the reaction period, control
assays were performed which were identical to the experimental with the exception that
they did not contain SAM. In order to obtain a basal rate of deoxyadenosine production
by HydE in the absence of cysteine (uncoupled cleavage), additional control assays were
performed in the above manner but lacked cysteine. In all cases the concentration of 5’-
deoxyadenosine was calculated by subtracting the amount of 5’-deoxyadenosine
produced in the control reaction, without the presence of cysteine (uncoupled cleavage)
from that of the experimental Samples selected for LC-MS were prepared by diluting
them 100-fold in 10% methanol, 90% water. During a LCMS run, two consecutive
analytical trials were performed for each injected sample, so as to exclude any ambiguity

resulting from peak shifts or change in peak area. Aliquots from experimental replicates
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were run on the LCMS system for a minimum of two times on different days to eliminate
the effects of day to day instrumental drift. The samples used to obtain a standard curve
were always prepared fresh and were treated in an identical manner as experimental
samples; and a minimum of two consecutive analytical trials were conducted for each
standard per run. All analytes were observed in the [M+H]" form, including cysteine and
5’-deoxyadenosine (Supplement), and quantitation was performed as described below.
Due to its ubiquitous presence and high signal quality, the HEPES elution peak was used

as a quality control check and as mass accuracy validation.

LC-ESI/MS with Q-TOF Mass Spectrometer

The chromatography system was composed of an Agilent 1290 series UHPLC with
binary pump, temperature-controlled auto-sampler and column compartment. The auto-
sampler module and reactions were held at 25 °C using the active temperature control
option. The separation of the various analytes was performed using normal phase
chromatography with a Cogent “Diamond Hydride” HPLC column (MicroSolv, 150 x 2.1
mm), held at 50 °C. Solvents consisted of H,O with 0.1% formic acid in channel A and
acetonitrile with 0.1% formic acid in channel B, with a constant flow rate of 0.8 mL/min
at all times. Prior to sample injection, the column was equilibrated with 100% B.

Sample injection was performed with the autosampler, and following injection the
solvent composition was maintained at 100% B for 2 minutes. A linear gradient was then
used from 100% B to 50% B, from 2 min to 6 min. From 6 min to 8.5 min the
composition was held at 50% B for elution of strongly-retained compounds. At 8.51

minutes the composition was changed back to 100% B and held until 10.0 minutes for re-
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equilibration. Due to delays from sample injection, the overall time between samples was
approximately 11 minutes.

Mass spectra were obtained on an Agilent 6538 Q-TOF mass spectrometer equipped
with the dual-ESI source. The capillary exit voltage was 120 V and gas temperature was
300 °C. All data was recorded in positive mode between 25 m/z and 750 m/z in profile
mode. The hardware summation time was 1 second. Peaks were validated using high-
accuracy formula confirmation and elution matching from individual reference standards.
Quantitation was performed using the MassHunter Quantitative Analysis package
(Agilent). An extracted ion chromatograph was generated for analytes using the accurate
mass of each compound with a -0.04 to +0.04 ppm m/z extraction window. This was
selected to give the best compromise of specificity, sensitivity, and tolerance to slight
calibration shifts during the runs. A smoothing window of 15 spectra with a function
width of 30 samples was used to improve the reproducibility of the automated “Agile”
integrator algorithm for peak detection. Peak areas from the Agile algorithm were
exported to Origin 7.0 for determination of standard curves and calculation of
concentrations. A concentration vs. time graph was then plotted to determine
disappearance of cysteine and production of 5’-deoxyadenosine.

In order to ascertain if HydE co-purifies with any relevant small molecules, 15uM of
reconstituted protein was precipitated using 1M HCl. The resulting mixture was
centrifuged at 13,000 rpm for 15 min at 4 °C to remove precipitated protein and the
supernatant was then flash frozen in liquid N, and stored at -80 °C until analysis.

Supernatant was analyzed using the aforementioned mentioned LCMS protocol. A
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similar protocol was followed to ascertain the identities of small molecules that co-purify
with spore photoproduct lyase (SPL) using 20 uM as-isolated protein and with pyruvate

formate lyase activating enzyme (PFL-AE) using 25uM as-isolated protein.

Results

Spectroscopic Characterization of HydE

HydE expressed in E. coli and purified under anaerobic conditions contains an iron-
sulfur cluster, as indicated by spectroscopic characterization. The UV-visible spectral
features include a shoulder at ~410 — 412 nm, typical of ligand to metal charge transfer
bands due to [4Fe—4S]2+ clusters; reduced intensity of the visible absorbance features in
the presence of dithionite is consistent with the reduction of at least some of these
clusters to the [4Fe-4S]" state. Reconstitution of as-isolated HydE with iron and sulfide
yields protein with variable amounts of iron (3.4 — 6.3 Fe/protein), but with UV-vis
spectroscopic features that are similar to the as-isolated protein. Rates of nonproductive
SAM cleavage to produce dAdo were found to be reproducible despite the range of iron
content of the reconstituted protein (data not shown).

Reconstituted HydE exhibits a small nearly isotropic signal with simulated g values of
2.02, 2.00, and 1.97 (0.02 spins/protein), which is increased upon oxidation yielding g
values of 2.02, 2.00, and 2.00 (Figure 2); the g-value, lineshape, and increase upon
oxidation are all indicative of [3Fe-4S]" clusters produced by oxidation of a site-
differentiated [4Fe-4S]** cluster. The photoreduced enzyme exhibits a strong axial signal
indicative of a [4Fe-4S]" cluster with simulated g values of 2.03, 1.91, and 1.89 (Figure

2, black and Figure Supplement 2) with 0.37 spins per protein). Evidence for binding of
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SAM to the [4Fe-4S]*** cluster present in reconstituted HydE is provided by the new
rhombic signal (simulated g values of 2.01, 1.88, and 1.83 observed upon addition of
exogenous SAM to the reduced enzyme (Figure 2, blue trace, and supplement). Spin
quantitation of the reduced plus SAM signal yields a value of 0.64 spins/protein. This
increase relative to the reduced signal suggests that SAM coordination may perturb the
redox potential of the [4Fe-4S]1**"* cluster yielding greater levels of reduction when SAM
is present; this behavior is consistent with what has been observed in other radical SAM
enzyme systems such as ThiH and HydG(30). Temperature dependent EPR relaxation
and power saturation profiles for the reduced plus SAM HydE sample were performed to
further probe the FeS cluster content of the reconstituted HydE enzyme. Figure 3A
shows the temperature dependent relaxation properties and, as can be clearly seen, a >
98% reduction in signal intensity occurs as the temperature is raised from 13.8 to 30 K,

consistent with the relaxation properties of [4Fe-4S]" clusters.
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Figure 2. Low temperature (12 K) EPR spectra for reconstituted, active HydE (154 /M
protein, 3.4 + 0.1 Fe/protein). As-reconstituted (magenta), ferricyanide treated (red),
photoreduced (black), and photoreduced plus addition of 1 mM AdoMet (blue) spectra
are shown with associated g-values. EPR parameters are given in Materials and
Methods. The intensity of the oxidized spectrum was manipulated by dividing it by a
factor of 4 to put it on scale with the other data in the figure.
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Moreover, the sample shows roughly linear dependence of the power saturation profile
(Figure 3B), a result that also indicates predominantly [4Fe-4S]" content (29). The
residual signal intensity present at 60 K in the temperature profile (Figure 3A) is
consistent with minor (< 1%) [2Fe-2S]* content, a result that is not unexpected given the
existence of additional cysteine ligands (Cys311, Cys319, and Cys322) present in the
primary sequence. An available X-ray crystal structure of HydE from Thermotoga
maritima reveals that these accessory cysteine ligands coordinate a labile [2Fe-2S] cluster

with variable occupancy that is located 20 A from the radical SAM [4Fe-4S] cluster (31).

60K
50K :
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30K
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13.8 K
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Magnetic Field (Gauss) Microwave Power (mW)

Figure 3. Temperature dependence (A) and power saturation behavior (B) for the
photoreduced plus addition of AdoMet sample shown in Figure 2 (blue trace, 154 uM
protein, 3.4 + 0.1 Fe/protein, | mM AdoMet). For the temperature dependent studies,
microwave power was held constant at 1.8 mW and the temperature was gradually
increased to 60 K as denoted in panel A. For the power saturation study, the temperature

was held at 12 K while the microwave power was systematically increased from 18 ['W
to 36 mW

Single cysteine to alanine point mutations were shown to have no deleterious effects

upon the ability to achieve active hydrogenase in whole cell lysis mixtures, however,
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providing strong evidence that the accessory [2Fe-2S] cluster in HydE (when present)

plays no role in H-cluster biosynthesis (317).

Effect of Possible Substrates on
Rates of HydE-Catalyzed SAM Cleavage

HydE catalyzes the uncoupled cleavage of SAM in the absence of substrate to form
5’-dAdo at a basal rate of 0.56 £ 0.05 mol 5’-dAdo/mol HydE/hour at 37 °C ( as
measured through HPLC) , which is similar to that reported previously for the enzyme
from T. maritima (32). Such nonproductive cleavage, as well as the acceleration of SAM
cleavage in the presence of substrates, is a common feature of radical SAM enzymes (22,
33, 34). In an effort to identify the substrate of HydE, all twenty amino acids in addition
to homocysteine and pyruvate were screened for their ability to stimulate 5’-dAdo
production by HydE. Of the 23 molecules tested, only cysteine provided a measurable
stimulation of HydE-catalyzed SAM cleavage, with an approximately 50% increase
above the measured non productive cleavage rate (Supplement 3). It is interesting that
neither homocysteine nor serine stimulated SAM cleavage, despite their close structural

relationship to cysteine.

LCMS Analysis of HydE
Catalyzed Cysteine Consumption

Due to the ability of cysteine to coordinate FeS clusters and to serve as a precursor for
sulfide for FeS cluster assembly, we examined the effect of cysteine on the rates of SAM
cleavage for two other radical SAM enzymes . Addition of cysteine to assay mixtures
containing either pyruvate formate lyase activating enzyme (PFL-AE) or HydG resulted

in no stimulation above basal levels of SAM cleavage (data not shown), suggesting that
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the cysteine effect we observe for HydE is specific to HydE. In order to probe whether
cysteine serves as a HydE substrate, high performance liquid chromatography coupled
with time of flight mass spectrometry (LCMS) was used to quantify 5’-dAdo and
cysteine levels over time in assays consisting of HydE, cysteine, SAM, and reductant.
The cysteine elution peak was centered at approximately 4.2 minutes. In addition to
cysteine, all the other reaction components were observed, with SAM eluting at 6.9 min,
HEPES at 4.9 min, and 5’ dAdo at 4.0 min . All analytes were observed in the [M+H]"
form, including cysteine (122.026 m/z), SAM (399.141 m/z), 5’-dAdo (252.109 m/z), and

HEPES (239.105) (Supplement 1).
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Figure 4. Time-dependent concentration of cysteine in assays lacking (open triangles)
and containing (closed triangles) HydE. Assays contained 200 uM cysteine, | mM SAM,
2 mM dithionite, and + 25 uM HydE.

The production of 5’-dAdo as analyzed by LCMS was similar to that determined by

HPLC; specifically, HydE catalyzes the uncoupled reductive cleavage of SAM to
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produce 5°-dAdo in the absence of cysteine, but the production of 5’-dAdo is enhanced in
the presence of cysteine. Quantitation of the concentration levels of both cysteine and 5’-
dAdo over time provides clear evidence that as 5’-dAdo is being produced, the amount
of cysteine in the assay mixtures is decreasing (Figure 4). Moreover, when the change in
cysteine concentration over time is compared to the change in 5’-dAdo concentration
over time (after subtracting out the background uncoupled SAM cleavage rate), it
becomes clear that the rate of production of 5’dAdo approximates the rate of cysteine

consumption in a nearly 1:1 manner (Figure 6).

EPR and LCMS Analysis
of SAM Bound to Purified HydE

The vast majority of characterized radical SAM enzymes utilize SAM as a co-
substrate in the catalysis of their varied substrates (35-37). Two notable exceptions to this
are SPL and LAM, which utilize SAM as a cofactor. Interestingly, extremely tight
binding of methionine and 5’-dAdo has been observed during soaking experiments of
HydE crystals, and this observation has been used to suggest that HydE utilizes SAM as a

cofactor during catalysis (38).
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Figure 5. Correlation ot the rate ot 5'-dAdo production with the rate of cysteine

consumption in the complete HydE assay. Assays contained 200 uM cysteine, 1| mM
SAM, 2 mM reductant, and + 25 uM HydE

EPR and LCMS Analysis
of SAM Bound to Purified HydE

The vast majority of characterized radical SAM enzymes utilize SAM as a co-
substrate in the catalysis of their varied substrates (35-37). Two notable exceptions to this
are SPL and LAM, which utilize SAM as a cofactor. Interestingly, extremely tight
binding of methionine and 5’-dAdo has been observed during soaking experiments of
HydE crystals, and this observation has been used to suggest that HydE utilizes SAM as a
cofactor during catalysis (38). More generally, the authors postulate that the role of SAM
as either a co-substrate or a cofactor may be delineated through determination of the
relative affinities of a given enzyme towards SAM, methionine, and 5’-dAdo. (38).
Simulations of the reduced and reduced plus SAM EPR data in Figure 2 revealed that
SAM co-purified with HydE. As the simulation results in supplement highlight, a second
overlapping signal is present in the reduced signal; this second signal can be reasonably

fitted using the parameters used to simulate the reduced plus SAM spectrum
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(supplement). These data indicate that SAM has a high affinity for the small
molecules.HydE active site, as the stock used to prepare the EPR samples had undergone
purification, dialysis, reconstitution, and gel filtration. To investigate this phenomenon
more generally, we decided to identify the presence of any small molecules that co-purify
with HydE on a prep by prep basis. LCMS analysis of various HydE stocks (2 separate
enzyme stocks analyzed) showed that HydE typically co-purifies with SAM and
methionine. We were however unable to detect 5’-dAdo in supernatant preparations. As
mentioned earlier, SPL and LAM both use SAM as a cofactor, therefore we subjected
stocks of these enzymes the same analysis as HydE. Analysis of supernatant preparations
clearly show that both these enzymes co-purify with methionine and SAM. Currently we

are in the process of quantifying amounts of these small molecules in all three proteins.
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HydE Co-purifies with Methionine

SPL Co-purifies with Methionine
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Figure 6: The top figure in every panel is a LC chromatogram and the bottom figure is

the corresponding mass spectra. Panel A and B depicts SAM and Methionine standards
run under assay conditions . Panel C and D depicts SAM bound the respective enzymes.
Panel E and F depicts methionine bound to the respective enzyme

Discussion

The biosynthesis of the H-cluster at the active site of the [FeFe]-hydrogenase involves
three hydrogenase maturation proteins: HydE, HydF, and HydG. HydE and HydG are
radical S-adenosylmethionine (SAM) enzymes while HydF is a GTPase which serves as a
scaffold for assembly of the 2Fe subcluster of the H-cluster. HydG exhibits considerable
sequence homology to ThiH, a radical SAM enzyme enzyme that utilizes tyrosine as a
substrate to produce dehydroglycine as a precursor in thiamine biosynthesis, and HydG
was ultimately also shown to catalyze the cleavage of tyrosine. Further work
demonstrated that this tyrosine cleavage led to the production of the carbon monoxide

and cyanide ligands of the H-cluster. In parallel with these in vitro studies using purified

proteins, the Swartz lab demonstrated that tyrosine, cysteine, and S-adenosylmethionine
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stimulated in vitro hydrogenase activation in a cell lysate containing all three accessory
proteins (HydE, HydF, and HydG), in addition to the purified hydrogenase. The
stimulation by SAM could be explained by the fact that HydE and HydG are radical
SAM enzymes, and the stimulation by tyrosine could now be explained due to its role as
a HydG substrate. The explanation for the stimulation by cysteine has remained more
elusive as no specific role for cysteine in H-cluster maturation has yet been revealed.

Herein we report the results of a broad screen designed to identify possible substrates
for HydE. Our hypothesis has been that HydE, like HydG, acts on a small common
metabolite, most likely an amino acid, to synthesize the dithiolate ligand of the H-cluster.
We have thus screened all twenty amino acids, as well as several other common
metabolites, by monitoring the rate of HydE-catalyzed reductive SAM cleavage in the
presence of these potential substrates. Since radical SAM enzymes routinely catalyze
slow SAM cleavage in the absence of substrate, which is enhanced in the presence of
substrate, we expected that a positive substrate “hit” would show itself as an increase in
the rate of SAM cleavage. In this broad screen, only cysteine enhanced the rate of HydE-
catalyzed SAM cleavage (Supplement 3). This result, together with the Swartz result
described earlier, begins to point more definitively to cysteine as a substrate of HydE.
Since a substrate would be consumed during turnover, we proceeded to develop LCMS
techniques to quantify cysteine in our assays, in order to see whether cysteine is
consumed. Our data indicates that over 25 minutes the enzyme is able to catalyze 29.1uM
cysteine. As mentioned earlier, HydE has been characterized as a radical SAM enzyme

and therefore uses SAM and produces 5’-deoxyadenosine. Our results indicate over
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25minutes HydE catalyze the consumption of 29 uM cysteine while simultaneously
generating 33 uM 5’-deoxyadenosine, which indicates an almost 1:1 ratio of cysteine
consumption to 5‘d’Ado production. This provides compelling evidence that HydE uses
SAM as co-substrate similar to the majority of radical SAM enzymes.

We have also conducted a thorough spectroscopic analysis of the as-isolated and
reduced HydE and also probed the effects of SAM on the iron sulfur cluster. We have
shown that the reduced reconstituted HydE from Thermotoga maritima (T. maritima)
exhibits g-values comparable to those reported herein for C. acetobutylicum HydE (22,
32). Further, HydE that was homologously expressed in C. acetobutylicum in the
presence of HydG and HydF (HydE"®) showed signals typical of [4Fe-4S]" clusters with
g-values comparable to those reported herein; a dramatic reduction in [4Fe-4S]" signal
intensity was observed in non-reduced samples, collectively leading to the conclusion
that HydE binds a single [4Fe-4S]**"* cluster (/7). Although we have some understanding
of the role of HydE with cysteine as substrate in H-cluster biosynthesis, the exact
mechanism of this enzymes as well as the product of catalysis is still unknown. Therefore
our future work will involve teasing out the particular role HydE plays in the formation

the dithiolate linked cluster , presumably through utilization of cysteine.
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Abstract

The biosynthesis and assembly of the active site cluster of the [FeFe]-hydrogenase
requires the catalytic action of accessory enzymes HydE, HydG and HydF. We
demonstrate here for the first time that HydE catalysis involves hydrogen atom
abstraction from the C-f position of the substrate cysteine. High performance liquid
chromatographic and mass spectrometric monitoring of deuterium incorporation into 5’-
deoxyadenosine upon HydE-catalyzed conversion of cysteine labeled with deuterium at
the P position demonstrate the incorporation of deuterium into dAdo. We also show
tantalizing preliminary evidence for the role HydF**® in the H-cluster maturation
exceeding than that of a scaffold. We believe that HydF**C plays an dynamic role
stabilizing the active conformation of HydE, thereby facilitating and accelerating
catalysis.

Introduction

The [FeFe] hydrogenase enzymes catalyze the reversible reduction of protons to
hydrogen gas (2H"+2¢™$S H,) and are a key feature in the H, metabolism of many
microorganisms [1]. [FeFe] Hydrogenases utilize a complex bridged metal cluster in its
active site, referred to as the H- cluster, to catalyze this reaction [2]. The H-cluster is
composed of a [4Fe-4S] cubane bridged to a 2Fe bi-nuclear center via a single bridging
cysteine. The 2Fe subcluster has been shown to contain five biologically unusual
diatomic ligands (CO and CN") as well as a non-protein derived bridging dithiolate [3, 4].

Additionally, crystal structures of the oxidized as well as reduced state of the enzyme
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have indicated that the distal Fe ion of the 2Fe center is the site of the proton reduction
and H; gas production [5, 6].

The biosynthesis of this unique H-cluster requires the catalytic action of maturase
proteins, identified as HydE, HydG and HydF [7]. Bioinformatics studies, and
biochemical analysis have shown that HydE and HydG belong to the radical S-
adenosylmethionine (SAM) superfamily of enzymes while HydF is a GTPase[7, 8]. Most
members of the radical SAM superfamily contain a three cysteine conserved motif
(CX;5CX;C) that coordinates a [4Fe-4S] catalytic cluster[9]. While three of the 4 Fe ions
are ligated by protein derived cysteines, the third unique Fe is coordinated by the amino
and carboxyl groups of S-adenosylmethionine[10, 11]. In all cases catalysis is initiated by
a single electron transfer from a reduced [4Fe-4S]" cluster to SAM resulting in the
cleavage of the C-S bond[12]. The consequent 5’-deoxyadenosyl radical (5’-dAdoe) then
abstracts an H atom from the substrate to initiate a diverse array of biologically essential
chemical reactions[13]. Based on recent spectroscopic and biochemical characterization
by the Broderick group as well as others, it proposed that HydE synthesizes the bridging
dithiolate (on the 2Fe-2S cluster of HydF), thereby shifting the reactivity to the Fe ions.
Thereafter HydG catalyzes the decomposition of tyrosine to produce the 3 carbon
monoxide and 2 cyanide ligands. Once the biosynthesis of the cluster is completed on
HydF, which is proposed to act as a scaffold, it is translocated to the apo HydA through a
cationic channel thereby forming active hydrogenase [14-16].

Herein, we present further evidence implicating cysteine as the substrate for HydE,

through the observation of label transfer from deuterated cysteine (deuterated at the Co—
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H, CB—H, or thiol C—H) to product 5’-deoxyadenosine. In our study we have utilized
specifically deuterium-labeled cysteine and have monitored site specific label transfer to
5’-dAdo via high performance liquid chromatography and mass spectrometry. We have
also provided tantalizing preliminary evidence on the role of HydF*:C during the catalytic
action of HydE. Our results provide important mechanistic insights into the HydE
catalyzed decomposition of cysteine and provide clues towards the identification of a

putative product of this catalysis.

Materials and Methods

Protein Expression,
Purification, and Reconstitution

HydE was expressed in E. coli BL21(DE3) as described previously in chapter 3.
Single colonies from streaked plates were used to inoculate 50 mL of phosphate buffered
Luria-Bertani (LB) medium, pH 7.5, containing ampicillin. These cultures were grown
for 12-15 hours at 37°C and 225 rpm in a thermostatted shaker and were used to
inoculate 9-L cultures of 50 mM phosphate buffered (pH 7.5) LB medium supplemented
with 5 g/LL NaCl, 5 g/L glucose. The 9 L cultures were grown in a thermostatted shaker
at 37°C and 225 rpm until an optical density (ODgg) of 0.5 — 0.6 was reached. The cells
were then induced with 1 mM isopropyl thiogalactopyranoside (IPTG) and the medium
was supplemented with ferrous ammonium sulfate (FAS, 0.06 g/L). The cultures were
grown for an additional 2.5 — 3.0 hours prior to cooling to room temperature and addition

of more FAS (0.06 g/L). The cell cultures were then placed under nitrogen at 4°C for an
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additional 15 hours. Cells were then harvested by centrifugation and immediately flash
frozen in liquid N, before being stored at -80°C until further use.

Cell lysis and purification of the proteins were accomplished anaerobically in a Coy
anaerobic chamber (Coy Laboratories, Grass Lake, MI). Cell pellets were resuspended in
a lysis solution containing 50 mM HEPES pH 7.4, 10 mM imidazole, 500 mM KCl, 5%
glycerol, 20 mM MgCl,, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-
100, 0.2 mg/mL lysozyme, 0.03 mg/mL DNAse and 0.03 mg/mL RNAse. Cells were
incubated in the lysis mixture for 1 hr on ice with gentle stirring at which time the
mixture was centrifuged for 30 min at 18000 rpm. The supernatant was loaded onto a 5
mL HisTrap Ni**-affinity column or a gravity Ni** affinity column (GE Healthcare) that
was pre-equilibrated with Buffer A (50 mM HEPES pH 7.4, 500 mM KCl, 5% glycerol,
10 mM imidazole). The column was then washed with 10 column volumes of buffer A
followed by a step gradient of increasing imidazole in buffer B (50 mM HEPES pH 7.4,
500 mM KCl, 5% glycerol, 500 mM imidazole). The eluting protein fractions were
collected and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and those determined to be 95% or more pure were pooled. The pooled
fractions were then dialyzed against 50 mM HEPES pH 7.4, 500 mM KCl, and 5%
glycerol. The dialyzed protein was then placed in O-ring sealed tubes, flash frozen, and
stored at -80 °C until further use. Protein concentrations were determined by the method
of Bradford using a kit sold by Bio-Rad and bovine serum albumin as a standard [17].

Iron content was determined using the method developed by Fish [18].
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Purified HydE was chemically reconstituted under anaerobic conditions in a Coy
anaerobic chamber by addition of 5 mM DTT and a ~6-fold excess of FeCl; and Na,S, as
described previously [19]. After incubation for 2-3 hours, the protein was centrifuged to
removed excess Fe and S and subsequently desalted and buffer exchanged over a G-25
Sephadex column (GE Healthcare) pre-equilibrated in 50 mM HEPES pH 7.4, 500 mM
KCl, and 5% glycerol. UV-Vis spectroscopy under anaerobic conditions as well Fe
quantitation by the method developed by Fish[18] was used to confirm the iron-sulfur
cluster content of the purified, reconstituted protein. The room temperature spectra were
taken with a dual beam Varian Cary 50 BIO UV-Vis or Cary 6000i UV-Vis-NIR
spectrophotometer at a scan rate of 600 nm/minute. The reconstituted protein was
concentrated using a Minicon-B-15 concentrator (Millipore) and then placed in O-ring

sealed tubes, flash frozen in liquid N, and stored at -80 °C until further use.

Assay Conditions

Assays were carried out in the MBraun box (< 1 ppm O2 ) using buffers and reagents
that were freshly degassed on a Schlenk Line. Assays comprised 25 uM reconstituted
HydE, 2 mM dithionite, 50 mM HEPES, 0.5 M KCl, 5% glycerol, at pH 7.5 and 200 uM
L-cysteine. Cysteine labeled with deuterium at either the Ca—H, C—H, or thiol C—H
was used in the assay. To ensure the selective labeling of the solvent exchangeable H
atom at the thiol position, lyophilized cysteine was reconstituted into freshly degassed
HEPES D0 buffer and the pD (7.4) confirmed through a pH indicator. All assays with
aforementioned cysteine labeled at the thiol position with deuterium were conducted in

HEPES DO buffer ata pD (7.4). Assays containing all components but SAM were



121
pre-incubated for 5 minutes at 37 °C and the reaction was initiated by the addition of 1
mM SAM. Aliquots of 50 uLL were taken at different time points and quenched with 3
uL of 1M HCI. The samples were then centrifuged at 13,000 rpm for 15 min at 4 °C to
remove precipitated protein and the supernatant was then flash frozen in liquid N2 and
stored at -80 °C until analysis. To determine the level of cysteine consumed over the
reaction period, control assays were performed which were identical to the experimental
with the exception that they did not contain SAM. In order to obtain a basal rate of
deoxyadenosine production by HydE in the absence of cysteine (uncoupled cleavage),
additional control assays were performed as above except lacking cysteine. In order to

probe the effect of HydF**¢

on the catalytic activity of HydE, all the above mentioned
assays were repeated in the presence of 5x molar excess of HydF*E® and the samples
handled in identical fashion. Moreover, In all assays conducted in the absence of
HydF*FC the concentration of 5°-deoxyadenosine was calculated by subtracting the
amount of 5’-deoxyadenosine produced in the control reaction, without the presence of

cysteine (uncoupled cleavage) from that of the experimental Samples selected for LC-

MS were prepared by diluting them 100-fold in 10% methanol, 90% water.

High Performance Liquid Chromatography
and Mass Spectrometry Conditions

Samples selected for LC-MS were prepared by diluting them 100-fold in 10%
methanol, 90% water in cases except for samples containing D20 . During a single
HPLC run, two consecutive analytical trials were performed for each injected sample, so
as to exclude any ambiguity resulting from peak shifts or change in peak area.Aliquots

from experimental replicates were run on the HPLC system for a minimum of two times
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on different days to eliminate the effects of day to day instrument drifts. All analytes
were observed in the [M+H]+ form, and quantitation of deoxyadenosine, SAM ,and
tyrosine were performed as described below. Due to its ubiquitous presence and high
signal quality, the HEPES elution peak was used as a quality control check and as mass
accuracy validation. The chromatography system was composed of an Agilent 1290
series UHPLC with binary pump, temperature-controlled auto-sampler and column
compartment. The auto-sampler module and reactions were held at 4 °C using the active
temperature control option. The separation of the various analytes was performed using
normal phase chromatography with a Cogent “Diamond Hydride” HPLC column
(MicroSolv, 150 x 2.1mm), held at 50 °C. Solvents consisted of H20 with 0.1% formic
acid in channel “A” and acetonitrile with 0.1% formic acid in channel “B”, and the flow
rate was a constant 0.8 mL/min at all times. Prior to sample injection, the column was
equilibrated with 100% “B”. Sample injection was performed with the autosampler, and
following injection the solvent composition was maintained at 100% B for 2 minutes. A
linear gradient was then used from 100% B to 50% B, from 2 min to 6 min. From 6 min
to 8.5 min the composition was held at 50% B for elution of strongly-retained
compounds. At 8.51 minutes the composition was changed back to 100% B and held
until 10.0 minutes for re-equilibration. Due to delays from sample injection, the overall
time between samples was approximately 11 minutes. Mass spectra were obtained on an
Agilent 6538 Q-TOF mass spectrometer equipped with the dual-ESI source. The
capillary exit voltage was 120 V and gas temperature was 300 °C. All data was recorded

in positive mode between 25 m/z and 750 m/z in profile mode. The hardware summation
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time was 1 second. Peaks were validated using high-accuracy formula confirmation and
elution matching from individual reference standards. Quantitation was performed using
the MassHunter Quantitative Analysis package (Agilent). An extracted ion
chromatograph was generated using the accurate mass of each compound with a -0.04 to
+0.04 ppm m/z extraction window. This was selected to give the best compromise of

specificity, sensitivity, and tolerance to slight calibration shifts during the runs.

Results

Analysis of HydE-Mediated Deuterium
Transfer from Cysteine to dAdo

Previous data from the Broderick group showed cysteine dependent acceleration of
HydE catalyzed cleavage of SAM with the corresponding consumption of cysteine
(Please refer to Chapter 3). The 1:1 correlation between cysteine consumed and 5’-dAdo
generated implicates that HydE is most likely utilizing cysteine as a substrate. In order to
gain a mechanistic insight into the HydE-catalyzed reaction, we performed similar assays
with cysteine labeled cysteine deuterated at the Co—H, C—H, or thiol C—H. Our
primary aim was to determine whether deuterium label became incorporated into the 5’-
dAdo resulting from reductive cleavage of SAM during catalysis. Such deuterium
transfer would indicate H atom abstraction from cysteine by the 5’-dAdo radical
intermediate, thereby providing more direct evidence for the role of cysteine as the
substrate of HydE . Analysis of assays conducted with cysteine labeled with deuterium at
the a, B and thiol positions indicated that the isotopic distribution of 5’-dAdo were no

different than those conducted without cysteine (Figure 1, Table 1 ). Additionally, when
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compared to assays conducted with unlabeled cysteine, analogous amounts of 5’dAdo

were shown to be produced as in experiments conducted with labeled substrate (data not

shown). This observed lack of deuterium label incorporation into 5’-dAdo from either the

af, B and thiol positions, suggested that H atom abstraction was not taking place from

any of the aforementioned positions on cysteine.
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Figure 1: Isotopic distribution of 5-dAdo with deuterium labeled and unlabeled cysteine
substrate. (A) Unlabeled cysteine. (B) [ap-D]-cysteine. (C) [B-D Labeled cysteine. (D)
Thiol deuterated cysteine. In all cases the observed isotopic distribution was identical
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A) Analyte /Assay

B) Percent Intensity of

C) Percent Area of Secondary

Substrate Secondary to Primary Peak Peak to Primary Peak
5’-deoxyadenosine 11.3+£3.3 10.8+2.1

Standard

Deuterium label at B-Cof | 12.2+3.1 10.4+3.5

Cysteine

Deuterium label at a-C of | 10.4t1.9 12.61£3.4

Cysteine

Deuterium label at Thiol 11.9+2.5 9.8+1.6

of Cysteine

Table 4.1: Comparison of the ratios of 5’-dAdo isotopic distribution on assays performed
in the presence of HydE only. Column A represents the deuterium labeled substrates used
in the assays. Column B represents the ratio of the peak heights. Column C represents the
ratio of the peak areas.

Effects of HydF**® on 5°-dAdo
Production and Cysteine Consumption

Previously we had calculated the amount of Hyde catalyzed SAM cleavage in the
presence of cysteine to have been approximately 80uM dAdo at 25minutes . On the
introduction of HydF*EC in the assay, however, the rate of 5’-dAdo production was
reduced to levels comparable to background uncoupled cleavage (Figure 2). Interestingly,
we were also able to observe a slight increase in the levels of cysteine breakdown in
assays conducted in the presence of HydF**“. Our observations indicated that at the
25min time point the amount of cysteine turned over by HydE only was 32.8+2.8uM
with a corresponding 81.9 +1.9uM of 5’-deoxyadenosine produced. In contrast, HydE in

AEG

conjunction with HydF ™ was able to consume 41.0+2.6uM cysteine while generating

57.84£2.1 uM 5’-deoxyadenosine. The assays were repeated in the presence of HdeEAG

HdeGAE and the results obtained were comparable to those with HdeAEG

(data not
shown). Such a phenomenon was not particularly surprising to us, as earlier had

biochemical analysis had indicated that HydE and HydF had a strong affinity for each
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other[20], indeed bioinformatic analysis on some green algae had shown the genes for
HydF and HydE to be fused[21]. The decrease is the molar amount of 5’-dAdo coupled to
the increase in cysteine decomposition in assays performed with Hyd*™= spurred us to
explore the mechanistic effects of this scaffold enzyme on HydE catalysis. HydE assays
similar to those conducted earlier were performed in the presence of HydF*"“ and
deuterated cysteine. Control assays were conducted in the absence of HydF*t®. The
results provide evidence that in the presence of HydF*"® and B-deuterated cysteine some

of the deuterium label ends up on 5°-dAdo.
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Figure2: The figure compares the decrease in Cysteine concentration and the increase in
5’-deoxyadenosine concentration in the presence of HydE only and HydE with
HdeAEG over 25min. At the 25min time point HydE only generates 81.9 uM of 5’-
deoxyadenosine @and consume 32.8uM cysteine @8 At the same time point HydE with
HdeAEG generates 57.8 uM 5’-deoxyadenosine @ and consumes 41.0uM cysteine [ Tt
must be noted that in both these cases the measurements of 5’-deoxyadenosine produced
were calculated without subtracting 5’-dAdo produced due to uncoupled cleavage.

Such a conclusion is validated by the change in the isotopic ratios of the primary (252.10

m/z) and secondary (253.11m/z) peak (Figure 3, Table 2). In the case where the assay
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was conducted with HydE only the ratio of the secondary to the primary peak was

calculated to be 12.2+3.1% (Figure 1C and Figure 3A, Table 1, Table 2).

Analyte /Assay Substrate Percent Intensity of Percent Area of Secondary
Secondary to Primary Peak Peak to Primary Peak

5’-deoxyadenosine 11.3+3.3 10.8+2.1

Standard

Deuterium label at B-C of 23.242.1 25.0+3.5

Cysteine

Deuterium label at a-C of 13.5%4.2 12.4+2.9

Cysteine

Deuterium label at Thiol of | 12.7+3.8 11.7+3.0

Cysteine

Table 4.2: Comparison of the ratios of 5’-dAdo isotopic distribution on assays performed
in the presence of HydE and HydF*"®. Column A represents the deuterium labeled
substrates used in the assays. Column B represents the ratio of the peak heights. Column
C represents the ratio of the peak areas.
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Figure 3: Comparison in isotopic ratios between the primary and secondary peaks of 5’-
deoxyadenosine. Panel A represents the mass spectra of 5’-dAdo in the absence of
HdeAEG . Panel B represents the mass spectra of 5’-dAdo in the presence of HdeAEG .
Panel C represents the LC chromatogram and peak areas of 5’-dAdo in the absence of
HydF*E9 . Panel D represents the LC chromatogram and peak areas of 5°-dAdo in the

absence of HydF*t9
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However when the assay was conducted in the presence of HydF*E®, we see a substantial
increase in the ratio of the secondary to the primary peak which was calculated to be
23.242.1% (Fig 3, B, Table 2). Moreover, when the ratios of the peak areas were
calculated, it was noticed that ratios in the case of assays performed with HydE only was
10.4%3.5% (Figure 3C, Table 1) and in the case of HydE with HydF*t® was calculated
to be 25.0+3.5% (Figure 3D, Table 2). This in turn indicates that during catalysis, 5’-
dAdoe is able to abstract an H atom from the § carbon of cysteine resulting in a possible
decomposition of the substrate. Similar control assays were run with a-D-cysteine as well
as assays done in D,O with the thiol H atom exchanged with deuterium. In no other case

was the “D” label traced on to 5’-dAdo.

Discussion

We herein report initial experiments designed to probe potential H-atom abstraction
from cysteine during HydE catalysis. In our initial experiments we were unable in detect
deuterium incorporation in 5’-dAdo in assays carried out with HydE and [B-D,]-cysteine.

However when HdeAEG

was included in these assays, deuterium atom incorporation into
5’-dAdo was detected. We did not observe any D atom incorporation to 5’-dAdo when
the assays were repeated in the presence of cysteine labeled with deuterium at o carbon or
the thiol position. The lack of deuterium incorporation in 5’-dAdo in the absence of
HydF* € is perplexing. Additionally, under our assay conditions the addition of HydF**®

seems to have a stabilizing effect on HydE as evidenced by increased cysteine turn over

and lower nonproductive SAM cleavage. As mentioned above ,such an event is not
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surprising, as bioinformatic and biochemical characterizations have indicated that HydE
and HydF might indeed be interacting with each other in ways which are are unique in
the H-cluster maturation scheme. [21]. [20]. Taken together, this indicates that HydF
could potentially be facilitating HydE catalysis of cysteine either by stabilizing the active
conformation of the enzyme or perhaps by shuttling away the products from the active
site thereby shifting the equilibrium towards increased cysteine decomposition. We also
believe that our data provides insights into the ultimate fate of the products of cysteine
degradation by HydE. If HydE is indeed working in conjunction with HydF, the product
of cysteine decomposition could potentially be directly and seamlessly incorporated into
forming the bridging dithiolate. Our current efforts therefore are directed towards assays
with cysteine labeled with *H at the p position followed by scintillation counting to
determine the ultimate fate of the products of the HydE-catalyzed reaction.

In conclusion, we believe that cysteine is indeed the substrate for HydE and that
catalysis is initiated via a single H atom abstraction from the [ position of cysteine.
Moreover, we have shown evidence that indicates that HydF**® most likely facilitates
this reaction via stabilizing the enzyme in its active form and through mechanisms yet

unknown.



130

References

1.Vignais PM, Billoud B & Meyer J (2001) Classification and phylogeny of
hydrogenases1. FEMS Microbiology Reviews 25, 455-501.

2.Holm RH, Kennepohl P & Solomon EI (1996) Structural and functional aspects of
metal sites in biology. Chemical Reviews 96, 2239-2314.

3.Peters JW (1999) Structure and mechanism of iron-only hydrogenases. Current Opinion
in Structural Biology 9, 670-676.

4.Nicolet Y, Piras C, Legrand P, Hatchikian CE & Fontecilla-Camps JC (1999)
Desulfovibrio desulfuricans iron hydrogenase: The structure shows unusual coordination
to an active site Fe binuclear center. Structure 7, 13-23.

5.Peters JW, Lanzilotta WN, Lemon BJ & Seefeldt LC (1998) X-ray Crystal structure of
the Fe-only hydrogenase (Cpl) from Clostridium pasteurianum to 1.8 angstrom
resolution. Science 282, 1853-1858.

6.Nicolet Y, de Lacey AL, Vernede X, Fernandez VM, Hatchikian EC & Fontecilla-
Camps JC (2001) Crystallographic and FTIR spectroscopic evidence of changes in Fe
coordination upon reduction of the active site of the Fe-only hydrogenase from
Desulfovibrio desulfuricans. Journal of the American Chemical Society 123, 1596-1601.

7.Posewitz MC, King PW, Smolinski SL, Zhang L, Seibert M & Ghirardi ML (2004)
Discovery of two novel radical S-adenosylmethionine proteins required for the assembly
of an active [Fe] hydrogenase. Journal of Biological Chemistry 279, 25711-25720.

8.King PW, Posewitz MC, Ghirardi ML & Seibert M (2006) Functional studies of [FeFe]
hydrogenase maturation in an Escherichia coli biosynthetic system. Journal of
Bacteriology 188, 2163-2172.

9.Frey PA, Hegeman AD & Ruzicka FJ (2008) The radical SAM superfamily. Critical
Reviews in Biochemistry and Molecular Biology 43, 63-88.

10.Walsby CJ, Hong W, Broderick WE, Cheek J, Ortillo D, Broderick JB & Hoffman
BM (2002) Electron-nuclear double resonance spectroscopic evidence that S-
adenosylmethionine binds in contact with the catalytically active [4Fe-4S]+ cluster of

pyruvate formate-lyase activating enzyme. Journal of the American Chemical Society
124, 3143-3151.

11.Walsby CJ, Ortillo D, Broderick WE, Broderick JB & Hoffman BM (2002) An
anchoring role for FeS clusters: Chelation of the amino acid moiety of S-



131

adenosylmethionine to the unique iron site of the [4Fe-4S] cluster of pyruvate formate-
lyase activating enzyme. Journal of the American Chemical Society 124, 11270-11271.

12.Chen D, Walsby C, Hoffman BM & Frey PA (2003) Coordination and mechanism of
reversible cleavage of S-adenosylmethionine by the [4Fe-4S] center in lysine 2, 3-
aminomutase. Journal of the American Chemical Society 125, 11788-11789.

13.Peter L R (2011) Radicals from S-adenosylmethionine and their application to
biosynthesis. Current Opinion in Chemical Biology 15, 267-275.

14.Mulder David W, Shepard Eric M, Meuser Jonathan E, Joshi N, King Paul W,
Posewitz Matthew C, Broderick Joan B & Peters John W (2011) Insights into [FeFe]-
hydrogenase structure, mechanism, and maturation. Structure 19, 1038-1052.

15.Shepard EM & Broderick JB (2010) S-Adenosylmethionine and iron-sulfur clusters in
biological radical reactions: The radical SAM superfamily. Comprehensive Natural
Products II: Chemistry and Biochemistry, pp. 625-662.

16.Shepard EM, Duffus BR, George SJ, McGlynn SE, Challand MR, Swanson KD,
Roach PL, Cramer SP, Peters JW & Broderick JB (2010) [FeFe] hydrogenase maturation:
HydG-catalyzed synthesis of carbon monoxide. Journal of the American Chemical
Society 132, 9247-9249.

17.Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry 72, 248-254.

18.Fish WW (1988) Rapid colorimetric micromethod for the quantitation of complexed
iron in biological Samples. Methods in Enzymology 158, 357-364.

19.Shepard EM, Duffus BR, McGlynn SE, Challand MR, Swanson KD, Roach PL,
Peters JW & Broderick JB (2010) [FeFe]-Hydrogenase maturation: HydG-catalyzed
synthesis of carbon monoxide. Journal of the American Chemical Society 132, 9247-
9249.

20.Vallese F, Berto P, Ruzzene M, Cendron L, Sarno S, De Rosa E, Giacometti GM &
Costantini P (2012) Biochemical analysis of the interactions between the proteins

involved in the [FeFe] hydrogenase maturation process. Journal of Biological Chemistry
287, 36544-36555.

21.Bock A, King PW, Blokesch M & Posewitz MC (2006) Maturation of hydrogenases.
advances. Microbial Physiology 51, 1-225.



132

CHAPTER 5

MECHANISTIC INVESTIGATION OF [FE FE]-HYDROGENASE
MATURASE HYDG

Contribution of Authors and Co-Authors

Manuscript in Chapter 5
Author: Benjamin Duffus

Contributions: Protein purifications. Research design, , HydG characterization and assay
optimization,

Co-author: Shourjo Ghose
Contributions: Research design, method development, LCMS analysis.
Co-author: John W. Peters

Contributions: Provided valuable insight into and discussions of the [FeFe]-hydrogenase
and its maturation. Manuscript editing.

Co-author: Joan B. Broderick
Contributions: Contributions: Overall conception, direction, and funding of the project.

Provided insights into the experimental approach and design. Manuscript writing and
preparation.



133

Manuscript Information Page

Benjamin R. Duffus, Shourjo Ghose, John W. Peters, and Joan B. Broderick*
Journal: Biochemistry

Status of the manuscript:

X Prepared for submission to a peer-reviewed journal
____ Officially submitted to a peer-reviewed journal
___Accepted by a peer-reviewed journal
____Published in a peer-reviewed journal



134
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Abstract

The unusual active site organometallic H-cluster cofactor in [FeFe]-hydrogenase is
biosynthesized by three accessory proteins, two of which are radical AdoMet enzymes
(HydE, HydG) and one of which is a GTPase (HydF). We demonstrate here that HydG
initiates radical-based tyrosine decomposition through hydrogen abstraction of the
phenolic hydrogen atom. The isotopic distributions of 5’-deoxyadenosine (5’-dAdo)
were monitored in D,O with non-labeled tyrosine, as well as in H,O with deuterium-
labeled tyrosine substrates. The observed deuterium atom incorporated in the 5’-dAdo
product implicate a mechanism where the dAdo radical interacts with the solvent-
exchangeable tyrosine 4-phenol as the principal radical initiation event.

Introduction

The organometallic active sites of the [NiFe]-hydrogenases and [FeFe]-hydrogenases
are unique in their common requirement for coordinated diatomic ligands CO and CN°
(1). Each type of hydrogenase has developed evolutionarily distinct methods for
controlled synthesis and delivery of these m-accepting ligands that help stabilize low-
valent iron species required for the reversible reduction of protons to yield dihydrogen
(2). The organometallic H-cluster cofactor from [FeFe]-hydrogenase comprises a [4Fe-
4S] cluster bridged by a cysteinyl residue to a 2Fe cluster coordinated by three CO, two
CN, and a bridging dithiolate, proposed to be dithiomethylamine(3-5). Only three
accessory proteins are necessary for the synthesis of the 2Fe subcluster of the H-cluster,

involving two radical S-adenosylmethionine (SAM) enzymes (HydE and HydG) and a
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scaffold GTPase (HydF) (6-8). Characterization of HydG has shown that it catalyzes the
cleavage of tyrosine to produce p-cresol, CN", and CO, resulting in the synthesis of all
diatomic ligands observed on the H-cluster (Scheme 1) (9-117). As a theme common to
most radical SAM enzyme characterized to date, catalysis is initiated through generation
of the 5’-deoxyadenosyl radical(/2). This radical is generated via a single electron
transfer between the site-differentiated [4Fe-4S] cluster coordinated by a conserved
cysteine (CX3CX,C) motif and the coordinated SAM molecule(/3, 14). Transfer of an
electron to SAM results in homolytic bond cleavage of the S—C bond between the
sulfonium sulfur and 5’-deoxyadenosyl carbon atoms, resulting in generation of the
primary carbon-based 5’-deoxyadenosyl radical(/3). This highly reactive primary radical
is thereafter quenched via a hydrogen atom abstraction, either from the substrate directly
or from the surrounding protein environment (Please refers to figure 2 of Chapter 1).

As biochemical characterization of radical SAM enzyme has increased, depth in
understanding the mechanism of generation of the 5’-deoxyadenosyl radical and its
interaction with substrates has yielded insight to likely reaction mechanisms. For
example, ThiH is a radical SAM enzyme that utilizes tyrosine as its substrate to produce
p-cresol and dehydroglycine with the latter being utilized in the biosynthesis of
thiamine(/5, 16).Interestingly phylogenetic analysis has shown that ThiH belongs to a
small subfamily of enzyme which includes HydG, an enzyme involved in the maturation
scheme of [FeFe]-hydrogenase (/0). Biochemical characterization from the Broderick
group as well as others has shown that HydG undergoes a radical initiation event with the

substrate tyrosine which is very similar to ThiH. Biochemical characterizations of HydG
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activity demonstrated that the initial products of tyrosine degradation were
dehydroglycine and p-cresol (9). Subsequent work with unlabeled as well as °C,"" N
labeled tyrosine confirmed that HydG catalyzed tyrosine cleavage resulted in the
synthesis of CN- ligands on the H-cluster(/0). Subsequent experiments involving the
addition of deoxyhemoglobin in HydG assays with tyrosine revealed that the second
turnover product tyrosine cleavage was indeed CO(/ 7). At this point it was evident that
HydG decomposition of tyrosine was responsible for all the 5 di-atomic ligands in the H-
cluster. This was further confirmed via stopped-flow FTIR spectroscopy of Clostridium
pasteurianum HydA obtained in the presence of all three maturase enzymes and labeled
tyrosine. The resulting FTIR spectra contained characteristic frequencies corresponding
to the labeled tyrosine indicting that HydG was indeed responsible for biosynthesizing
all five diatomic ligands of the H-cluster(/7). As mentioned earlier, HydG belongs to
radical SAM super family of enzymes that initiate catalysis via a single H atom
abstraction by the 5’-deoxyadenosyl radical from the substrate. Therefore we believe that
HydG catalyzed tyrosine decomposition is initiated via a similar mechanism where the
reductive cleavage of SAM yields a 5’-dAdo radical which must abstract a hydrogen
atom from tyrosine. The resulting tyrosyl radical then presumably undergoes further
decomposition resulting in the production of the CN™ and CO ligands. To further
investigate the aforementioned phenomenon, we have herein used specifically deuterium
labeled tyrosine in HydG turnover reactions to identify the likely hydrogen atom
abstraction site that initiates the tyrosine decomposition mechanism by HydG. To achieve

our objectives, we plan to monitor 5’-deoxyadenosine (dAdo) formation and label
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incorporation in to dAdo via liquid chromatography and mass spectrometer. We believe
that our results provide insight toward a mechanism where radical-initiated amino acid

decomposition results in diatomic ligand synthesis.

HO HydG
———3» COCN
AdoMet HO
on L
H,N
2 5 CHs

Schemel. Reaction Catalyzed by HydG in [FeFe]-hydrogenase H-Cluster Biosynthesis

Materials and Methods

Growth and Assay Conditions

Clostridium acetobutylicum HydG was heterologously expressed, purified,
reconstituted with iron and sulfide (Please refer to chapter 3), (/7). Assays for HydG-
catalyzed dAdo formation were carried out in an anaerobic chamber (Mbraun , O, < 1
ppm) in sealed 1.5 mL eppendorf tubes containing HydG (100 uM) in buffer (50 mM
Tris, pH 8.5, 300 mM KCl, 5% glycerol), 5 mM dithionite, I mM tyrosine, and 1 mM
SAM at 37 °C. Following acid-quench precipitation with 1M HCI (15% v/v) and

centrifugation, the supernatant was subjected to HPLC-coupled ESI-MS.

High Performance Liquid Chromatography
and Mass Spectrometry Conditions

Samples selected for LC-MS were prepared by diluting them 100-fold in 10%
methanol, 90% water in all cases except when noted During a single HPLC run, two

consecutive analytical trials were performed for each injected sample, so as to exclude
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any ambiguity resulting from peak shifts or change in peak area as is inherent in the
protocols employed Aliquots from experimental replicates were run on the HPLC
system for a minimum of two times on different days to eliminate the effects of day to
day instrument drift. All analytes were observed in the [M+H]" form and quantitation of
deoxyadenosine, SAM and tyrosine were performed as described below. Due to its
ubiquitous presence and high signal quality, the HEPES elution peak was used as a
quality control check and as mass accuracy validation. The chromatography system was
composed of an Agilent 1290 series UHPLC with binary pump, temperature-controlled
auto-sampler and column compartment. The auto-sampler module and reactions were
held at 4 °C using the active temperature control option. The separation of the various
analytes was performed using normal phase chromatography with a Cogent “Diamond
Hydride” HPLC column (MicroSolv, 150 x 2.1mm), held at 50 °C. Solvents consisted
of H,O with 0.1% formic acid in channel “A” and acetonitrile with 0.1% formic acid in
channel “B”, and the flow rate was a constant 0.8 mL/min at all times. Prior to sample
injection, the column was equilibrated with 100% “B”. Sample injection was performed
with the autosampler, and following injection the solvent composition was maintained at
100% B for 2 minutes. A linear gradient was then used from 100% B to 50% B, from 2
min to 6 min. From 6 min to 8.5 min the composition was held at 50% B for elution of
strongly-retained compounds. At 8.51 minutes the composition was changed back to
100% B and held until 10.0 minutes for re-equilibration. Due to delays from sample
injection, the overall time between samples was approximately 11 minutes. Mass

spectra were obtained on an Agilent 6538 Q-TOF mass spectrometer equipped with the
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dual-ESI source. The capillary exit voltage was 120 V and gas temperature was 300 °C.
All data was recorded in positive mode between 25 m/z and 750 m/z in profile mode.
The hardware summation time was 1 second. Peaks were validated using high-accuracy
formula confirmation and elution matching from individual reference standards.
Quantitation was performed using the MassHunter Quantitative Analysis package
(Agilent). An extracted ion chromatograph was generated using the accurate mass of
each compound with a -0.04 to +0.04 ppm m/z extraction window. This was selected to
give the best compromise of specificity, sensitivity, and tolerance to slight calibration

shifts during the runs.

Results and Discussion

Analysis of HydG assays run in H,O with specifically isotopically labeled tyrosines
(deuterated at the Ca—H, C—H, or ring C—H) showed that no deuterium was
incorporated into 5°-dAdo (Figure 1). All experiments yielded isotope distributions
similar to 5°-dAdo produced during turnover of unlabeled tyrosine substrate in H,O. The
observed lack of 5°-dAdo deuterium label incorporation from these tyrosine C—D
positions suggested that hydrogen atom abstraction likely occurs at a solvent-
exchangeable site. To investigate this possibility, assays were carried out in a Tris-D,O
buffer (pD = 8.5) using unlabeled tyrosine, similar to experiments described above in
H,0 (D,0:H,0 = 95:05) and like above were quenched with 1 M HCI (Figure 2). The
resultant mass spectrum of the dAdo product was different from that obtained in H,O
assays, with significant amounts of [CH,D-5"]-dAdo, [CHD,-5"]-dAdo, and [CD3-5’]-

dAdo produced in addition to non-labeled 5°’-dAdo. Under the circumstances where the
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5’-dAdo radical presumably abstracts the phenolic H/D atom from the tyrosine, we
expect to see a single H/D atom incorporation into 5’-dAdo resulting in an increase of
one m/z unit in the case of the labeled tyrosine. In our observed result however we see
multiply deuterated species (CH,D-5’, [CHD,-5’, and CD3-5") of dAdo thereby opening

the possibility of multiple abstraction and/or re-abstraction events.
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Figure 1. Product 5’-deoxyadenosine mass spectra in H,O containing buffer with
deuterium-labeled Tyr substrates. (A) Unlabeled Tyr. (B) Cs-D,-Tyr. (C) Ring-D4-Tyr.
(D) C»,Ring-Ds-Tyr.

This result is indeed perplexing and experiments are currently underway to explain this
phenomenon. Additionally, the percentage of non-labeled 5’-dAdo was substantial in
the observed distribution, however similar percentages of unlabeled 5’-dAdo have been
reported for other radical SAM enzymes where hydrogen atom abstraction labeling
experiments have been investigated (/8, /9). This can most likely attributed to the
presence of protic solvent in the assay mixture as well the ability of SAM to undergo

uncoupled cleavage in the presence of HydG and tyrosine(/0). It should be noted that
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the protic enzyme denaturant HCI did not impact the observed distributions performed in
D;O0, since similar distributions were observed among samples that were not treated with
HCI (data not shown). To confirm that label incorporation was associated with the
catalytic reaction using tyrosine as a substrate, the experiment was repeated in the
absence of tyrosine in D,0O (data not shown). The overall quantity of detected 5’-dAdo
product was significantly less than in the presence of substrate, representative of
baseline level nonproductive SAM cleavage by HydG (Table 1 row 2). We can also
attribute the presence of a small amount mono deuterated 5’-dAdo (Table 1 row 2) to a
certain percentage of the generated dAdo radical being quenched by exchangeable
amino acid residues on the protein or D20 solvent. Similarly, attempts to utilize
phenylalanine rather than tyrosine as a substrate resulted in little to no stimulation of 5’-
dAdo production, and the dAdo produced had an isotope distribution similar to that
observed with tyrosine as a substrate (Fig 2C, Table 1 row 3).

To investigate possible effects of pD on the extent of deuterium incorporated into
dAdo, the assay was performed in a different buffer (50 mM HEPES, 500 mM KCl, 5%
glycerol pD = 7.4). As with the results in the higher pD Tris buffer described above, the
isotopic distribution for 5’-dAdo is reflective of significant deuterium label
incorporation. However, in Hepes pD 7.4 the deuterated 5’-dAdo was almost
exclusively mono-labeled, with negligible bis- and tris-labeled product observed (Figure
2D, Table 1 row 3). Taken together our observations with specifically deuterated
tyrosine substrate do indicate that the initial H atom abstraction by the dAdo radical does

indeed take place from the phenolic hydrogen. Our hypothesis is given further credence
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with the lack of any observed label incorporation in experiments conducted in H;O with
the Co—H, CB—H and ring deuterated substrates. As the analog phenylalanine does
not stimulate 5’-dAdo production with intact enzyme, nor does it produce a different 5’-
dAdo isotope distribution from the absence of the tyrosine substrate, initial abstraction
cannot occur at the Ca-amino group. These results stand out in stark contrast with

experiments done in D,0 and tyrosine where we observe a majority of mono deuterated

product as well a substantial amount of bis- and tris-labeled product.
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Figure 2. Product 5’-deoxyadenosine mass spectra in D,0 buffer with natural abundance
substrates in Tris-D,O (pD = 8.5) (A) Tyr. (B) No Tyr. (C) Phe. (D) Tyr in HEPES-D,0O
(pD=7.4)
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Analyte/Substrate Percent Labeling of Analytes by Peak Height

dAdo — — — —
CH3 CH2D CHDZ CD3

Tyr 27.8 332 21.8 17.2

No Substrate 84.2 15.8 0.0 0.0

Phe 84.6 14.5 0.9 0.0

HEPES-D,0 63.5 30.9 39 1.7

Table 5.1. dAdo Deuterium Distribution with Intact HydG

Multiple deuterium labels detected in the 5°-dAdo product is potentially intriguing with
respect to the H atom abstraction process, as it implicates multiple abstraction and/or re-
abstraction events by the d-Ado radical as part of the turnover process. Interestingly,
SAM has been previously shown to serve as a co-substrate in the HydG reaction, where
the extent of SAM cleavage relative to the amount of p-cresol, CO and CN- produced
was suggestive of dAdo radical consumption by substrate (10). It has been shown earlier
that the tyrosine decomposition mechanism yielding CO and CN- is unique, requiring
activity of two discrete, site-differentiated [4Fe-4S] clusters (11-13) Therefore, To
investigate the nature of the abstraction/re-abstraction in the consumption of SAM by
HydG, similar label transfer experiments were performed using a truncated version of
HydG, lacking 88 amino acid residues in the C-terminal region that binds the accessory
CX,CX5,C Fe-S cluster. Experiments were performed under similar conditions (50 mM
Tris, 300 mM KCl, 5% glycerol, pD = 8.5) as described for the intact enzyme noted
above (D,O:H,0 = 88:12). In contrast to the intact enzyme, the dAdo isotope
distribution from truncated enzyme was comprised of exclusively unlabeled and mono-

labeled product (Figure 3, Table 2). Under comparable conditions, bis- and tris-labeled



144
products were found to be non-existent. Initial characterization of the C-terminal
truncated HydG has shown that very little product formation is observed, suggesting that
the C-terminal region serves an important stabilizing role in facilitating the reaction (20,
21). Consistent with the initial reports, the C-terminal truncated HydG shows a
decreased amount of 5°-dAdo produced, at approximately 30 % of levels detected with

the full enzyme (data not shown).
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Figure 3. Mass spectra of 5’-deoxyadenosine product from C-terminal truncated HydG in
Tris-D,0 (pD = 8.5) buffer. (A) Tyr. (B) No Tyrosine

Analyte/Substrate Percent Labeling of Analytes by Peak
Height
dAdo —CH; — — —
CH,D CHD, CD;
Tyr 75.2 24.8 0.0 0.0
No Substrate 52.3 47.6 0.0 0.0

Table 5.2. dAdo Deuterium Distribution with C-terminal Truncated HydG in tris-D,0.

Considering that the truncation is a substantial perturbation to the enzyme, differences in
tyrosine or SAM binding to HydG can be expected to be significantly poorer, and could
result in differences in the extent of deuterium label transfer. Together with the

decreased overall amount of product 5’-dAdo formed, the observation of a single
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deuterium label incorporated into dAdo from the truncated enzyme is consistent with a
single, initial hydrogen abstraction occurring as the principal initiation event on the

tyrosine substrate.

Conclusions

HydG-catalyzed tyrosine decomposition is a unique, radical-based reaction where the
synthesized diatomic ligand products are delivered to HydF, and eventually delivered to
HydA as the assembled 2Fe subcluster. The cumulative data supports abstraction of the
tyrosine 4-phenol hydrogen atom by the 5’-dAdo radical following reductive cleavage of
SAM. Additionally we propose that a subsequent re-abstraction by the phenoxide
radical results in multiple deuterium atoms observed in the product 5’-dAdo.The identity
of the substrate radical initiation site (from 5’-dAdo product analysis) is significant, as it
provides potential insight into the putative oxidized glycine intermediate that yields CO

and CN".
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CHAPTER 6

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

The primary goals of the research described in this dissertation were threefold. The
first objective was to understand the solution phase dynamics of SPL in the presence of
damaged DNA substrate and SAM. SPL is a non-photoactivatable DNA repair enzyme
found in spore forming members of the Bacillus and Clostridium species(1, 2). The
catalytic action of this enzyme has direct implications on the remarkable UV resistance
of bacterial spores, which are the causative agents of a variety of diseases. To that end,
understanding the mechanism of action of this enzyme, specifically the dynamic
interactions of the enzyme with its substrate which leads to recognition and binding,
would provide us with invaluable insight into UV resistance of bacterial spores.

Some of the primary outstanding issues concerning the repair of SPTpT by SPL are
the events involved with substrate recognition and binding. The issue was made more
complicated due to the lack of a substrate-bound structure that would potentially provide
insight into the varied regions of the protein interacting with the substrate. In order to
gain an understanding of the solution phase dynamics of SPL upon substrate binding, we
utilized the minimal dinucleotide substrate SPTpT(2, 3), which was synthesized in our
lab. The work described in Chapter 2 employed hydrogen deuterium exchange as
monitored via high performance liquid chromatography and mass spectrometry, a
technique seldom utilized in bioinorganic chemistry to probe structural changes in
enzymes containing oxygen sensitive metal clusters. We characterized the interactions of

SPL with SAM, SPL with SPTpT, and SPL with SPTpT and SAM, both under aerobic
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and anaerobic conditions. We probed the effects of the anaerobic environment in order
to obtain an understanding of the role of the oxygen-sensitive 4Fe-4S catalytic cluster on
binding. Our results indicate that the protein undergoes a significant global
conformational change on binding to SAM and a further perturbation takes place when it
is concurrently bound to SAM and SPTpT. We were also able to show that the presence
of the catalytic cluster does indeed accentuate the degree of structural dynamism when
the enzyme is bound to its cofactor and substrate. Our results were corroborated by
recently published crystal structures of SPL with SAM and SP dinucleoside substrate.
The ligand bound structure indicated that significant conformational change occurs in
the active site region on substrate binding including a B hairpin region which
experiences a movement of 2 A. It has also been proposed that this region might be
involved in base flipping interactions commonly observed in DNA repair enzymes such
as DNA photolyases. In addition, it has been shown in previous radical SAM enzymes
that the binding of SAM and its correct orientation in the active site is dependent on
multiple interactions such as hydrogen bonding, hydrophobic interactions and salt
bridges, in addition to coordination of the unique iron of the [4Fe-4S] cluster. In the case
of SPL binding SAM, the amino group of the methionyl moiety of SAM has been shown
to interact with Ser142 and Asp143 and the carboxylate moiety with Lys174 and Ser195,
while the adenine and ribose groups are held in place via hydrogen bonding interactions
with Tyr96, Tyr98, Ala234 and Ala273. It is likely therefore that these interactions upon

SAM binding contribute to the observed changes in H/D exchange in our experiments.
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The study presented herein provides the first insight into the dynamics of SPL.
binding with substrate while utilizing un-reconstituted enzyme and the physiologically
relevant SP-dinucleotide substrate. Our analysis has provided insight into
conformational change brought about by SAM and SP binding while utilizing
methodologies which are high throughput in nature and commensurate with the
anaerobic nature of radical SAM enzymes. We believe that the techniques utilized by us
can prove invaluable in probing the enzyme-ligand interactions of other radical SAM
enzymes whose structures are yet to be elucidated.

The subsequent topics of investigation concerns the hydrogenase maturase enzymes,
HydE and HydG, involved in the bio-synthesis and assembly of the [FeFe]-hydrogenase
active site H cluster(4, 5). The second objective of my research was the biochemical
characterization of HydE, with the ultimate goal identifying the substrate and elucidating
the mechanism of catalysis. The initial approach towards identifying a putative substrate
involved assaying for enhanced SAM cleavage by HydE in the presence of all twenty
amino acids and some common metabolites. This initial screening, carried out by my
predecessor on the project, indicated that the presence of cysteine along with HydE and
SAM resulted in enhanced SAM cleavage as monitored by 5°-dAdo production. This
observation was consistent with published studies showing that addition of cysteine and
tyrosine to cell lysates of the maturase enzymes resulted in stimulation of [FeFe]-
hydrogenase activity. Consequently, based on the data obtained from our screening
assays we decided to further probe the role of cysteine in HydE catalysis via LC-MS.

Our subsequent investigations provided confirmation that cysteine increased the rate of
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HydE catalyzed 5’-dAdo production and further, that cysteine was consumed in a 1:1
stoichiometry to the 5-dAdo produced. This implied that for every molecule of SAM
cleaved by HydE to produce 5’-dAdo, one molecule of cysteine was being consumed.
As mentioned earlier in this dissertation, it is proposed that the 2Fe-2S cluster on HydF
(which acts as a scaffold in the maturation scheme) gets modified by the actions of
HydE and HydG(6-8). Moreover, bioinformatic studies have shown in certain cases the
hyde and hydf genes (9)are fused, and recent biochemical characterization has also
indicated a strong binding interaction between the two enzymes(10). Therefore we
hypothesized that the presence of HydF might affect HydE catalysis. In order to probe
the effects of HydFAEG on HydE ,we conducted assays in the presence of both these
enzymes and deuterium labeled cysteine. Our results indicate that the presence of
HydFAEG decreases levels of nonproductive 5’-dAdo formation, with a concomitant
increase in the amount of cysteine consumed over time. Additionally, assays conducted
in the presence of cysteine labeled with deuterium at specific positions point to a
mechanism in which the HydE-generated 5’-dAdoe abstracts an H atom from the 3
carbon of cysteine to initiate catalysis. Taken together, these results provide an initial but
critical window into the catalytic action of HydE in the maturation scheme of [Fe-Fe]-
Hydrogenase.

Our third and final line of research involved investigation of the mechanism of
tyrosine cleavage by the maturase enzyme HydG. HydG synthesizes the CO and CN-
ligands of the H-cluster via the decomposition of tyrosine(11, 12). Our primary objective

in the current work was to gain insight into the mechanism of HydG-catalyzed tyrosine
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cleavage by identifying the specific site of the H-atom abstraction by the 5’-dAdoe
intermediate. To that end we performed assays with tyrosine labeled with deuterium in
different positions, and traced the label transfer via LC-MS. Our analysis indicated that
during the HydG catalyzed decomposition of tyrosine, the 5’-dAdoe radical abstracts an
H atom from the phenolic position which is subsequently detected on 5°-dAdo via LC-
MS.

The work presented in this dissertation has provided insights into the structural as
well as mechanistic parameters of three radical SAM enzymes. We have demonstrated
that the substrate for HydE is cysteine and that catalysis is initiated via single H atom
abstraction from the B-carbon. We have also obtained similar insights into the
mechanism of tyrosine decomposition by HydG where catalysis takes place via an H
atom abstraction from the phenolic position. The insights obtained from the H/D
exchange studies with SPL has not only provided us with information about global
conformational events in the enzyme on ligand binding, it has also provided us with

sensitive and rapid methodology to probe structural perturbation in anaerobic proteins.
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SUPPLEMENTAL INFORMATION FOR CHAPTER 3
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Supplement 1: The figure illustrates the chromatographic separation of the
primary components in the assay mixture . 5’-deoxyadenosine is the least retained
at 4.0min followed by cysteine at 4.6min. The buffer component HEPES elutes at
5.0min followed by the reaction co-factor SAM at 6.7min.

Experimental —— Experimental
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Supplement 2: The figure illustrates the EPR simulation and experimental spectra
indicating the presence of SAM in the reconstituted HydE
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Supplement 3: The figure illustrates the 5’-dAdo production as a response to
incubation with different amino acids and small molecules. The stimulatory effects
on SAM cleavage as a response to cysteine is clearly visible resulting in a 50%
increase in the rate of SAM cleavage. (This figure is taken from reference 39 in
chapter 3)



