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ABSTRACT

Hemebisoneomat ur eds most a HAHactoreands essemtihlfov er s a't
aerobic life.As such, hemé is synthesized by almost every living organism and plays a
major role in bacterial virulencé pathway for hemé biosynthesiswhich is unique
to some of he most primitive grarpositive bacteriancludingmany important
pathogens, was recently discover€his pathway, now known as the coproprophyrin
dependent (CPD) branch, ends in a step catalyzed by an
unusuaknzymeknownalternatelyascoproheme decarlzglase (ChdC) or HemQ. This
research aimed to understa@kddCfunctionat the molecular, structural, and cellular
levels. Using the ChdC enzyme fr@taphylococcus aureSaChdC) and a variety of
biochemical and analytical toalsonventional and stoppédtbw UV-Vis spectroscopy,
resonance Raman, HPLC, IS, sitedirected mutagenesis, EPR, anday
crystallography), the work presented here describes how the coproheme substrate is
accommodated in t8@aChdC active site and poised for reactivity. The clativ
results show that ChdC catalyzes the oxidative decarboxylation of coproheme IlI to
generate hemigin a sequential and cloekise fashion, generating harderoheme lll in the
process. This reaction is8>-dependent and the mechanism involves the foomaf
the highvalent Fe(IV) intermediate (Compound 1) and a tyrosine radical {Tyhe
coprohemébound ChdC structure revealed a heloalp that is flexible and moves in
towards the active site in the presence of substrate. This loop is hypothesizeds an
factive site gateo which mediates substrat
cytotoxicity of heme and its porphyrin precursors, we proposed that the metabolite flux in
this pathway is controlled by transient protpnotein interactiondJsing the UWVis
characteristics of porphyri nckdChnockoup henot yp
strain ofS. aureuxomplemented with ChdC point mutants, we present preliminary
evidence for a interaction betwee@hdCthe preceding enzyme of the patowy
CpfC. The same approaches also implicated potential interactions beBleénhandan
unidentified hemehaperone, which delivers heme to its final cellular destination. We
propose that this chaperone is HemW. Experiments to test this hypothesis are
outlined. This work elucidates yet different way that nature has equipped cells to perform
radical chemistry in order to accomplish essential molecule transformations, such as that
of decarboxylation and the simultaneous generation of & emphasizes the
importance of substrate/product pasatalysis cellular trafficking.
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CHAPTER ONE

THE TERMINAL THREE CATALYTIC STEPSOF MAKING HEME,

A LITERATURE REVIEW

Multiple Ways to Make ldmeb

Hemeb biosynthesiss ahighly importantprocesslue to thesignificance of the
final cofactor produced, as well as the highly reactive and disekged intermediates
that are formed during this process. As such, the enzymes and porphyrins involved in this
pathway had been extensively studied and thought tcehedacumented for over 60
years. Increasing accessibility to genome sequencing and the development of
bioinformatics toolgevealed that the wetlharacterized, canonical hefiméiosynthesis
pathway was not applicable to all organisms. Over the 1&sgears, it has been
established that this canonical pathway is limited to eukaryotic organisms (namely
animals and plants) and gramgative bacteria (such &scoli), while grampositive
bacteria (likeB. subtilisandS. aureusand archaea, denitrifyinqnd sulfatereducing
bacterishavea modified, unique pathway to produce the same final product; béfme
(Figure 11). As the knowledge about these differpathway evolved, new
nomenclature fothe enzymes that catalyeach individual step was devetapFor
clarity, the most recefht established nomenclature will be used hees and former

names are listed ifable 11)°.



EUKARYOTES
PgoX/

CgdC/ PgdH1/ G- BACTERIA

AlaS- UroS PbgS , CgdH towen 1x P99H2 hvrin IX PpfC heme

ALA —__—» uro'gen Il — copro'gen lll e proto gen e protoporphyrin
(0,) 2¢O, 30, 3H,0, Fe(ll)
l G+ BACTERIA
CgoX
l CpfC
coproporphyrin L —— coproheme heme
precorrin-2 Fe(ll) 2H,0, 2C€0,
\\~A

siroheme
— . coproheme ___ L heme

Figure 1.1. Multiple heme b biosynthesis pathways. Three heme b biosynthesis have been
identified, each specific to differentganisms. Eukaryotes and graragative bacteria

share the canonical pathway that was once thought to be universal (blue), while gram
positive bacteria (purple) and archaea (orange) have distinct and unique pathways to

synthesize the same molecule.

Tablel. Nomenclature of hemebiosynthesis enzymes

Heme biosynthesis enzyme| Former abbreviation| New abbreviation

(s)
ALA synthase HemA AlaS
GlutaminetRNA reductase HemA/GtrA GtrA
GSA mutase HemL/GSAM GsaM
PBG synthase HemB/ALAD/PBGS PgbS
HMB synthase HemC/HMBS/PBGD HmbS
URO synthase HemD/UROS UroS
URO decarboxylase HemE/UROD UroD
Coproporphyrinogen HemF/CPOX CgdC
decarboxylase
Coproporphyrinogen HemN/HemZz/CPDH CgdH
dehydrogenase
Protoporphyrinogen HemG PgdH1
dehydrogenase 1
Protoporphyrinogen HemJ PgdH2
dehydrogenase 2
Protoporphyrinogen oxidase HemY PgoX
Protoporphyrin ferrochelatase HemH PpfC
Coproporphyrin ferrochelatass HemH/HemZ CpfC
Coproporphyrin oxidase HemY CgoX

Coproheme decarboxylase HemQ ChdC
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All pathways share a common beginning and only diveogegeneratiorof
uroporphyrinogen Il (Figure 1.2T.he pathways commence with the irreversible
synthesis of &aminolevulinic acid (ALA) from glyicine and succingbA by ALA
Synthase (ALAS) (metazoaasd fungi) or from glutamyiRNA via a twestep process
catalyzed by glutamyiRNA reductase (GtrR) and glutamdtesemialdehyde-1,
aminomutase (GsaM) (most bacteria and archaea). Two moleculé#\afah then be
used by porphobilingen synthase (Pbd®)make the monopyrrole porphobitigen,
which can subsequently be used by hydroxymethylbilane synthase (HmbS) to make the
first tetrapyrrole intermediate hydroxymethylbilane. Uroporphyrinogen synthase (UroS)

then catalyzes the formation thie common intenediate uroporphyrinogen II{Figure

1.2).
glycine +
succinyl-CoA
lAIaS Ac
coo" (COO‘ PrMAc M HgCMPr Eukaryotes, G- bacteria
- W i - i
C00"  ppgs ) Hmbs )-NH N"” Uros. )’NH NH/ UroD J-NH NH G- bacteria heme b
- 7 —— HO § > heme
A > NH HNf'i \*NH HN“ J/NH HN%
0 u Pr Hie A N CH3
HN
NH, 3
Pr C Pr
ALA porphobilinogen (PBG)  hydroxymethylbilane  uroporphyrinogen Il coproporphyrinogen lll
GsaM U
GtrR
heme b
glutamyl-
tRNA

Figure 1.2. All heme b biosynthesis pathways share a common beginning and have
uropaphyrinogen Il as the final common intermediate. The eukaryotic, -giegative,
and grampositive bacterial pathways comtie on to make coproporphyrinigen Ill, while
the archaeal pathway branches off after this step.
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The archeal/sulfateeducing/denitrifying bacterial pathway was the first alternate

pat hway to be discover lernateheinebi asyastbbsi was

pathway (Ahb pathway) In this alternate pathway, uroporphyrinogen lll is converted

into siroheme, the prosthetic group of sul

in and processed into herndy the enzymes AhbA, AhbB, AhbC, aAtbD (Figure

1.1¢. For the other two pathwayspproporphyrinogen llis the last common

intermediate and it is obtained by the decarboxylation of uroporphyrinogey i

uroporphyrinogen decarboxylase (UroBjr the simplicity of this discussion, thatall

that will be said about the Ahb pathway and we will focus on the canonical pathway and

the branch that stemmed off from it for grgmsitive bacteria.
To get from coproporphyrinogen Il to herbgthree chemical transformations

must occur; (1) dechoxylation of the A and Bring propionate groups, (2) oxidation of

two of the four pyrrole rings, and (3) metalation of the tetrapyrrole with iron. Although

the set of transformations are the same in badihche®f hemeb biosynthesis, the order

in which these transformations occur is what makes them distinct (Rigdiré&he two

pathways diverge by preeding through eithéhe decaboxylation step to yield

protgoorphyinogen IX or through the oxidation step to yield opprphyrin 11l and thus

are now referred to as the protoporphyaependent (PPD) branch or the

coproporphyrirdependent (CPD) branch, respectively.
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G- bacteria) CgdC
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: 30, 30, (N M 3 N N 1" 2c0,
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(G+ bacteria) o Fe()2H" L W __I_, 2H,0, +2H,0
D {
£00: 1600 CoO" COoO"
hyrin Il
copIopOTRVEN coproheme Il

Figure 1.3. The PPD and CPD branches of heme b biosynthesis consist of the same
chemical transformatiobut in a different order. Although some of the enzymes between
the branches are homologous, a change in the order creates different porphyrin
intermediates, making the enzymes that act on these porphyrins intrinsically different.
The CPD pat handngléreyme is ChglQ.e t

By changing the order of the set chemical transformations, the tetrapyrrole
intermediates that are formed also become slightly different. As such, the enzymes that
catalyze these steps (althousgimetimesiomologous and/or vesstructurally similar)
are also unique and distinct. Henee discuss the recently elucidated similarities and
differencesdetween the enzymes (and reaction mechanisms) that catadgeelast three
chemical transformations of the hetmbiosynthesis pathay.

The PPD Branclan be Further @it into the PP(O»-dependentind PP O,-
independentBranches

Biosynthesis of hemle has been currently split into two branches. The PPD heme

biosynthesis branch (the former canonical pathway), which is only fiouzukaryotic
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organisms and grammegative bacteria, and the novel CPD branch, which pertains to
gram-positive bacteria’.

In the newly elucidated CPD branch, the order of the terminal steps is (1)
oxidation of two of the four pyrrole rings, (2) metadat of the tetrapyrrole, and finally
(3) decarboxylation of the Aand Bring propionate. The PPD branch follows the before
mentioned order of (1) decarboxylation of thealhd Bring propionate groups, (2)
oxidation of two of the four pyrrole rings, atastly (3) metalation of the tetrapyrrole
with iron. The terminal steps of the CPD branch are each catalyzed by one enzyme. In the
PPD branch however, each step can be catalyzed by one or more enzymes, depending on
the organism in which biosynthesis is oging and on whether oxygen is used during
catalysis. We propose that the PPD pathway can be further split into two more branches
which we will callthe PPD-(O.-dependentbranch andhe PPD(Oz-independenthbranch
(Figure 1.3).This makes hemile biosynthesis unique and distinct, not only in gram

positive bacteria, but in all organisms f@hich it has been described

Decarboxylation of the Ring-Aand B Propionate ®ups (CgdC, CgdH, and ChdC)

The first chemical transformation to occur pogpraporphyrinogen Il formation
in the PPD brancls a decarboxylation to yield protoporphyrinogen(Bfgurel.3). This
reaction can be catalyzed by coproporphyrinogen decarboxylase (CgdC) or
coproporphyrinogen dehydrogenase (CgdH) in an oxgggendentioin an oxygen

independent manner, respectively.



.
As part of the PPHO>-dependentpranch, CgdC catalyzes the oxidative
decarboxylation of the Aand Bring propionate groups in sequential and clockwise
manner. Thignitochondrial intermembrane enzyme isdric andcontains a conserved
active site base Asp residue is thought to facilitate reactivity of coproporphyrinogen |l
with Op, leaving vinyl groups in those positidiis This reaction yields two molecules of
COz and HO», one for each round of decastylation. CgdC is found almost exclusively

in eukaryotic organisms and a very small amount of gnagative bacteria.

C00” CgdC
20, 2co,

COO- CgdH
© TN
donor o-
+5'dA
+2H,0, accpetor
€00 coo" €00’ coo" ¢00" toor +2CO, CO0" c00"

coproporphyrinogen Il protoporphyrinogen IX  coproporphyrinogen Ill

protoporphyrinogen IX

Figure 1.4. Decarboxylation of coproporphyrinogen Il to protoporphyrinogen IX in the
PPD branch can be catalyzed aerobicallgr@aerobically by CgdC or CgdH,
respectively. Although CgdC and CgdH catalyze the same chemical transforttadip
share no structural nonechanistic similarity (PDBID 5EO6 and 10TL). The oxidative
decarboxylation reaction requires an electron acce@gmC uses oxygen, while CgdH is
a radical SAM enzyme that uses its [4F%] cluster and SAM for catalysis.



8

The enzyme that catalyz#tss decarboxylation stegxclusively in granmegative
bacteria is CgdHCgdH has no structuralor mechanisticelatiorship to CgdGand &
part of the PPE{O.-independentlpranch, CgdH is a soluble, monomeric radical SAM
enzyme, containing a [4F4S] cluster®(Figure 1.4) This reaction is facilitated by¢h
f or mat i o-deoxgadengyllvaglicab vBhich is generated through transfer of an
electron from the irorsulfur cluster taone of theSAM moleculesand subsequent
homolytic cleavage of methionine to yield the reactive radical spedibs
5 0 d e 0o xsylaadieainnitiates the dedawxylation reaction by stereospecific go
hydrogenratom abstractioat the betgosition of the propionate side chains, producing a
radical in thapositiorf. Thisreaction requires an electron donor at the start of the
reaction (to fill the irorsulfur cluster electron hole) and an electron acceptor at the end of
the reaction (to quench the radical), both of which have not yet been identigavith
CgdC, aecarboxylation of the ring Aand B propionate groups coproporphyrinogen
Il to yield protgorphyrinogenX happens in a sequential and clockwise manner and
generates two molecule$ CO; during the process

In the CPD branch, decarboxylation of theahd Bring propionate groups is not
the first terminal step, but the last one. In this bratiak chemical transformation occurs
with coproheme Il as a substrate and yields hbmgthe final product (Figure 1)2
This reaction is a peroxiddependent oxidative decarboxylation catalyzed by the novel
enzyme coproheme decarboxylase (Cd® It is the discovery of this enzyme that led
to the deciphering of the novel CPD bradch ChdC alsois not homologous nor

structurally related to either CgdC or CgdH. Instead this enzyme is a member of the
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chlorite dismutase (Cld) family of proteins, whiare soluble enzymes thsttare a

homopentametic structufgFigure 1.5).

[ofelo)

COO0" CoOo-
coproheme

Figure 1.5. Decarboxylation of coproheme is the last transformative step in the CPC
branch and it is catalyzed IBhdC. ChdC catalyzes the oxidative decarboxylation of
coprohene to heme using coproheme as a substrate and a cofactofGurastn
electron acceptor. This enzyme shares no structural relationship to CgdC or CgdH and
instead is a homopentamer, binding one molecule of coproheme in each monomer
(PDBID 5T2K).

Eachmonomeric unit in Ch@ binds a coproheme IIl molecule and
decarboxylation is facilitated by reactivity with® and a conserved Tyesiduen the
active sitewhich forms a radical to induce reactiit}*'2. ChdC uniquely uses

coproheme Il both as aisstrate and a cofactor. This reaction mechanism is thought to

include the formation of the higéalent Fe(IV) intermediate (Compound 1) that
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subsequently acts as an oxidizing agent to the Tyr residue, making it a radic#ly Sligh
simil ar t oenibdl mdical Cgdb,xhys ardtein radical performs a
hydrogenratom abstractioat the betgosition of the propionate side chains, producing a
radical in that position, and inducing decarboxylation. This process happens twice, to
decarboxylate both ppoonate groupDecarboxylatiorby ChdCagain occurs in a step
wise and ckwise fashion and generates tmolecules of C@andfour molecules of
H20 in the process. #,,is an unusual cellulaubstrate and its souroemains to be
elucidated, althougt is possible that the preceding enzyme CgoX (Figure 1.2), which

generate$i>O», could deliver the required molecules directly.

Oxidation of the TetrapyrroleiRgs (PgoX, PgdH1, PgdH2 and CgoX)

The diversity of hemb biosynthesis pathways, or branshi different
organisms is most pronounced when looking at the enzymes that catalyze the oxidation of
the tertrapyrrole ring. This step is the second terminal step in the PPD branch and three

enzymes have been described as being able to catafifmguie 1.6)
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= X
N
A PgoX
[FAD] 3H,0,
+ 30,
COO™ coo- COO" cCOO°
protoporphyrinogen IX protoporphyrin IX
= X
N
N PgdH1
[FMN] 3MH,
+ 3M:
COO" coo- COO" COO°
protoporphyrinogen IX protoporphyrin IX
= X
N PgdH2 N
e’ 3XH,
acceptor
COO" coor COO" CO0O-

protoporphyrinogen IX protoporphyrin IX

Figure 1.6. Three nehomologous, isofunctional enzymes to catalyze the oxidation of
protoporphyrinogen IX to PPIX in the PPD branch. The PgoX reaction has been well
characterized and uses &5 an electron acceptor to yield 3 molecules &tipon
completion of catalysis. PgdH1 catalyzes the same reaction ip-@d€pendent manner,
by using FMN and electron acceptors from the respiratory chain, such as menadione and
ubiquinone. PgdH2 is the most abundant protoprophyrin dehydrogenase ebalyirees
not been structurally or mechanistically characterized.

In the PPDB(O2-dependenthbranch, the oxidation of protoporphyrinogen 1X to
protoporphyrin IX (PPIX) is catalyzed by protoporpingpgen oxidase (PgoX) (Figure
1.2). This reaction is asielectron oxidation of the tetrapyrrole ring, leaving double

bonds at almesecarbon positions. Oxidation by PgoX occurs in an oxydgpendent

manner, requiring threex®nolecules and generating thregdd molecules during the
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six-electron transfel*4. This enzyme is dimeric, membraassociated, and contains a
single norcovalently bound FAB(Figure 1.7) It is thought that PgoX uses FAD as a
co-factor, going through thre@unds of oxidation before the final, fulbxidized PPIX
tetrapyrrole is otained. PgoX is found almost exclusively in eukaryatedonly in a
very small amount of gramegative bacteria, likByxococcu¥ 1. Of note is that all of
the work that has been done to study this oxidation step of thelhielogynthesis
pathway has &enwith the eukaryotic PgoXnzyme.

In the PPDB(O2-independenthranch, oxidation gbrotoporphyrinogen IX to PPIX
can becatalyzed by the &independent enzyme protoporphyrinogen dehydrogenase 1
(PgdH1) or protoporphyrinogen dehydrogenase 2 (PgdH®)isofunctional enzymesf
thePPD branch (PgoX, PgdH1 and PgdH2) are-imamologous and have no structural
resemblancé. PgdH1 is found mainly in gamnryaoteobacteria, lik&. coli.ltis a
membrandbound protein andchanflavedoibre r f awhost W@ Al on
members ar&nown to bind FMN angbarticipate in electron transfddnique to PgdH1 is
a longchain insert loop that is essenfiat its reactivity®. PgdH1 is thought to use FMN
and members of the ¢ e mnénadonerarsipquimoger or y ¢ hai
catalysisrelieving it of its use of @as a final electron acceptof®

PgdH2 also catalyzes the oxidation of protoporphyrinogen to PPIX in-an O
independent manner. This enzyme is present in fgmihesizing, no®entericgram
negative bacterjasuch af\cinetobacte{(gammaproteobacteria) anfynechocystis
(cyanobacterigwhichlack bothpgoXandpgdHZ 1> 8 Phylogenetic analysshave

indicated thapgdH2may have originated in alpy@oteobacteria and subsequently
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became transferred to gamwpeoteobacteria and cyanobactériaAlthough PgdH?2 is
the most abundant out of these three isofunctional enzymes, very little is known about its
reaction mechanism. Because it is also a memHdvanad protein, it was initially
thought that it too could interasitha nd wuse mol ecul es of the
catalyze its reaction. However, no-factor has been identified for PgdH2 and it has been
reported that PgdH2 is not able to complement a PgtiificientE. colistrain,
suggesting that it is clearly distinct from PgdH?%

In the CPD branghoxidation of the tetrapyrroleng is not the penultimate step
of the entire pathway, but the first out of the terminal three. Conversion of
coproporphyrinogen 1l to coproporphyrin 11l by coproporphyrinogen oxidase (CgoX) is
the CPD pathway sommitted step. Interestingly, CgoX beamnost identical sequence
and structural similarity to PgoX, including the roovalently bound FAD molecufg: 1°
(Figure 1.7) As such, CgoX has extensively been reported to be the same as PgoX, with
the following exceptions; (1) it acts on coproponphggen 1l instead of on
protoporphyrinogen IX, (2) it is monomeric instead of dimeric, and (3) it is cytoplasmic
instead of membrane associat&d?.

The most widely studied CgoX has been that fBswillus subtils, whose crystal
structure is knownRDBID 316D) ?2. Analysis of theBsCgoX crystal structure and
comparison to that diltPgoX andHsPgoX have shown that CgoX has an active site
cavity with a volume 3 times larger (1173 A vs 48860 A) and significantly more
positively charged than that of Pgoélowing it toaccommodate larger and more

negatively charged substrates (namely coprdpgipogenill) *°. In addition, although
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theBsCgoX crystal structure codiinot be obtained without it, the structsteowed that
acifluoren, a wetknown PgoX inhibitor, binds towards the outside of the CgoX active
site, while it is buried deemithat ofPgoXt® (Figure 1.7) This is in agreement with
previous reports stating that CgoX is not inhibited by aciflu¢t&T pM), while this

compound acts as a very strong inhibitor in PgiiX~0.2 nM) 2922

(ofo]o)y COoO
= S
XA NS XN . N\ (o{o]o)

)NHHN~ FADF\ )N HNA J~NHHN~ )N HN-
P N Y% -9 A\ =
/% S IR 2] 3H,0, % R [Fﬁ:}
+ 30, 3H,0,
COO" coo- COO" cCoOo COO" coo- COO" COO"
protoporphyrinogen IX protoporphyrin IX coproporphyrinogen llI coproporphyrin lll

Figure 1.7. CgoX is homologous to PgoX but h¢éarger active site which allows it to
accommodate its larger substrate. The structures of PgoX (PDBID 2IVD) and CgoX
(PDBID 316D) show that they both bind an FAD cofactor and can bind the acifluofren
(AF) molecule (historically a PgoX inhibitor).CgoX isaught to have a very similar
reaction mechanism with PgoX. However, CgoX is a monomer (vs a dimer), a soluble
enzyme (vs membrar®sound) and has an active site cavity that igir@s larger than
PgoX. The larger active site allows it to bind its largempyrin substrate, its FAD €0
factor and still have room to bind other molecules that might help with catalysis.
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CgoX has been described as having the same reaction mechanism as PgoX, where
3 molecules of @are used as electron acceptors for tede@tron oxidation to yield 3
molecules of HO,. However, due to the novelty of the CPD pathway, all mechanistic
studies on CgoX have been conducted using protopormiggnmiX as a substratend
the requirement of £as an electron acceptor has not begmermentallyshown using
coproporphyrinogen 1##23, This begs ta question of whether CgoX caatalyze its
reaction in an @independent manner, to best suit the facultative anaerobic organisms in
which it is found. The PgoX iRlasmodium falcipariumfor example, is able to catalyze
its oxidation reaction using FAD, NAD, atwd NADP as electron acceptors under
anaerobic conditior4 It is possible that the much larger active site in CgoX can not only
accommodate FAD and its slightly larger coproporphyrinogen substrate, but also an
electron acceptor such as NAD(P). Although completely speculative at the moment, the
requirement of afluoren in the crystallization dsCgoX and its pistacking interaction
with the bound RAD alludesto this possibility.

Lagly, something to note is that theportsthatstate that CgoX is a soluble
enzymeare inconsistent with the actual biochemicatgts that have been conducted.
Over the past two decades journal articles and review articles onth@psynthesis
have stated that CggXinlike PgoX, is a cytosolic enzymé 2°21, However, the original
biochemical studies of CgoX suggest, and ia cas¢he authorexplicitly state, that this
is not the casé?. Studies with recombinarBsCgoX showed thahis enzymas found
in the insoluble fraction/cell membrane fractwhen expressed iB. coli, indicatingthat

ACgoX is | i ket giZpAdifferemistudy remorteg thamnuch like other
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membraneassociated proteinpurification of CgoX required denaturing conditions and
the addition of 1% TweeB0 to maintain thenzyme in solutioff. Finally, although @
et al 2010 state thafgoX is a solublenzyme by citing articles that makes
experimentally untestestatement, through comparisonB#CgoX andMt- andHsPgoX,
they report that Cgo’dlsocontains the membras®nding domain, the soalled
ADomain |10, t hleazymesagainfingicating that @goXPig likek
membraneassociatety.

A lot remains to be discovered abtheg enzymes that catalyi@s tetrapyrrole
ring oxidation stepin both the PPD and CPD pathways. In order to decipher the true
nature and mechamsof action of these enzymes it will be important to consider them as
individuals which are distinct from each other. In the case of CgoXinigsrtant that
future studiebe performed with the appropriate substrate (coproporphyrinogen IIl) and

that itssolubility, as well as cellular location, be reassessed.

Metalation of the €trapyrole Rng (PpfC vs CdfC)

The final step I&# to describe is the metlon of the oxidized tetrapyrrole ring
with iron. This is the final step in thePD branch of hemebiosynthesis pathway and it
is catalyzed by protoporphyrin IX ferrochelatase (Pgfigure 1.2) PpfC performs a
ferrous iron specific insertion to PPIX and itsechanisnhas been described lasing
the same in eukaryotes amdgram-negative bacteria, although very few bacteria PpfCs
have been describe@ihe most studied enzyme is that of humidsRpfC) whose WT

form, as well as many protein variant forms, has been crystallographically
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characterize®. PpfCis a homodimer, membraimund enzyme that is thought to
localize in the inner mitochondrial membrane of eukaryaied the inner cellular
membrane of grarpositive bacteri&. Each monomecontains a [2F€S] cluster that
does not participate in cataly5i®2°. The most notdb feature of PpfC is the smlled
Aactive site | ipo, which g(Figuesl8)HpsfIZ t wo st
amino acid structure moves in towards the active site upon PPIX binding, creating an
enclosed active site and burying the porphyaeminside the pocket. In the absence of
substrate or upon product formation, the acsite lip is away from the active site,

leaving it solvent exposed for substrate entry or product egress.
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CpfC

[efe]o COoO-
COO- COO"
CpfC
N
Fe(ll) 2H*
COO" COO COO”~ cCOoO- COO" cCOoO0o- COO~ coo-
protoporphyrin IX heme coproporphyrin lll coproheme lll

Figure 1.8. PpfC and CpfC share a similar structiaidland reaction mechanism. PfpC
is a dimer and a membrane associate protein that has a notable (active site lip) that closes
in towards the active site upon substrate binding (red arrow, PDBID 3HCO). CfpC lacks
this active site lip, leaving the activitkesmore solvent exposed (PDBID 1CH1).

The PpfC reaction mechanism entails (13*Fequisition and binding by PpfC,
(2) binding of PPIX, (3deprotonatiorof two pyrrole ring nitrogens in PPIX, and finally
(4) F&*-insertion into the macrocycle and product release. The current model for this
reaction mechanism was proposed by looking at the diffetsPpfC crystal structurés

27 as well as heavy metabaked crystal structures of the structurally homologous

enzyme inBascillus subtiligBsCpfC), in Figure 1.2nd described belo#??°. In order to
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obtain Fé" in its reduced form, this metal is directly delivered to PpfC by fratdida(
in human,Yfhlin yeastf®3! Frataxin is a membradsound enzyme involveih iron
storage, iron delivery to [F8] cluster assebty machineryand heme biosynthesis
enzymesits roledepending on its oligomeric statehich is induced by metal bindiffy
31 As a trimer, frataxin directly interacts with PpfC and transfefs tBea conserved His
and Glu residues found in the active site pocket, which hold the metal iR®gPatépon
PPIX binding, the active site lip closestightly around the active site, causing
rearrangement ofreactive sitehydrogenbonding network and disrtion to the planarity
of thePPIX tetrapyrroles ring™> 2”. Both of these conformational changes trigger
deprotonatiorand facilitate metal insertion into the porphyrin to yield the final heme
product. The hydrogen iomsst from the pyrrole nitrogenare buffered by a well
conserved His residu@rotonation of this His residueorgents its sidechain and causes
the final conformational change in the PgoX reaction cycle, which is opening of the
active site lip to allow for product reledse.

As prevously mentioned, although a lot is known about eukaryotic PpfC, very
little is known about bacterial PpfC and no bacterial PpfC crystal structures have been
obtained. However, because the enzymes in these organisms are so similar in sequence
and strutural models indicate high structural similarity as well, the reaction mechanism
is thought to be the same. As such, for the purpose of this review, catalysis of this
reaction is the same in both forn@{dependentandO.-independentof the PPD
pathway (Figure 1.2. It is worth noting, thaturther characterization of theacterial

enzymes is required to confirm their reaction mechanism is truly the same as the
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eukatyotic PpfC, as othelifferences have already been documented, such a2BJFe
cluster catent and cluster binding motifs, between the enzymes in different organisms
26 and this may very well not be the case.

Elucidation of the CPD branch led to the discovery that this was not the case for
grampositive bacteria. For many years, peoplewtoented that thierrochelatase
enzyme from granpositive organisms likB. subtiliswere anomalies théad
significantly lower binding affinities and reaatizates with PPIX than the we&thown
HsPpfC1992% 28 It is now recognized that this is because these enzymes are not the
same at all. Iron insertion into the oxidized tetrapyrraeise penultimate step of the
CPD hemé biosynthesis branch. Coproporphyrin ferrochelatase (CpfC) catalyzes the
insertion ofiron specifically to coproporphyrin Ill. This enzyme is very structurally
related to PpfC, but shares less than 15% sequence identity WiftFigure 1.8)
Instead of a membradmund dimer, CpfC is a cytosolic monomer, as confirmed by
variousindepemient group$ 2

CpfC enzymes does not contain any boundlaotors and, except for in
Actinobacteria, do not contain a [2B8&] cluster. Several structures of CpfC frBm
subtilis have been obtained with eitheridlethylmesoporphyrin IX or deuteropdiyin
IX bound in the active site, although no substrate/product structure has been obtained.
CpfC contains all of the conserved active site residues found in PpfC and but lacks the
wel |l noted 2&%whichistreugs to allew fdr thepadcoroation of a
larger substrate, as is coproporphyrin Ill. Comparison @h@&lhylmesoporphyrin IX

boundBCpfC and PPIXHsPpfC showed that the porphyrin in CpfC binds in a different
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location tha in PpfC and is rotated ~10loreover, the porphyrin is abodt5A further
from the inside of the active site, leaving two out of four propionate groups exposed to
solvent.

Nevertheless, the porphyrin in CpfC still interacts with the-wetiserved active
site His and Cf€ has been shown to bind¥én a similar nanner with its respective
His-Glu residue®?°. Delivery of Fé* to CpfC is also similar and, at leastBnsubtilis
is directly delivered by Fra, tH&. sulilis frataxin homolog3. Metahtion is thus
thought to occuthrough a similar mechanismtlaugh further work with this enzyme

and its appropriate substratealso needed

What Happens After eineb is Synthesized and Finalotes

The availability of genome sequencing data and bioinformatics led to the
realization that there were missingpes ® what was thought to be a welkéfined
pathway. Thespieces, which have now been filled iigve simultaneously created more
holes. Of most importance, the questions that come up are (1) what is the true nature of
the CgoX and CpfC enzymeg&?) howdoes metabolite flukapperand how is off
pathway reactivity controllesh grampositive organisms? and (3) what is the fate of
hemeb after it has been synthesized?

Discovery of the CPD branch led to the realization that CgoX and CpfC act on
differentsubstrates and produce different products than the homologous PgoX and PpfC
enzymes. Leading off of this, it cannot be assumed that isofunctional, or even

homologous, enzymes found in different organisms are the same. In order to understand
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the true naturef these enzymes in the distinct organisms in which they are found,
oligomerization state, solubility, presence and identity of a cofactor, and reaction
mechanism must all be experimentally determined for each enzyme. This has been done
with ChdC, as it was a novel enzyme, unique to the CPD branch, but remains to be done
for CgoX and CpfC. It is currently assumed that CgoX and CpfC have near identical
reaction mechanisnte PgoX and PpfC, respectively, however this has not been
experimentally testedt is our belief thalCgoX and CpfC could catalyze their reactions
using different ceactors/cesubstrates, to best suit the organisms in which they are
found

The fact thahemeb and its porphyrin precursors generated during the last three
steps of biosyntsis are cytotoxideads to the question of how gfathway reactivity is
regulated in granpositive organismsThe production and location of these metabolites
must be tightly regulated. Eukaryotes and gfaositive bacteria have double membrane
structues that allow them to compartmentalize the terminal enzymes of the heme
biosynthesis pathwagnd the toxic molecules they produce. Giositivebacteridack
a double membrane and thus must have a different way to create this
compartmentalization. Diregroteinprotein interactions between CgoX, CpfC, and
ChdC could be a way to achieve this. Characterization of these enzymes with their
accurate substrates and reconsideration of their structural features (ie. membrane
association) will shed light on howe CgoX, CpfC, and ChdC work together to

synthesize the final product, heine
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Lastly, an aspect of heme biosynthesis that is not always considered is the
delivery of this cofactor to its final cellular destination. Because of its highly reactive
nature, 1 is unlikely that ChdC simply releases helote the cellular mileu after making
it. More likely is that ChdC hands this molecule off to a recippeatein thatsafely
transports heme throughout the cell. Identifying this recipient protein will be edsent

understanding graspositive bacterial hemiebiosynthesis in totality.
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CHAPTER TWO

STUDY OF THE NOVEL, LAST ENZYME IN THE HEME B BIOSYNTHESIS

PATHWAY OF GRAM-POSITIVE BACTERIA, CHDC (HEMQ)

Discovery of ChdCKormerlyKnown as HemQ)

Prior to genome sequencing and the development of bioinformatics tools, it was
believed that there was single heimdiosynthesis pathway (now known as the PPD
branch), whictwas universal to all hemeontaining organisms (Figure 2.1). As these tools
became more available, it was noted that gpasitive bacteria do not code for either
enzyme that could catalyze the conversion of coproporphyrinogen 1l to
protoporphyrinogen IXCgdC or CgdH). However, they did contain a gene in their heme
b biosynthesis gene cluster whose function had not yet been described. This gene, first
annotated as a fAput at i vad), wak renamedemQaddi s mut a
fittingly, was found in grampositive bacteria but not gramegative bacteria nor

eukaryotek?®,
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PPD branch
(eukaryotes,
G- bacteria)
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Figure 2.1. The PPD and CPD branches of hénmosynthesis. Discovery of ChdC
allowed for elucidation of a new henebiosynthesis pathway that is unique to gram
positive bactga. For the different intermediates that are generated in the unique branches,
one was called the porphyradependent (PPD) bmah and the other the copropoypin-
dependent (CPD) branch. The PPD branch is found in eukaryotic andnggative
bacteria oty.

Eager to decipher the function of HemQ, studies oftheureusnd theB. subtilis
HemQ enzymes by separate groups revealed that HemQ did not catalyze the chlorite
dismutase (cld) reaction (Figure 2.2A) nor did it catalyze the reaction required to substitute
for the missing CgdC/CgdH heme biosynthesis enz§fdis link to heme biosythesis,
however, was clear. Not only was its gene location suggestive of thisn lwetlulo
experiments also indicated it. The removahemQin S. aureusmade this organism a
heme auxotrophand ceexpression of thegoX + cpfC + hemQproved to be abléo
complement the heme auxothrophy ofaroli pgoXor ppfCknock-out, while it had been

long documented that (althougtigHis present in this organisrayjoXandcfpCalone did

nof. These results led to the realization that the-alediracterized hemie biosynthesis
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pathway was not universal and needed to bexeenined for graspositive organisms. It
is now known that HemQ catalyzes the oxidative decarboxylation of coprohemwgiélidto
hemeb (Figure 2.2B). The discovery tfemQled to the deciphering of the novel CPD
branch of hemé biosynthesis and during the renaming oftlhé other enzymes, HemQ

became Coproheme DecarboxylaseCbdC3 (Figure 2.1, Table 1.1).

A
Cid
Clo, Cl-+ O,
B
(ofolon
AN
COOr
ChdC A
(HemQ)
2H;0, )
2CO,
COO" COO COO" COO
coproheme heme

Figure 2.2 ChdC does not catalyze the chlorite dismutase (cld) reaction and instead
catalyzes the last step of the heme b biosynthesis pathway irpgsitive bacteria. (A)
Canonical Cld enzymes convert Gi@ CI and Q, using heme as a cofactor. (B) ChdCs
(formerly HemQs) bind coproheme as a substrate and catalyze >edépendent
oxidative decarboxylation of the ring-And ring Bpropionate groups to yield heme

ChdC and the Chd®rotein Rmily

ChdC was first annotated as a chlorite dismutase enzynmierit€hdismutase
enzymes (Clds) were first noted for their ability to convert Cigto CI and Q using

heme as a tightly bound cofactor (Figure 2.2A). The Cld family of enzymes is quite large
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and diverse, with members in almost all bacterial and argigddt (Figure 2.3).ChdCs
share such a high sequence similarity to canonical Clds that the Pfam protein family
database still groups Clds and ChdCs as a single family and only separates the two at high
stringencies’. Their taxonomic distribution, howeveis rather distinct and reflects the
different biological roles of these enzymes. While canonical Clds are found within
perchlorate or chlorate reductase operons in gragative proteobacteria, ChdCs are

exclusively found within hemie biosynthesis operes of grampositive bacteria.

e Proteobacteria

e Nitrospirae

e Cyanobacteria
Deinococcus-Thermus

® Firmicutes
Actinobacteria
Crenarchaeota
Euryarchaeota

Respiratory

Clds
HemQ

group 2

Non-respiratory
Clds

Figure 2.3. The Cld family of enzymes (Pfa
proteins and share high sequence and structural similarity with canonical Clds. The Cld
family of proteins is taxonomically diverse Wwimembers in almost all phyla.

ChdCs and Clds are not only similar in sequence, but also in secondary and tertiary

structure (Figure 2.4B). The -términal, heme/coprohert@nding portion of these

structures mutually align to form a homopentamer with aanimg in the center (Figure
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2.4A). With the exception of a large helix loop segment around the active site, the
superimposed structures of canonical Clds and ChdC display almost complete overlap.
This helixloop, composed of amino acid residues ~140, s away from the active site
in ChdC and is thought to have important implications for substrate binding, product
egress, and/or interactions with other proteins. A defining feature of canonical Clds is a
well-conserved distal (above the heme plane) Argluesthat is substituted by a neutral

Glu or Ser in ChdCs (Figure 2.4C).

2 Arg183/Q185
;! H170/H171

Figure 2.4. ChdCs and canonical Clds share a common structural fold. (A) Canonical Clds
(top, PDBID 3Q09) and Chds (bottom, PDBID 5T2K) share a homopentameric quaternary
structure. (B) Superimposing their monomers show almost complete overlap with heme or
coproheme binding in a similar position. (C) The coproheme substrate in ChdCs is rotated
about 90 relative to the heme in Clds, positioning the- meactive propionatergups

facing towards solvent and the reactiveaAd Bring propionate groups buried deep within

the ChdC active site. Canonical Clds have a conserved distal Arg, which is essential for
reactivity with CIQ". This residue is replaced by a Apolar Glu inChdCs.
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The absence of a polar distal charge, along with the rest of the surrounding non
polar residues, makes the ChdC binding pocket highly hydrophobic. Without the ability
to recruit anionic substrates, it is hypothesized that this could be the veagtime

function of these two enzymes diverged.

TheChdC Active Site is Unlike Canonicakkbxidases

Early in the discovery of ChdC, preliminary studies suggested that this reaction
was HO.-dependent, making ChdC a peroxidase. Canonical peroxidi@seszymes
that catalyze the oxidation of wide variety of organic and inorganic substrates u€ing H
and hemd as a cofactor. fle axial ligands to theemein these enzymes are
atyrosylresidue or distidyl residue on the proximal side and water andrstal side,
which is replaced by #D. during the catalyticeactior (Figure 2.6A, in red)Also within
the active site are His adg or Asnside chains on the distal side that interact with

H202 when it is bound to the iron (Figure 2.6A, in blue).

ey .
 Fe) » Reaction

N PUSH N '\‘,,N‘
N His H GluAsp His H GluAsp

His H GluAsp
Compound |

Figure 2.6 Canonical heme peroxidases contain a highly polar active site, which
facilitates reactivity with HO.t hr ough a Apusho and dApull o
state, peroxidase enzymes have a water molecule bound to the iron. (B) This water
molecule is replaced O during catalysis. A push and pull of electrons by conserved
distal and proximal residues to the@bond in the bound 4®- creates polarization of

this bond and leads to subsequent heterolytic cleavage. (C) This createsadmnglfe

(IV) intermediate known as compound I, which is the reactive species in these enzymes.
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These residues play an important role in the reactiechanism. The distal His
andArg/Asnr esi dues activate peroxide -bxygecat al yz
t o toxygen ib thenemebound HO,, polarizing the GO bond (Figure 2.6B). The
modulation of the ionization state (and thpk&a) of the dstal His byArg/Asnand the
potential acid/base catalysis of this residue also polarizes-@édndby what is known
as the Apull 6 mechanism of electrons. The
latteris stronglyH-bonded to another residaad theréore anionic in character, donates
electrons to theemei r on  an d -axygen atbnoai WDg agaln polarizing the O
O bond by what is call ed tDepmotofigbiansfitd mec han
charge separation in tidroperoxyintermediat§ Compound 0) and the formation and
stabilizationof Compound I, allow for reactivity with #D, (Figure 2.6C). The ability of
canonical peroxidase enzymes to do this is attributed to the polar residues contained in
their active site pocket.

The fact thathe active site of ChdC lacks the polar residues described to be
essential for reactivity with #D- indicates that the ChdC reaction mechanism is not like

a typical peroxidase.

A Multi-Level Approach to Understanding ChdC and its Unigaad®on

As a rewly discovered enzyme, very little was known about ChdC. The oxidizing
agent required for this reaction, although hypothesized to0g, Fequired further
scrutiny. The active site of ChdC lacks essential elements of canonical peroxidase

enzymes and thuke mode of KO, activation needed to be defined. While a mechanism
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for oxidative decarboxylation of a tetrapyrrole has already been well described in the
PPD branch of the heniebiosynthesis pathway (by CgdC/CgdH), the fact that the
substrate of ChdC imetalated, suggested that the method of catalysis must be
intrinsically different and that ChdC could use coproheme as both a substrate and a
cofactor. The great structural similarity, yet widely different catalyzed reaction, between
ChdC and canonical @$ was also of great interest. We wished to identify the specific
amino acid residues in ChdC responsible for subsiriatting, catalysis, and product
egress and determine howat highly homologous structures could catalyze completely
different reactionsi-urther, how a peroxiddependent reaction could occur in a highly
hydrophobic site, was not determined. We wished to characterize this unusual, peroxide
dependent catalysis site. Lastiygmeb and the porphyrin precursors that are generated
during its hosynthesis are highly reactive and cytotoxic. Also harmful to the cell if its
location and concentration are not tightly controlled, #©HThe presence of ChdC
exclusively in grarrpositive organisms and the differences in the last three terminal
enzymes between the PPD and CPD branch, suggest that the collaborative work of these
terminal enzymes to synthesize heme and regulate precursoohtettibx, must also be
unique and distinct to grammegative bacteria and eukaryotes.

The goal of this thesis project was to characterize ChdC and its catalytic reaction
at (1) the molecular level, (2) the protamucture level, and (3) the cellulavkl.
Contained in the chapters of this thesis are the experiments performed to answer
guestions at all of the three biochemical levels mentioned above. The conclusions made

have, one step at a time, added a valuable piece of knowledge about the nsell, un
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and unique enzyme ChdC and a significant contribution to thedi¢ldmeb

biosynthesis.

Note on the Enzyme Nomenclature Useastéd

During the chronological time of this study, the nomenclature of the heme
bi osynthesis enzgm@8 was esedvingoufRHpubl i
ChdC and this is reflected in the title of the first three sections of this thesis. In the fourth
section, as well as in the Literature Review chapter, the new nomenclature is used to
avoid confusion betweendPPD and CPD enzymes. The reader should note that HemQ
and ChdC is the same enzyme, and that HemY and HemH (unless otherwise stated) refer
to CgoX and CpfC, respectively. Table 1.1 in Chapter 1 of this thesis lists the former and

current names used foretbe enzymes and can be used as a reference when needed.
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CHAPTER THREE

UNUSUAL PEROXIDEDEPENDENT, HEMETRANSFORMING REACTION
CATALYZED BY HEMQ

Arianna I. Celist Bennett R. Streit,Garrett C. Morask}, Timothy D. Lask Gudrun S.
Lukat-Rodgers’ Kenton R. RodgerdJennifer L.DuBois*

!Department of Chemistry and Biochemistry, Montana State University, Bozeman, MT
597153400, USA
’Department of Chemistry, lllinois State University, Normal, IL 61660, USA
3Department of Chemistry and Biochemistry, North Dakota Stateersity, Fargo,
North Dakota 58105050, USA

Abstract

A recently proposed pathway for helmbiosynthesis, common to diverse bacteria,
has the conversion of two of the four propionates on coproheme Il to vinyl groups as its
final step. This reactiois catalyzed in a cofactondependent, kD>-dependent manner
by the enzyme HemQ. Using the HemQ fr8taphylococcus aureSaHemQ) the
initial decarboxylation step was observed to rapidly and obligately yield the three
propionate harderoheme isomerd8 the intermediate, while the slower second
decarboxylation appeared to control the overall rate. Both synthetic harderoheme isomers
[l and IV reacted when bound to HemQ, the former more slowly than the latter. While
H20: is the assumed biological oxidaeither HO. or peracetic acid yielded the same
intermediates and products, though significantly greater than the expected two

equivalents were required in both cases and peracetic acid reacted faster. The ability of
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peracetic acid to substitute foe®k suggests that, despite the lack of catalytic residues
conventionally present in heme peroxidase active sites, reaction pathways involving high

valent iron intermediates cannot be ruled out.

Introduction

Heme, the complex of protoporphyrin IX with iras,fundamentally important for
life. A diverse set of metathelating cofactors including F430 (Ni), vitamin B12 (Co),
siroheme (Fe,S), and chlorophyll (Mg) additionally share a common tetrapyrrole scaffold
and hence biosynthetic and evolutionary rootéi\wgme. In humans and other
eukaryotes, the biosynthesis of chemically unfunctionalized temeurs via 8 well
known enzymatic stepg<’ A little more than a decade ago, however, a manual survey of
the available prokaryotic genomes indicated that gemesdéeng many of these steps
were absent from diverse species, suggesting the evolutionary history of the pathway may
be complex

Sophisticated bioinformatics methods and a substantially expanded pool of genomic
data in conjunction with experimental approaches have since allowed many holes in the
pathways to heme and related tetrapyrrole cofactors to be(ftdteme L A complete
route to heme biosynthesis in Archaea and suladecing bacteria has been identiffed.
Recently, a new ending for the pathway in giamsitive bacteria from the Actinobacteria
and Firmicutes phyla a large group of organisms characterized by their dden outer
membrané was propose@This and the canonical pathway effect the same three

chemical transformations on the metabolic intermediate coproporphyrinogen 111
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However, the reactions in the two pathways occur in a different order, yield distinct
intermediates, and invoke distinct enzymes for the oxidative decarboxylatioh step.

In the grampositive bacteria, this step occurs at the terminus of the pathway, after a
step analogous to the wédhown ferrochelatase reactibit is catalyzed by Hem@n
enzyme which uses coproheme lll as both substrate and cofactor igQhdépendent
oxi dative decar boxyl at i o+pyrrold poditibne2gmd4o pi ona't
(Scheme R° Cofactorindependent, @dependent enzymes have been described,
including coproporphyrinogen Il oxidase (Hem®However, this is to our knowledge
the first example of a cofactandependent transformation involving®b. In contrast
with coproporphyrinogen lll, the metallosubstrate used by HemQ offers the possibility
mechanistically distinct, iremediated activation of #D; for the oxidative
decarboxylation stepnterestingly, the conversion of coproheme to héngealso
catalyzed anaerobically by AhbQ, a radicaadnosyimethionine and iron sulfur
cluster-dependent enzyme at the terminus of the biosynthetic pathway in Archaea and
sulfatereducing bacteriaScheme 1*1° Homologs are also found in some graositive
and possibly other bacteria along withmQgenes, affording a possible anaerobic
alternatiwe for this step.

HemQs are part of the chlorite dismutase family (Clds, Pfam 087#78his family
is best known for the minority of its members that use Hetoecatalytically convert
CIO;' to Cl and Q at the terminus of perchlorate respiratory patis?* The reaction of
HemQs, by contrast, has not been well studied. It has been previously shown that HemQ

is not highly active toward #D- in its hemeb-bound form, but instead fairly readily
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undergoes heme degradatfoRurther, the reaction appeaosite dependent on:B, and
not G. In its coproheme IIl bound state, the HemQ fidycobacterium tuberculosis
was shown to react withJ> rather than various £yeductant combinations, fully
converting coproheme Il to henbeHere, using the enzyme froBtaphylococcus
aureus(SeHemQ), we sought to identify the likely tetrapyrratdermediates on the
reaction pathway in order to narrow down the possible reaction mechanisms. We aimed
to determine whether the reactions with the propionates occur in apaifdshion and
with what time course, and whether a specific tegionate harderoheme isomer
could be identified as a reaction intermediate. Finally, in order to set limits on possible
iron-intermediates, we examined whether the same intermediatgsaghatts would be
generated with organic peroxides and peracids as, and to establish the stoichiometry of

the reaction in each case.

Experimental Methods

Reagents anfitocks

Ferric coproporphyrin 11l chloride (coproheme llI, Frontier Scientific) and hemin
chloride (Sigma) were obtained in 10 mg ampules and used to gendatad stock
solutions in dimethylsulfoxide (DMSQO). Harderohemes Ill and IV prepared in house
were rigoously dried in tared glass ampules and weighed on an analytical balance. 5 mM
stocks were prepared in DMSO in the ampules based on the measured masses.

Hydrogen peroxide (D), tert-butyl-peroxide metachloroperbenzoic acid

(mCPBA) and peracetic acidagik solutions were prepared at 100 UM concentrations in
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50 mM potassium phosphate (KPi) buffer, pH 7.40ktoncentrations were ascertained
by titration with freshly prepared 0.02 M KMn@nder acidic conditions (concentrated
H>SQy). Titrations were monatred for loss of the characteristic pink color of
permanganate as it is reduced to the nearly colorledsibin Peracetic acid stocks were
analyzed with MQuant Peracetic acid test strips (EMD Millipore).

Biochemicals (lysozyme, catalase, DNAse, etchewmirchased from New
England Biolabs. Reagents and media for bacterial growth, protein purification, and
analysis were obtained from Fisher or GE Healthcare and used without further

purification.

Svynthesis andWRification of Harderohemeslomers |ll andV

Harderoporphyrin trimethyl esters were prepared as previously destritieen
metallated in a solution of acetic acid/2% pyridine under argon. The resulting
harderohemes were saponified using NaOH and analyzed by high pressure liquid
chromatography (HPLC) coupled to electrospray time of flight mass spectrometry (ESI
MS). See 8pplementary Information arficheme 13or synthetic ad related analytical

details.

Expression andrification of SsHemQ Bound to Substrate and PotentigErmediates

SaHemQ protein expression and purification were carried out as previously
described.(See Supplementary information.) The protein was incubated at 4°C-2ahl 2
with ferric coproheme 11l or harderoheme [isomer Il or IV] in an approximate 1:1 (protein

monomer:heme) ratio, based on the protein concentration estimated bydfwdBessay
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and SDSPAGE. To remove unbound substrate and further purify the protein, coproheme
bound SaHemQ was concentrated to 5 mL and loaded onto -@00SSephacryl gel
filtration column (run at 0.4 mL/min in 50 mM KPi buffer, pH 7.4). Fractions were
collected using an AKTA Purification System. Fractionswitha®R 0. 5 wer,e pool
= AbsorbancesefAbsorbancsso), concentrated, flash frozen, and storeeBatC. A PD
10 desalting column (GE Healthcare) was used to remove unbound harderohenhe from t
protein before concentration and storage.

Extinction coefficients for the coproheme-ldnd hemd-boundSaHemQ at the
Soret absorbance band maximee) were determined by the pyridine hemochrome
assay'® Briefly, 200nL of hemecontaining solution was mixed with 8@ of 50 mM
NaOH containing 20% pyridine by volume. 810.1 M KsFe(CN}) were added and the
oxidized spectrum measured53ng of solid NaS04 were then added to obtain the
spectra of the reduced pyridibeund hemes. Difference spectra (reduced minus
oxidized) are reported. Changes in absorbance at obdervedhlues were plotted
against [heme] and the data fit to a line from which extinction coefficients were obtained.
Proteinbound hemes were releasgdduspension in 50 mM NaOH/20% pyridine and
their pyridine hemochrome spectra obtained
at the UV/visible absorbance maximum for the protsrsociated coproheme 1l or heme
b (Soret band may).

UV/Visible and reonance Raman (rRp&ctroscopy

UV/vis spectra were measured on a temperatargrolled Cary60 instrument in

scanning mode at 20 °C. Samples containe83riV SaHemQcoproheme (IlI) monomer
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in 50 mM KPi buffer, pH 7.4. Resonance Raman spectra wereneftaith 406.7 nm
excitation from a Ktlaser using the 135° backscattering geometry for collection of Raman
scattered light. The spectrometer was calibrated against Raman frequencies of toluene,
dimethylformamide, acetone, and methylene bromide. Speetra rgcorded at ambient
temperature from samples prepared aPQGnM SaHem@&oproheme Il monomer in 50
mM KPi in spinning 5 mm NMR tubes. UV/vis absorbance spectra were recorded from the
rR samples before and after spectral acquisition to assess whathgle integrity had
been compromised by exposure to the laser beam. Laser power at the samples ranged from
5-10 mW; no spectral artifacts due to photoinduced chemistry were observed at these

powers.

RealTime Monitoring of Reactions

Solutions ofSaHemQ in complex with coproheme Il or harderoheme 1I/IV (5
10 mM) in 50 mM KPi (pH 7.4) were manually mixed with oxidant from a freshly made
and titrated stock (¥D-, peracetic acidnCPBA, t-butyl-peroxide). UV/vis spectra were
scanned every 0.28.5 min Absorbances at a given wavelength were plotted versus
time, then fit by linear regression to single exponential curves using KaleidaGraph. Rate
constants are averages of 3 measurements (error = standard deviation). Resonance Raman
spectra were acquired 80 s intervals with 406.7 nm excitation. Difference spectra were
generated by subtraction of the startBafdemQcoproheme Il spectrum from that at
each reaction time.
For discontinuous kinetic analyses, i SaHemQcoproheme Ill complex was

mixed withoxidant in a 1 mL reaction mixture and aliquots removed and quenched with
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10 mM aqueous KCN (1:1 v/v ratio) every 0.3 min. The quenching solution was
sufficient to completely inhibit the enzymatic reaction. The heme content of quenched
samples was quardtiively analyzed by HPLC (below).

Product Analyses by Pyridine Hemochromssay, HPLC, and MS

Pyridinehemochrome spectra were measured as described above. HPLC analyses
were carried out using an Agilent 1100 series system with diode array UV/visiatetect
(300-700 nm). 2550 uL aliquots of analyte were injected into a Phenomenex Luna 3¢ C18
(2) column (150 x 4.6 mm) at a flow rate of 0.9 mL/min, 45° C. Solvent A was 1M
ammonium acetate + 10% acetonitrile; solvent B was methanol + 10% acetonitrilen Eluti
followed a linear gradient from 385% B over 15 min. The column was washed with 95%

B (2 min) and equilibrated with 35% (6 min) between ritns.

Standards in 50 mM KPi, pH 7.4, were suspended 1:1 (v/v) in a 65:35 mixture of
solvents A and B. For anaigof products, the same solvent was added 1:1 (v/v) to reaction
mixtures (100 pL, 10mM protein subunit). Precipitated protein was removed by
centrifugation and supernatant was loaded into the column. Integration of the resulting
peaks (400 nm) was usedrfconstruction of standard curves and quantification of the
respective heme. Due to limited availability of and small impurities (<15%) in the
harderoheme standards, these were not explicitly quantified; rather, integrated peak
intensities from HPLC traseare reported. The exact masses of intermediates and products
were verified using ESMS carried out on aAgilent 6538 QTOF instrument with dual

ESI source (resolution approximately 20,000; accuracy 1 pfoyrce parameters: drying
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gas 12 L/min, nebuder 60 psi, capillary voltage 3500 V, capillary exit 120 Spectra

were collected in positive mode from 50 to 1000 m/z at a rate of 1 Hz.

Results

Characterization of SaHemQ Bound to Substrate, Product, and Potaietiaiddiates

PureSaHemQ was obtained in yields of-P® mg per L of culture. Distinct UV/vis
spectra for the protein reconstituted with coproheme lll, harderohemes IlII/IV, andoheme
are shown ifrigure 1A SaHemQ in complex with coproheme Il has a slightly asymmetric
Soretband with a maximum absorbance at 394 nm. Asymmetry may be due to partial
conversion of coproheme Il to harderoheme inside the protein environment even without
the addition of an oxidant, as indicated by HPLC and MS oStiemQcoproheme |li
complex (ge below).

Values for absorption maxima and spectral extinction coefficients have been
previously reported for the pyridine hemochrome of hénflenax= 5 5 6 sseF 83.3 U
mM-2cm?) and coproheme Illlgax = 54 6 s51M32.2 BhMicm™).2° Pyridine
hemochrome absorption maxima for the harderohemes Ill and IV were both at 549 nm
(Figure S1A). Overlap in the pyridine hemochrome spectra for coproheme Ill and the
harderohemes suggested that their separation and analysis by HPLC would bal.essenti
Distinct HPLC retention times for all 4 hemes were obtained with the method described
above Figure S1B.

Using the pyridine hemochrome assay to quantify released coprohemeddfior

the SaHemQcoproheme Il complex was determined to be 138BDmM* cni?, Visible
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a / 4nd charge transfer (CT) bands occurred at 497/533 and 630 nm. The spectrum for
SaHemQheme b measured here was consistent with previously reported® daa.
extinction coefficient for the Soret band maximum at 406 nm was detedng = 76.6
mM™* cm? Visible bands were recorded at: 510/527 ra }b630 nm (CT)Absorbance
maxima forSaHemQharderoheme IIl were: 396 nm (Soret), 495/533 anm )(610 nm
(CT); for SaHemGharderoheme (IV): 398 nm (Soret), 490/530 ranY {0610 nm(CT).
Notably, the increasingly reshifted Soret peak maxima for the SaHemQ complexes with
substrate, intermediate(s), and product are distinct.

The low frequency rR spectra of SaHemQ complexed with coproheme lli,
harderohemes 11l/1V, and henbeare shownn Figure 1B modes involving motions of
the propionate and vinyl substituents of the various hemes are observed in this low
wavenumber region. In addition to distortions of the propionate or vinyl groups, it has
been demonstrated that movement of thehgietnd core atoms of the porphyrin are also
involved; thus they actually occur along with pyrrole ring deformations in these modes.
Nevertheless, for the purposes of this discussion, they will be termed propionate
(d(CoCcCq)) and vinyl f(CoC:Cp)) bending

Bands due to propionate bending modes were identifiable in all four spectra
between 378 and 390 ¢mThe four propionate groups on coproheme il present as a
broad envelope with peaks at 378 and 39¢ onthe SeHemQ complex. The three
propionate grops inSaHemQharderoheme III give rise to an even less defined feature, a
broad band centered at 387 triTthe two broad features assigned to propionate modes

for SsHemQharderoheme IV (378 and 38mY) are similar in frequency to those of the
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coproheme @mplex. In the case of herb, the single band at 380 cis assigned to a
propionate bending mode for its two propionate groups. Bands associated with vinyl
bending motions appear in the harderoheme and bespectra between 400 and 420
cml; notably,these bands are absent from SselemQcoproheme Il spectrum. Single
d(CoCaCh) bands are observed at 406 and 412 &wn harderohemes Il and IV,
respectively. While two vinyl bending bands are observed for some heme proteins, such

as myoglobin, only a single feature at 414'dsobserved foSBaHemQhemeb.!? 13

Titrimetric Reactions BtweenSaHem®@coproheme Il andH>0O»

The conversion of a propionate substituent to a vinyl group plussCOnet two
electron oxidation. Two molecules ob® (one per reactive propionate) were therefore
expected to be required for the complete conversion of coproheme Il tobhesnide
addition of fewer than 2 eq could potentially result in the accumulation of an
intermediate. However, UV/vis and rR titratiomsgure 2AB) indicated only partial
conversion of the starting material to the hdmoamplex with < 10 eq ¥D.. Ten eq
were required to affect the complete shift of the UV/vis Soret band from 394 nm
(SaHemQcoproheme IlI) to 406 nnSgHemQhemeb). Net changes were the same
whether the K02 was added at once or in increments.

Direct observation of HD.-mediated vinyl grouformation was possible by
monitoring theSeHemQ coproheme Il titration by rRRFigure 2B. Appearance of a
vinyl bending band at 416 chwith diminution in the intensity of the propionate bending
modes at 378/390 dnlis consistent with the expected oxidative decarboxylation

reaction. Other features typically assigned to vibrations involving the porphyrin pyrrole
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rings also track the extent of oxidative decarboxylation, including: the increase in
(pyrrole deformatio mode)ng (iron-pyrrole nitrogen stretch), amd; (pyrrole
asymmetric folding mode) intensities and the loss in intensitysandns (pyrrole
symmetric fold):4!8 These observations are consistent with changes occurring in
response to oxidative debtaxylation of propionate groups to yield vinyl substituents at
the same positions.

As the buildup of harderoheme was not clear in the parent rR spectra recorded with
intermediate KO> stoichiometries, rR difference spectra were examined. At each poin
in the rR titration with HO,, a single, broad band at 416'ctwas observed, consistent
with appearance of one or more modes having vinyl bending character. Given that the
vinyl bending bands in the spectra of the coproheme Ill, harderoheme anth heme
complexes oSaHemQ Figure 1B are broad and within 8 ¢mof one another, they
likely fall within the observed 4x@&m’ difference envelope. However, when difference
spectra generated by subtraction of §aelemQ-coproheme Ill spectrum from those of
thereconstituted harderoheme complexXagre S2 are compared to those observed
during the reaction, the multiple features of both harderoheme spectra in this frequency
range Figure 1B are absent. This suggests that$lademQharderoheme complex
generagd via the enzymatic reaction differs from the reconstituted complex in its vinyl
conformation.

HPLC analysisKigure 3 illustrated the progress of the reaction with increasing eq of
H20. and allowed for isolation of the intermediate. Determination of its exact mass by

ESFMS (708.16 amu) and comparison with retention times established for authentic
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harderoheme standardiqure S1B conf i r med the i ntermediate

harderoheme isoer Il (Figure 3. Integration of HPLC peaks and comparison to
standard curves=(gure S3 indicated loss of roughly 70% of the initially present
substrate following addition of 2 eq 0b®p. This converted to a mixture of harderoheme
[l and hemeb. The® observations are consistent complete loss of coproheme Il and
harderoheme lll features in the UV/vis spectrum and maximum vinyl band intensities in
the rR spectrum upon reaction with 8 to 10 eq #dH

Quantification of the hemie products of the 28, and 10 eq reactions (~30 = 2, 80
+ 1, and 75 + 15% yieldgigure S3 indicated that a full equivalent of heme was not
produced. Titrimetric addition of #. in excess of 8 eq resulted in gradual diminution of
the Soret band and complete loss of thedbgn110 eq D2 as measured
spectroscopically and by HPLEigures 3andS4. Titration of an independently
generatedcaHemQhemeb complex with HOz resulted in heme destruction following

addition of 100 eq, consistent with prior wodata not showr.

Time Resolved ReactionseBveenSaHemQ-coproheme Il and pD>

Following addition of sufficient kD2 to effect reaction (12 eq), UV/vis spectra
measured over time showed the gradual conversion of the substrate to product complex
(Figure 4A).The change in absorbance at 394 nm (Soret band maximum) versus time,
likely representing a composite of several events, could be fit to a single exporkential (
0.30 + 0.01 mirt).

The reaction was subsequently monitored over time via a discontinudusdire

which substrate, intermediate, and product could be independently monitored as function
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of reaction time (chemical quench followed by HPE@ure 4B. These data clearly
showed that loss of coproheme Il and appearance of harderoheme |l oatwabedt
the same rate (single exponential de&ay2.0 + 0.3 mirt). These rate constants were
observed to be ~4x greater than those for loss of harderoheme IIl and appearance of
hemeb (0.58 + 0.05 mihfand (0.5 + 0.1 min? respectively). Thus, coistent with the
titration data inFigure 3 harderoheme Ill appears as the intermediate oxidative
decarboxylation product. Additionally, the rates of its appearance and decay are
consistent with the rate of substrate, coproheme lll, decay and produethhem
appearance, respectively.

Formation of vinyl groups was monitored over time via rR spectros¢agyre 4Q.
Assuming that the vinyl group bending modes of harderoheme Il andihkave
similar resonance enhancements and frequencies, time depeafitmed16 crn?
difference band intensity represents a composite rate of vinyl group appearance
(harderoheme 11l formation and conversion to hdineThe data can nonetheless be
modeled by a singteerm exponential function to yieldpp= 1.04 + 0.10 nni™.
Although scatter in the rR and HPLC data do not support a detailed rate analysis, this
apparent rate constant falls between those governing the appearances of harderoheme IlI
and hemd. (i.e. 1knarn < 1kapp< 1ks) and istherefore in keeping ith all the kinetic
results reported here.

Reactions between SaHemOQ complexes with harderohemes@nd H
SaHemQ complexes with harderohemes Il and IV were subsequently titrated with

H20>. Monitoring by both UV/vis and HPLC indicated conversion of each to leme
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following addition of 8 and 2 eq of 8., respectivelyFigure S9. The rates of each
reaction were monitored via changes at the Soret band maximguang S§ over time
following addition of 12 eq bD.. The harderoheme Il complex reacted with a time
course comparable to coproheme kiE(0.28+0.07 mirt). The harderoheme IV isomer

reacted within the mixing time.

Reaction BtweenSaHemQ-coproheme Ill and Peraceticid

Titration of theSaHemQ coproheme Il complex with peracetic acid (PAA) gave
very similar spectroscopic results to those obtained Mi@y (Figure S7. The
completeness of each reaction and identity of the products were clear from the HPLC and
rR spectrafigure5). Comparison of the integrated HPLC peaks to standard curves
indicated that 2 eq of PAA resulted in decomposition of 70% + 2% of the initially
available coproheme lll. Eight eq fully degraded the substrate, which was converted to
hemeb in 85% + 8 % yidd. Similar behavior was observed in the rR titration; spectral
features were consistent with the products of the reaction being the same as:(.the H
reaction as growth of the vinyl bending band was observed at the same frequency and all
other difference features were identical to those obtained wih.H

The reaction o6aHemQ-coproheme Il following addition 12 eq of PAA was

subsequently monitored/lime resolved UV/visKigure S8. The spectral changes were
similar to those shown iRigure 4but occurred with a-6old larger rate constank € 2.4

+0.04 mind).
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Reaction BtweenSaHemQ-coproheme Il and mCPBA otButyl-OOH

Both oxidants wergested as potential HemQ cosubstrates. However, neither
resulted in conversion of tigeHemQbound coproheme Il to an identifiable
harderoheme isomer or hetnelnstead, following addition of 10 eq of either oxidant, the
UV/vis spectrum of the bound cofreme IIl appeared to recede slightly toward the
baseline, with higher numbers of equivalents producing a similar effect that was more
pronounced in magnitude. HPLC analysis confirmed that Hewees notproduced

(Figure S9.

Discussion

Nature haslevised at least three routes for the biosynthesis of béme one of
which appears to be common to a large group of baét&ha.terminal step of this
process, catalyzed in a cofactodependent manner by the enzyme HemQ, was studied
here using time resolved methods, synthetically prepared intermediates, and alternate
oxidants with the goal of identifying possible tetrapyrrahel iron intermediates.

Only two eq of HO2 are in principle necessary for the oxidation of two propionates
to vinyl groups; however, 10 eq were required here to completely cdpar¢einQ
coproheme Il to théhemeb complex, with 2 CQand water as thgresumptive co
products Figure 3. This requirement for a stoichiometric excess suggested that some of
the HO- reacts nofproductively. Consistent with that conclusion, a full eq of the
product hemd was not observed with a stoichiometric addition e®k(Figure 3,

suggesting concurrent conversion of coproheme HDxHnediated degradation of heme
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b, and possible catalytic disproportionatiortbD,.%?° Hemeb degradation was driven
to completion with the addition of ~ 100 eq of®d (Figure SJ.

The observed inefficiency of the reaction as well as the degradation of the product
with exogenously added2B- could point toward the upstream catalyst, HerS¢heme
1), as the endogenous source e®bl This idea is consistent with the previously
documengd interplay of HemY, HemH, and HemQ, where the kinetics of HemH/Y are
altered by the presence of HefMQ could also explain how a catalase positive organism
like S. aureuswhich avidly detoxifies b0, might be able to manage and us®©ffs an
essential enzymatic substrate.

With <10 eq HO», most of the initially present coproheme Il was converted to a
species with several of the anticipated spectral properties of harderdbemeeng P
These include rR bands associated with bothvangld pr opi onat e bends
heme pyrroles, rings A and Bifure 3. MS corroborated the identity of the product as a
harderoheme, and comparison to synthetic standards showed it was exclusively isomer Il
(Figure 3, Sh This suggests that, ashemebiosynthesisassociated coproporphrinogen
and uroporphyrinogen oxidas&s??the reaction occurs in an obligate clockwise
direction, viewing from the distal heme pocket, with the ring A propionate converting to
a vinyl first, and the ring B propnate second.

This reaction order is consistent with our proposed model for coproheme llI
bindingZ® based on published crystal structures of HemQ in the absence of bound
substrate and related chlorite dismutases bound to béfhm@An overlay of two

representative structures illustrates the conservation of hydrogen bonding contacts to the
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nonreactive ring D propionate. By contrast, a key tyrosine residue that forms hydrogen
bonds to the ring C propionate in Clds (Y1E&ure § is conserved in the jpnary
sequences of HemQs; however, in the substraeeHemQ structure, this tyrosine
(Y124) is part of a ~40 amino acid stretch of the HemQ monomer (residudgi@pthat
is clearly out of alignment with the Cld structure. This stretch instead fornuppies
part of a large opening in the subunit, which may be important for gating substrate
entry/product egress. In addition to the conserved tyrosine, the putative gate contains a
triad of positively charged residues (arginine or lysine, R1ZBinFigure € that are
conserved in HemQs but not Clds. These could form hydrogen bonds to the ring B

propionate when the gate closes. A bindi

ng

upo relative t o t hbavouttilalthw suchfydragerebordliogvn 6 h e me

contacts to form, while avoiding potential steric clashes between a tHdemg@rved
tyrosine residue (Y144).

The overall conversion of the coproheme Il to hdmmonitored by changes in the
UV/vis spectrum, is relatively slowsd= 4.3 min, pH 7.4, @ °C; Figure 4. Time-
resolved HPLC suggested that the initial decarboxylation reaction at ring A is fast, while
the ring B decarboxylation limits the overall reaction rate. This conclusion is consistent
with the observed accumulation of harderoheme lthereaction betweebaHemQ
coproheme lll and <10 eq of8: (Figure 3. If the second decarboxylation were
appreciably faster than the first, then only unreacted coproheme Ill andoiveoutd
have been expected. A slower second decarboxylation fromBrim@lso consistent with

the structurédbased hypothesis that loss of this propionate, and its hydrogen bonding



58

contacts with the active site gate, helps to trigger opening of the active site and release of
hemeb.

In spite of the fact that harderohentleid the apparent reaction intermediate,
SaHemQ complexes with both harderoheme isomers Ill and IV were converted tdbheme
upon reaction with bD- (Figures S5, S6 The reaction with isomer Ill was slow, with a
rate constant similar to tigeHemQcoprohene Il reaction under similar conditions. By
contrast, the reaction with isomer IV was complete within the experimental mixing time.
This observed pattern, in which removal of thex@®m ring B (harderoheme Ill) is
slow and from ring A (harderoheme 1\§ fiast, mirrors what is observed when
coproheme lll is the substrate.

Why the reaction at ring A is so much faster is not clear. One possibility is that the
ring B propionate is both stabilized and solvprdtected by salt bridges to conserved
arginine esidues (R12830) when the active site closes around the substrate. Greater
solvent access to ring A could accelerate the initial steps of the reaction of harderoheme
IV with H20>. These steps are expected to require the movement of protons and, in
principle, could lead to the production of®L An active site base over the open (distal)
coordination position, usually a histidine adjacent to an arginine, helps facilitate the
Fe(ll1)/H2Oz reaction in typical heme peroxidagéd.he neutral imidazole side aim acts
as a base toward>B», catalyzing formation of the initial ferit©OOH (Compound 0)
intermediate. In peroxidase mutants lacking an active site base, formation of Compound 0
can be slowed up to-&rders of magnitud€: 22 The HemQ active site ismearkably

hydrophobic and lacks either a conserved basic residue or an identifiable route for proton
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entry/departure. Hence, the formation of Compound 0, the most plausible initial reaction
product for HO. and either the coproheme Il or harderoheme complexes of HemQ,
might be expected to be slow or even rate limiting, but potentially faster if water gains
access to the active site.

Once formed, a Compound 0 intermediate can have at least three fatewitfirtste
input of a proton, the FeOH bond can break heterolytically to form water and a high
valent iroroxo intermediate§cheme 3pathway a). This intermediate (Compound 1) is
formally described as Fe=O with an oxidizing equivalent on either therphyrin or the
side chain of an amino acid, such as tyrosine or tryptophan, capable of supporting a
radical. In heme peroxidases, the protonated active site base acts as the acid in the
Compound Hforming reaction. The conserved arginine polarizes thedr¢@oiety,
electrostatically promoting movement of both of the electrons from 1#®ebOnd toward
the water leaving grouf?.On the other (proximal) side of the porphyrin plane, the
hemeds histidine |Iligand i s hydurThegeianic bonded
character of the ligand supports an additional electrostatic push toward heterolytic
cleavage of the Fe(lll)@H bond?®° The HemQ active site lacks both the distal-Hig
and proximal HisGlu/Asp motifs of a typical peroxidase. Instead,asa conserved
distal glutamine surrounded by nonpolar residues, and an apparently neutral proximal
histidine due to the lack of a hydrogbanding Asp or Glu. In short, the HemQ active
site appears to lack the ordinary equipment for catalyzing@e®eteolysis.

However, peracetic acid, an oxygen atom donor, was nonetheless able to rapidly

convertSaHemQcoproheme 1l ta hemeb with harderoheme Il as an intermediate.
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Because Compound | is expected to form when these ferric species react with a peracid,
these results suggest that a species isoelectronic with Compound | may be able to form,
effecting the transformation of coproheme Il to harderoheme Ill and thenlheme
Whether a similar iron intermediate proceeds fil@@de mQd s r ea e, ons wi th
howe\er, is not clear. Notably the larger oxygen atom don©PBA and an organic
peroxide {-butyl-OOH) were both ineffective at converting coproheme 1l to hbme
(Figure S9.

Alternatively, the FeGDH bond of Compound 0 could break homolytically,
generating EV=0, water, and a propiongtcarbon radical in a stepwisB¢heme 3
pathway b) or concerted manner (pathway c). Transient generation of a prdpionyl
carbon radical is an early step in some proposed mechanisms for coproporphyrinogen
oxidase®® in whichthe ring A and B propionates are converted to vinyls inan O
dependent fashion. These pathways both have the advantage of produethgiged
intermediates which are more consistent with the hydrophobic active site. A stepwise
homolytic pathway is cuently favored in heme oxygenasésnother enzymatic class
where a heme acts as both substrate and cofactor.

Interestingly, HemQs are evolutionarily and structurally related to 1sdGs, which
catalyze the heme oxygenase reaction specifically in severgdgyod grarrpositive
bacteria®? *3The two proteins both possess hydrophobic heme binding domains
characterized by a mutually conserved distal glutamine (HemQ) or asparagine (IsdG) and
proximal histidine and tyrosine residuésVhy nature evolved pathwsa for heme

biosynthesis and degradation that are particular to-g@sitives is not clear.
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Figure3.1. Characteristic spectra 88HemQ in complex with hemegA) UV/vis spectra
of SaHemQ in complex with ferric coproheme Il (red), harderohemes Il and IV (dark
and light green, respectively), and helm@lue) (5uM coproheme, 1M harderoheme
isomers and heme, 50 mM KPi, pH 7.4). The inset shows the visible bands on an
expanded scaléB) Low frequency rR spectra &HemQ in complex with the various
hemes are shown in the same colors as in A. Spectra were obtained with 406.7 nm
excitation of 2QuM samples in 50 mM NaPi, pH 6.8; the propionate and vinyl bending
modes are labeled.



62

0.7
A 0.08
0.6 |- 0.06 S\ =
‘o8 -
05| /74 = 004
@ . \ N
0.02 | S
S 04l >
] 0 | L )
2 450 500 550 600 650 700
8 0.3 A (nm)
o
<

300 400 500 600 700
Wavelength (nm)

400 500 600 700
Raman shift (cm™)

Figure3.2. Spectroscopic changes upon titration of SademQcoproheme 11l complex

with H20.. Reactions werenonitored by(A) UV/vis spectra following the addition of 0

10 eq HO2 (2 eq increments) to BM SaHemQcoproheme 11150 mM KPi, pH 7.4 and

(B) rR spectral titration of 15 mMSaHemQcoproheme Ill under the same buffer
conditions as A with 406.7 nm excitationz®} eq are marked on the figure and shown
underneath the superimposed spectra for clarity. For both A and B, spectra for the
SaHemQcoprohemelll complexes are in red. Partially decarboxylated species are in
purple with the final spectrunh fax (Soret) =406 nm)] in blue. The difference spectra in B
were generated by subtracting the spectrurSasfemQcoproheme Il from the product
spectrunobtained from the reaction with the indicated molar eqa¥-H



63

x>

Absorbance (400nm)
=3

Time (min)

B
100
£ 80| * o * 800
g . ° e —®
= ) ® .
Sl | e ® le00 &
: e g
a \ / \ >
sal [/ . 3
s WL [, _ {400 ¢
I [ & .
B | A
?5 201 o e LN 4 200
H : .
[ - o 9 °
—o o
0t 1 ! ! e Snan S L
0 2 4 6 8 10
eq HZO2

Figure3.3. HPLC analysis of the products of the reaction of SademQcoproheme Il
complex with HO.. (A) Representative HPLC traces showing profege products of the
reaction with 0, 2, 8, 10, and 100 egQ (ai e) are plotted. Comparison of the retention
times to standard¢Figure S1B identified harderoheme isomer Ill as the reactive
intermediate. Mte that the absorbance wavelength (400 nm) used for detection is closer to
thel maxfor free coproheme lll, which also has a higher extinction coefficient. (B) Relative
(harderoheme, green) or quantitative (coproheme, red; bdrhes) amounts of eachine
species discerned from integrated peak intensities are plotted versus the numi@r of H
eg. Points are averages of 3 values (standard deviations all wiltsi%o).Solid lines are
spline curves intended to qualitatively illustrate trends in the data.
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Figure3.4. Time resolved reactions between S&lemQcoproheme Il and 12 eqB».

(A) Reaction monitored by UV/vis (&M enzyme, 50 mM KPi, pH 7.4)SaHemQ
coproheme Il complex (red), spectra measured every 0.25 min (purple), and final spectrum
(Sorg bandl max= 406 nm, blue) are shown. The absorbance at 394 nm versus time and
fitted to a single exponential is shown as an inset. (B) Reaction monitored by HPLC: red,
coproheme llI; green, harderoheme llI; blue, hdmi€inetic phases were fitted to gie
exponentials to obtain rate constants. (C) Reaction 5 enzyme) monitored
continuously by rR. Difference spectra recorded at the indicated times are pbtfed.
intensity at 416 cm[time t]/total D 416 cm lintensity represents vinyl formatiomé is

plotted versus time in the inset. Red line: single exponential fit; open circles: residuals.
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Figure 3.5. Titration o6aHemQ-coproheme 11l complex with peracetic acid. (APLC
analyses of the products of the reaction ofS8#gemQ-coproheme Il complex with 2, 8,

or 10 eq of peracetic acid are shown. Full conversion of coproheme Il to products
followed addition of 10 eq of PAA. Comparison of the retention times to pure standards
(Figure S1Bidentified harderoheme isomer li$ ghe reactive intermediate and hdme

as the final productNote that the absorbance wavelength (400 nm) used for detection is
closer to thé maxfor free coproheme lll, which also has a higher extinction coefficient.
(B) Peracetic acid titration monitatdy changes in the Sorexcited rR spectrum. The
spectrum foiSeHemQcoproheme Il is red; partially decarboxylated complexes are
shown in purple and the final spectrum is blue. Difference spectra were generated by
subtracting the spectrum 88HemQcopmoheme Il from the spectrum obtained from the
reaction mixture at equilibrium with the given molar equivalents of PAA.
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Figure 3.6. Overlay of the structures of a representative beyend chloritedismutase
(carbon green, PDB ID 3Q(8)and solvenbound HemQ (carbon cyan, PDB ID

1TOT)2® (A) The monomeric subunit structures are very similar with the exception of a
loop-helix region, highlighted in darker shades of blue/green. This region is located on
the exterior of the HemQ homopentamer. (B) Kesidues surrounding the heme
b/coproheme Il binding sites are indicated in this view overlooking the distal pocket.
The placement of tetrapyrrole rings[Ain the expected orientation of the coproheme lll
is shown. K151, W155, N117, and Y113 (Cld numbgyiare conserved in both HemQs
and Clds and form contacts to the ring C/D propionates. Y113 (HemQ) is at the same
sequence position as Y118 (Cld). It is part of the {befix region in HemQ. (C)
Conserved active site Cld/HemQ residues (side view).
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Schemed.1. Biosynthetic pathways leading to heme and other tetrap)/iroles
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ahbD
radical SAM

// ll \\“ siroIeme
“The genes encoding catalysts for the canonical steps common to eukaryotes and many
granmnegative bacteria are designated in bluee pathway used b&rchaea and sulfar
reducingbacteria are in orandelhe recently proposed terminus of the pathway, found in
grampositive members of Actinobacteria and Firmicutes, is shownriplg® Note that

HemF or HemN can catalyze the indicated step in different organisms under aerobic and
araerobic conditions, respectively. Similarly, HemJ, G, or Y catalygeemoval of 2 H
atoms ([H]).

Scheme.2. Substrate, possible intermediates, and product of the Hzatdyzed reaction
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Scheme3.3. Possible reaction gatvays following fromCompound O
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Associated Content

Supporting Information

Includes (1) details of the metalation and deprotection of harderoporphyrins Il
and 1V; (2) details of the purification &aHemQ; (3) HPLC and pyridine hemochrome
analyses of the various hemes; (4) titrations oSitdemQ-coproheme Il complex with
H>O2 and peracetic acid; (5) titrations and kinetic data describing the reaction of the
SaHemQharderoheme complexes with®b; daa showing the reaction @aHemQ
coproheme IIl withmCPBA andt-butyl-OOH. This material is available free of charge

via the Internet abttp://pubs.acs.org

Abbreviations

Cld, chlorite dismutase; DMSQlimethylsulfoxide; HPLC, high performance liquid
chromatography;mCPBA, metachloroperbenzoic acid; LB, lysogeny broth; KPi,
potassium phosphate; rR, resonance RaranStaphylococcus aureus; SIPAGE,

sodium dodecylsulfonate polyacrylamide gel electovphis; UV/vis, ultraviolevisible.
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CHAPTER FOUR

REACTIONS OF FERROUEOPROHEME DECARBOXYIASE (HEMQ) WITH &
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CHAPTER FOUR

REACTIONS OF FERROUSOPROHEMEDECARBOXYLASE (HEMQ) WITH &
AND H20; YIELD FERRIC HEMEB

Bennett R. Streit, Arianna I. Celist Krista Shisleft Kenton R. Rodger$Gudrun S.
Lukat-Rodgers. Jennifer L. DuBois?*

!Department of Chemistry and Biochemistry, Montana State Universingnian,
Montana 59715, USA
2Department of Chemistry and Biochemistry, North Dakota State University, Fargo,
North Dakota 58102, USA

Abstract

A recently discovered pathway for the biosynthesis of hesmals in an unusual
reaction catalyzed by coprohemecarboxylase (HemQ), where the Fefidntaining
coproheme acts as both substrate and cofactor. Becausexlatt BO, are available
as cellular oxidants, pathways for the reaction involving either can be proposed. Analysis
of reaction kinetics and products showed that, under aerobic conditions, the ferrous
coprohemedecarboxylase complex is rapidly and selectively oxidiy Q to the ferric
state. The subsequent secamder reaction between the ferric complex an@Hs slow,
pH dependent, and further decelerated b@{§average KIE = 2.2). The observation of
rapid reactivity with peracetic acid suggested the passibiblvement of Compound |
(ferryl porphyrin cation radical), consistent with coproheme and harderoheme reduction
potentials in the range of herpeoteins that heterolytically cleave®. Resonance

Raman spectroscopy nonetheless indicated a remarkabkyfedlis interaction; how
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the active site structure may support heterolyti©+tleavage is therefore unclear. From
a cellular perspective, the use ofd4 as an oxidant in a catalapesitive organism is
intriguing, as is the unusual generation of hdnmethe Fe(lll) rather than Fe(ll) state as

the end product of heme synthesis.

Introduction

Tetrapyrroles hemes, corrins, and chlorophyligiive rise to many of the colors of
life and mediate processes from respiration to photosynthesidid$thetic routes to
tetrapyrroles have evolved and diversified alongside the transitions from anaerobic to
aerobic Earth and unito multi-cellular life. In addition to the weknown, textbook
pathway for heme biosynthesis, at least two more anciatégtave been described.

In the final steps of the wetlescribed pathway, which is shared by eukaryotes and
gramnegative bacteria, coproporphyrinogen undergoes decarboxylation, macrocycle
oxidation, and metalation to give henbe® * By contrast, m grampositive bacteria
(Actinobacteria, Firmicutes), the same intermediate is initially oxidized and then metalated
to give coproheme (isomer lll). In the final step, two propionate substituents on the
coproheme lll (referred to amprohemeherein) areoxidatively decarboxylated to vinyls
to produce hemb. The oxidation and metalation steps are catalyzed by homologs to their
canonical counterparts, which act on different substrates in theamamical pathway. The
final step, however, is catalyzed hynovel decarboxylase encoded by hieenQgene!
Functionally, the coproheme decarboxylase (HemQ) is part of a collection of enzymes that

includes heme oxygenases where the same molecule acts as both substrate and cofactor.
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It was previously observed thidwe decarboxylation can proceed with the coproheme
in the ferric (Fe(lll)) oxidation state and with hydrogen peroxide as the cosuBstréte.
However, whether this reaction is biologically relevant is not clear because, under
biological conditions, iro is inserted into porphyrins as Fe(llBecause ferrous hemes
can react with @ the cellular process could use&nd ferrous coproheme as cosubstrates,
yielding HO. as a product (Scheme 1A). Am-@ependent reaction of this kind is
consistent withknown biological oxidative decarboxylases, including those used in the
canonical pathway to decarboxylate heme intermedfdfedlternatively, a reaction
between @ and Fe(ll}coproheme could occur by a monooxygenase pathway via a
hydroxylated intermedte (Scheme 1B). This mechanism is analogous to the heme
oxygenase reaction, which begins with apndediated hydroxylation of the porphyrin
ring.12 B3Finally, the enzyme might catalyze a reaction involving Fe(ll) as@bKScheme
1C). While not completglunprecedentetf; 1° such a reaction would be highly unusual
since hemes generally react witb®4 when the iron is in the ferric oxidation stafe’he
conversion of HOto OHand OHT , which is readily cata
have to be exchied.

We sought to determine which if any of these pathways is followed by the coproheme
decarboxylase in the presence of both &d HO.. Using the hemQencoded
decarboxylase frorstaphylococcus aureusre examined complexes of the protein with
its substate coproheme and intermediate harderoheme Il (here referred to as
harderohemg and their reactions with both oxidants from the ferrous or ferric state

(Scheme L The results presented here support the conclusion that the enzyme facilitates
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O>-mediatedbxidation of the ferrous coproheme under aerobic conditions and then acts as
a peroxidedependent decarboxylase. Distinct from the canonical pathways, the coproheme
decarboxylase yields ferric herbe These findings have implications for h@&v aureus
and potentially other granpositive bacteria have evolved to survive in and exploit an

aerobic environment.

Experimental Mthods

Preparation of Stocks and pHifiers

Ferric coproporphyrin Il chloride (coproheme, Frontier Scientific) and hemin
chloride(Sigma)weral i ssol ved in dimethyl sul foxide
stocks. Harderoheme IIl was synthesized and purified as described previdydipgen
peroxide (HO.) and peracetic acid working solutions {0%mM) were prepared from
50 mM stocksn 50 mM potassium phosphate (KPi) buffer (pH 7.4). Working solutions
were kept on ice and replaced with fresh stocks every 2 h. Oxidant stocks were titrated
with acidified KMnQ, which had itself been titrated against ultrapure oxalic acid, to
verify thar concentrations. Biochemicals (lysozyme, catalase, DNase, etc.) were from
New England Biolabs. Reactions were carried out over a range of pH values in either 50
mM KPi (pH 5.8, 6.6, and 7.4) or 50 mM T4@& (pH 8.2 or 8.8). For the solvent isotope
studes, the 50 mM TrisCl buffers were made indD (Cambridge isotopes, 99.8 % D)
with addition of DCI (Acros Organics 99% + D) to give final pD values 6.1, 6.5, 6.8, 7.3,
8.1, 8.7, and 9.2 (pD = pH* + 0.41, where pH* is the apparent pH measuring using a

stardard glass electrodé) Protein samples were prepared through multiple rounds of

(
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concentration and resuspension in deuterated buffer, resulting in only 0.1 % or less of the
original buffer solution present in the final solutiors@2 solutions were madedm a
10.6 M HO> stock diluted 1:100 in ED, producing a 108 mM stock witt@8 %

deuterium enrichment.

Protein Production and Complerpfmation

Expression, purification, and ligand complexation with coproheme decarboxylase
were carried out as previsly reported. Porphyrin concentrations were determined by the
pyridine hemochrome methods. BBIOOf leM) 5H@ sc¢
mi xed with 200 €L of 50 mM NaOHeskooft aOninh
Ks[Fe(CN)] was added andtiex i di zed spectrum was measur e
dithionite (NaS04) was then added to yield spectra for the reduced pyrloboad hemes.
Difference spectra (reduced minus oxidized) were used to determine the concentration
of metalloporphyrirreleased from the protein. For coprohemes 546 nm = 23.2 mM

cmt: for hemeb, (110556 nm = 28.4 mM cm.

Heme Reduction

Solutions were made anaerobic using a double manifold Schlenk line with
alternating cycles of argon gas purging awdcuation. Proteinoproheme complexes
were reduced in an anaerobic chamber (Coy) using solutions of sodium dithionite
prepared by dissolving the solid in deoxygenated buffer. The dithionite concentration was
determined via anaerobic titration with potass hexacyanoferrate(lll) in the presence of

methylene blue as indicat§tA 1.5 molar excess of dithionite relative to coproheme was
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added and reduction of the heme species was monitored by UV/visible spectroscopy
(UVivis, Agilent 8453 spectrometer). Bags unreacted dithionite and dithionite

oxidation products were removed using aBDdesalting column (GE Healthcare).

Titrations with &idants

Complexes of coproheme decarboxylase with either coproheme or harderoheme
(ferrous and ferric, pH 7.4, 2@Cj were mixed anaerobically with,8. or peracetic acid
(0, 0.5, 1, 1.5 or 2 eq) inside an anaerobic chamber. Products were analyzed by UV/vis,
high performance liquid chromatography (HPLC) (samplesiMOn the heme species),
and electron paramagnetic oesince spectroscopy (EPR) (described below). Reactions
with O> were carried out by exposing ferrous complexes to atmosphere¥243, pH
7.4, 20 °C) or mixing with aliquots of &Zaturated buffer inside septwsealed vials to
achieve the desired final-@oncentration. In reactions involving either @ peracid,

catalase was included at 1000 U/mL to remove ai@-H

HPLC

Reactions were analyzed for coproheme, harderoheme, ancbhmsn¢PLC on an
Agilent 1100 series instrument with a Phenomenex Luh&8C 3 e m col umn (150
4.6 mm). The solvents were® with 0.1% TFA (trifluoroacetic acid) (Solvent A) and
acetonitrile (ACN) with 0.1% TFA (Solvent B). All samples were run at a flow rate of
1.5 mL/min starting with isocratic 80% A for 3 min, followed &jinear gradient
transitioning to 5% A over 12 min. This was followed by 5% A for 5 min and a final

isocratic run of 20 % A for 3 min. UV/vis detection was at 411 nm. Standard curives (0
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500 pmol) were generated for quantifying heme species via atitegiof the peak areas.

Samples were quantified in triplicate and error bars are + 1 standard deviation.

PR

250nL aliquots of coproheme decarboxylase in complex with its tsfreduced
substrate (pH 7.4, 99M) were mixed with @ eq of HO. from a 5mM stock, loaded
into EPR tubes, sealed, and removed from the anaerobic chamber in a sealed glove bag.
The samples were immediately frozen and stored in liguicBpectra were measured on
a Bruker EMX EPR spectrometer-and, 9.37 MHz) at 12 K using auker Cold Edge
(Sumitomo Cryogenics) cryogdree system with a Mercury iTC controller unit.
Instrument parameters were: 3.18 MW microwave power, 100 kHz modulation
frequencyand 5 G modulation amplitudéverages of 4 scans are reported. For spin
guanttation, horse heart myoglobin (Sigma) was used as a standard. Spectra were double
integrated over 53@000 gauss (OriginLab) to include the range of Fe(lll) species

produced during the reaction with®b.

Transient Knetics

Data were measured using KiAssyst stoppedflow spectrometer (HTech
Scientific) in single mixing mode with diode array detection. For the ferric substrates, the
decarboxylaseoproheme complex (®M) was rapidly mixed (< 5 ms) with variable
concentrations of HD. or peracetic acid prior to measurement of spectra. For ferrous
substrates, the spectrometer was made anaerobic by overnight incubation with

protocatechuate dioxygenase (PCD) and its substrate, protocatechuic acid{PCA).
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Dithionite-reduced anaerobic safap were prepared in an anaerobic chamber as
described above and sealed in an airtight tonometer that interfaced with the stopped flow
sample handling unit. Deoxygenated buffefOk] and peracetic acid solutions were
prepared in the glove box, sealed astight syringes, and then introduced to the sample
handling unit for reaction. Data were measured at varying time points and fit using the
Kinetic Studio (HiTech Scientific) software to exponential decay functions to determine
rate constantkgns). Foreach experimental condition, all data were measured in at least
triplicate and averaged. Plotslefsversus oxidant concentration were fit with linear

least squares regression analysis to determine second order rate constants (Kaleidagraph).

Testing forOxygenase Ativity

To test for oxygenasectivity in the ferric state, 5M ferric coproheme
decarboxylase complex was treated with 5 mM (1000 eq) ascorbate in the presence of
100 U catalase (50 mM KPi, pH 7.4) and spectral changes were monitored @avéoy m
30 min.The same assay conditions led to complete oxidation of the Ineuaiestrate in
studies of bacterial Isd@/pe heme oxygenasé&s.To screen for oxygenase activity from
the ferrous state, 1M coprohemebound decarboxylase was reduced withionite
under anaerobic conditions (excess reductant removed as described above). The complex
was mixed 1:1 v/v in the stopped flow with freshly prepared aerobic solutions of
reductant (2 mM dithionite or 20 mM ascorbate, 50 mM KPi, pH 7.4) and spectral
changes monitored over time via diode array detection. The products in each case were

quantified by HPLC.
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Spectroelectrochemicaltfations

Fe(ll)/Fe(ll) reduction potentials (E) were determined via titration of the
decarboxylase bound to coprohemegdeanheme, or henmte(6 nM) with dithionite in
the presence of the redox mediator methyl viologemM2 and a reducible dye (105
nM) in an anaerobic glove box (50 mM KPi, pH 7.0,°8). The dyes used were indigo
disulphonate-(25 mV, coproheme and hamheme complexes) and indigo
trisulphonate-85 mV, hemeb) (all potentials are reported versus the standard hydrogen
electrode, SHE, at pH 7. Changes in the UV/vis spectrum were recorded following
each dithionite addition. Absorbances for the oxidiaad reduced dyes (dyedy@ed)
and the ratio of the oxidized/reduced proteeme absorbances (ERENZed were
recorded at their maxima: 612 nm, oxidized indigo disulphonate; 593 nm, indigo
trisulphonate; 424 nm, coproheme; 418 nm, harderohemaym2&meb. Plots of

In(Pox/Pred) Versus In(dyg/dyeed were fit to a modified Nernst equation:

IN(EnZox’ENzed) = (NF/RT)(RyeT Ep) + IN(dyey/dyeed @

R is the universal gas constant, F is Far a
eguvalents involved. Titrations were carried out in triplicate, averaged, and 1 standard

deviation reported as the error.

UV/visible and Resonance Ramahdtacterization

UV/vis spectra were measured on either a Cary 50 spectrometer under ambient
atmosphere, or an Agilent 8453 spectrometer housed inside an anaerobic chamber.

Resonance Raman (rR) spectra were obtained from enzyme samples ranging from 20 to
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100 &M i n c 6@ Spetraweee reedrded2ubing the 135° backscattering
geometry andil collection. Excitation of Raman scattering was achieved with either
441.6nm emission from a HeCd laser, or the 41311 line from a Kr laser. The laser
beam was focused to a line on a spinning 5 mm NMR titettered light was passed
through a hologaphic notch filter and a polarization scrambler theatched to a 0.67
m, f/4.7 CzernyTurner spectrograph fitted with a 1200 groove/mm grating. The Raman
spectrum was detected using a liquigdddoled CCD camera (1340x400 array26&20
em pi xel s, 2inRafe aBd)Bmeylformamide, toluene, acetone, and
methylene bromide were used as external standards for spectral calibration. Laser power
at samples ranged from 2 to 8 mW; no spectral artifacts due to photoinduced ghemistr

were observed with these irradiation powers.

Results

The Purified Decarboxylase Forms Stable Complexes with Hardedo®proheme

The decarboxylase purified in yields of-280 mg/L culture. Following incubation
with either coproheme or harderohenamd further purification by gel filtration

chromatography, nearly 1:1 ratios of protein monomer:heme species were méasured.

UV/Vis Feaures of the Oxidized and Reducedzizme-heme Complexes aradiinct

Spectra for the oxidized and reduced complexes of the decarboxylase with its
substrate (coproheme), intermediate (harderoheme), and producthjherre measured
and their features summarizedTiable 1(Supplementary InformatioRigure S). As

previouslynoted® the ferric complexes had Soret and visible bands typical of five
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coordinate high spin (S = 5/2) Fe porphyrins with the Soret bands shifting to the red as
the number of propionates (and therefore the charge) of the tetrapyrrole diminished
(coprohene to harderoheme to heme Reduction of the iron led to a significant red
shift of the Soret band (>20 nm) for each ferrous complex relative to the ferric value and
the appearance of a prominent visible band near 550 nm with a higher energy shoulder.
These spectral changes are consistent with those observed for other higjatied
heme proteins, and are suggestive of the formation of five coordinate high spin (5cHS)

ferrous complexe&: 2

Reactions between Ferrous Henpe8es and ©do not Leadd Decarboxylation

Complexes of the decarboxylase with coproheme or harderoheme were reduced to
their ferrous forms under anaerobic conditions. Following exposure to air in the presence
of catalase, both ferrous complexes converted to ferric withinthemdn mi xi ng t i m
5s, pH 7.4, 20 °CFigure S2). HPLC analysis of the tetrapyrrole products indicated no
conversion of the propionate side chains to vinyls (data not shown). It was concluded that
propionates 2 and 4 are not converted to vinyls via amf2{ mediated oxidation
(Scheme 1A).

The Ferrous Enzymeoproheme @mplex and @Rapidly form an mtermediate tht
Converts to Ferric @proheme

Reactions between the ferrous enzytnproheme complex anc@ere monitored
via UV/vis stopped flow (pH 7,20 °C). An intermediate with a Soret band at 408 nm
(350 nm shoulder) and visible bands at 539 and 57 3Tl 1) formed rapidly (100

ms, Figure 1A). The rate constant for intermediate formation depended linearty on O
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concentration under pseudo fistler conditions, yielding second order rate constant k =
1.2x16 M-s? (Figure 1B, Table 2). The intermediate converted in a slower, O
independent, singlexponential phase to a final product (k = 0.20+0:§2Table 2)with
UV/vis features closely sembling the ferric enzymeoproheme compleX two-
intermediate model (sum of 3 exponentials) was tested but did not substantially improve
the quality of the data fit. The identity of the product as coproheme was confirmed via

comparison of its HPLC retéinon time with those o$tandardd(data not shown).

The Oxidative Decarboxylations Do Not€ur via a Monooxygenas@&iermediate

A monooxygenase reaction starting from complexes of the decarboxylase with
ferric states of coproheme or harderoheme ardirigao hydroxylation of the propionate
side chain may require both@nd additional electront studies of both canonical and
IsdGtype heme oxygenases, the electrons have been supplied by excess ascorbate,
dithionite, or other surrogate donors, asghgsiological source is unknowr.2% 24
Under conditions that led to reactivity in Isd@e heme oxygenases (excess ascorbate,
O, and catalase to consume®y),*® ?°no reaction was observed for the decarboxylase
coproheme complex (data not showRgactions were subsequently carried out starting
from the ferrous coprohendecarboxylase complex. Upon addition ofadd either 10
mM ascorbate or 1 mM dithionite (data not shown) the same intermediate formed that
was observed in the Fe(ll)}¢@eaction n the absence of reductagsgure 1A, Table 1
No changes in the rate of intermediate formation or decay were detected, and the only
observable product (via UV/vis and HPLC) was ferric coproheme. This suggests that the

presence of excess reducing eqlemts along with @is not sufficient to promote
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oxidative decarboxylation. This further suggests that the coproheme decarboxylase either
does not react as a monooxygen&ehéme } or that, unlike known heme oxygenases,
it has an obligate requirement for a specific physiological reductant.

Decarboxylation of the Ferrous Coproheme or Harderoheme Complexes does not Occur
Following Reaction with HO»

We next examined theossibility of a ferrous decarboxylase reaction usip@2If
the enzyme acts efficiently, therlCeq of HO. should result in stoichiometrically
equivalent amounts of vinyl groups forming with no oxidation of the iron. To test this
hypothesis, ferrousoenplexes of the coproheme decarboxylase with both the substrate
and intermediate harderoheme were prepared, mixed anaerobically2vet 6f HOo,
and the tetrapyrrole and Fe(lll) products quantified by HPLC, EPR, and UV/vis
spectroscopy (pH 7.4, 20 °Table 2).

UV/vis spectra did not exhibit changes consistent with the oxidation of the
propionates; rather, both UV/vis and EPR spectra indicated that the substrate Fe(ll) was
oxidized to Fe(lll) (Figure S3). Iron oxidation did not occur stoichiometsicaith
added HO:.. Instead, full oxidation of the iron for either the coproheme or harderoheme
complex required 1.5 eq of:B», at which point 0.58 or 0.14 vinyl groups (per
coproheme or harderoheme molecule, respectively, Talblad?also formed, with tio
harderoheme and herbas products. We note that, though the mechanism of propionate
oxidation is not possible to discern from these experiments, 0.45 vinyl groups formed
following addition of 0.5 eq of KD> to the ferric coprohemdecarboxylase complex

suggesting that the observed propionate oxidation could have occurred following
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oxidation of the coproheme iron. Together, these results demonstrated@hat H
preferentially oxidized Fe(ll), accompanied by a small amount of oxidation of the
propionate®f either coproheme or harderoheme.

The Ferrous Coproherigecarboxylase Complex Reacts more Rapidly withtiAdén
with H.O»

Even though it does not lead to stoichiometric decarboxylations, we asked whether
H202 might nonetheless kinetically outcompetgf@ reaction with the ferrous iron of
coproheme or harderoheme bound to the decarboxylase. The reactions between these
complexes and ¥D. were therefore examined the absence of {by stopped flow.

After mixing the enzymeoproheme complex with 1 eq.€k, an intermediate
spectrum with UV/vis features similar to the Fe(Ih/@termediate formed (maximizing
at ~100 ms, pH 7.4Table 3, Figure 2A). This intermediate slowly converted to a ferric
product (within 20 s at pH 7.%ns= 0.48 &', Table 3) EPR confirmed that the majority
of this end product was in the ferric state (Table 2, Figure S4). Its UV/visible features
resembled those measured for ferric decarboxydapeoheme oriharderoheme
complexes, or a mixture of the two (397 nm [Soret]; 52, Bm [visible bands]) (Table
1). This result is consistent with HPLC analysis of the products showing predominantly
Fe(lll) production and incomplete oxidation of the propionates (Tgble 2

The reaction was subsequently monitored as a function,@:[HT he first order rate
constants for intermediate formation (averdge = 32 s!) or decay were relatively
insensitive to [HO-], remaining roughly constant for the two respective phasSgsire

SH. This suggested that the initial step leading to interatedformation is either
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independent of kD> or that a saturating value for the rate had been reachetvit0:
(Table 3). If we take the latter interpretation as more likely, then we may compare this
saturating rate constant to the second order rate constant for the ferrous decarboxylase
coproheme/@reaction. At 27nM of either, the two oxidants yield equivalersiues for
kobs Above this concentration, the reaction withf@comes faster than the reaction with
H2O». Notably, the value fokops measured at asaturating @ (300 s!, Figure 2B is 16
fold higher than the saturating rate constant for the reaetitn H.O,. These results
suggest that, under the aerobic conditions wihem®Qis presumed to be expressed,
dioxygen is the kinetically preferred (faster) reaction partner for the ferrous decarboxylase
coproheme complex, withZD as the presumed qoodct.

A Similar Intermediate &8ms whether @ H>O», or Peracetic Acid is the Oxidant or
Harderoheme is the Tetrapyrrolattrate

To gain further insight into the likely identity of the intermediate(s) formed in
reactions betweens@r H>O, and ferrous coproherrdecarboxylase, reactions with
alternate substrates were examined via stopped flow spectroscopy (Table 3). Peracetic
acid (CH(CO)OOH, PAA) typically reacts as an oxygen atom donor, oxidizing heme
species by two electrons and formaderryl [from Fe(l1)] or ferryl porphyrin pcation
radical [from Fe(lll)]. When peracetic acid was used as the oxidant (1 eq, pH 7.4, 20 °C),
an intermediate formed with the same UV/vis bands as the others and on a similar time
scale, maximizing at appxonately 100 ms (Figure S6). The intermediate converted to

ferric coproheme within 10 &gs= 0.470.04 st).



90

The reaction between the ferrous decarboxytesderoheme complex and 1 eq
H20: led to a similar intermediate (408 nm [Soret], 350 nm [sha}l887, 572 nm [visible
bands]) (Figure S7, Table 1) that formed on a comparable time scale as the coproheme
complex and then converted to the ferric product (first order rate cokssant0.72 &,
Table 3). The observation of an inteediate with sindar UV/vis features with either
coproheme or harderoheme as the substrate or in the presengeHa0g) or peracetic
acid as oxidants suggests that a similar species formed in each case.

Reactions of Ferric @rohemeor Harderoheméecarboxylase @mplexes with HO»
are Slow and pH Bpendent

Since the decarboxylase appears to kinetically fagem@diated oxidation of the
ferrous coproheme iran air (Figure ), both of the decarboxylation reactions are
expected to take place in an Fe(ll)®1 dependent mannender aerobic conditions
Theferric coprohemalecarboxylase reaction withpO> wasmonitored as a function of
H20- concentration and at a series of pH values. An intermediate was not clearly
detectable under any condition. Instead.itiitel reaction phase led to a hetme
complex that subsequently decompodédire 3A). The two observed phases could be
fit to single exponential curves to obt&idasvalues. The first phase exhibited a strong,
linear dependence orp@ concentration (igure 3B) and a sigmoidal dependence on pH,
yielding second order rate constants ranging from 110 to 338\pH 5.88.8). Fitting

the data to eq (2) yielde&Kp = 7.4 = 0.3 (Figure)d

~

i@ )
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Theconstants kand k describe the low and high pH forms of the enzygsubstrate
system.
This value iswell below the aof H>O» (11.7), suggesting that it is due to a deprotonation
event on thelecarboxylase€oproheme complex rather than deprotonation of Hg@,.
The secongphase was far slower and independent of baf@®.Honcentration and pH
(Figure 4B, Table B

The reaction of the ferric harderoheme complex was likewise characterized by two
phases. The first led tocamplex of the decarboxylase with heSoret 408 nm; visible
bands 540, 572 nm) and the second to heme destr{Eigure S7). Second order rate
constants were slightly faster with harderoheme than coproheme as subs@dte339
M1 s pH 5.88.8) and exhibited the sameé&® (7.3 + 0.2) (Figure 4). The heme
decomposition phases for coproheme or harderoheme as substrates (FigurereS8)
indistinguishable kineticht or spectroscopically, suggesy tha the degradationrpcess
occurredafter hemeb formed

Reactions between Ferrio@rohemedecarboxylase @nplexand Peracetic &d are
Fast and pHndependent

When PAA was used as the oxidant in place gd41analogous conversion of the
substrate to a hentecomplex followed by degradation was observed in stopped flow
experimentgFigure S9. However, the phase leading to hemgas approximately an
order of magnitude faster with the peracid than wig®Hk = 36065200 M!s?).
Because PAA is expected taot as an oxygen atom donor, the fact that both it atd H

are productive oxidants suggests that the ferryl porphyroagpon radical (Fe(IV)=0
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porf+, Compound 1) is a common intermediate on both ts@:ldnd peracid pathways.
Finally, neither the secanorder formation nor the first order decay rate constants had a
sigmoidal dependence on pHdure 4. This may reflect the relatively lowkp of the
peracid (8.2), which would obviate the need for basic residues to catalyze the formation

of a ferricacetlperoxy species.

Solvent Isotope Effect on the Ferric Coprohetiegarboxylase ReactiondicatesRate
Limiting Proton Transfer

The slow second order kinetics of the ferric coproheme reactions suggests that a
bimolecular step involving D partly limits the rate at which henbforms. The pH
dependence of the rate constéfigure 4 suggests that this step includes transferof H
To further explore these hypotheses, the decarboxglaz®heme complex reaction with
D20O2was monitored in BD at varyingoD. The second order rate constants diminished in
magnitude, with an averaged solvent kinetic isotope effect (SKIE) kuiko) of 2.2
over the measured pH/pD range. The pldt eérsus pD adhered closely not to a one but

rather a two ga model:

1 1I'@ (3)

Here, k1, ko, andks describe the rate constants for each of the -8igptndent forms of the
enzymesubstrate system. This fit yieldpas of 6.5 and 9.3.
We conclude that BO clearly influences both the rate of the second order reaction

and the observed number and magnitude of acid dissociation equilibria for the coproheme
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decarboxylase complex. Substitution?df for *H is known to perturb acid dissociation
equil i brium constants by varying &ashifisnt s de
0.41 units for RO versus HO, e.g., to 7.41% It is possible that theKas 7.4 and 9.3
measured in kD and BO, respectively, correspond to the same acid dissociatent,
and that the seconp (6.5 in RO) was out of the pH range used in protonated buffer.
Alternatively, the introduction of deuterium could have altered the rate limiting steps of
the mechanism, and therefore the chemical event contributimgasieto the second order
rate constant. The origins of thed€as will be explored further in future work.

Resonanc®aman (rR) Spectra for Ferrous Decarboxy@sproheme Complex Indicate
a Pentacoordinate HigBpin Gproheme with a Neutral Hisigiand

The five-coordinate, higkspin (5cHS) nature of the ferrous HemQ complexes was
confirmed by the coordinatiemnd spirs t at e ma r&redat 167 ard 4353
cm' respectively, in the high frequency rR spechig\re 54. The ferrous coproheme,
harderoheme, and herb& o mp| exes ex hgadn dshissery simil ar 3
Additionally, the rR spectra report on the nature and strength of the proximal iron
ligand bond. In 5¢HS ferrous heme proteins having proximal imidazole ligands; 441.6
nm Raman excitan elicits wellenhanced bands attributable to their ifostidine
st r e teghuBsvirtue of its intensity and frequency, the 215 ¢band is tentatively
assi gn e wnae df 3ckdS ferrous decarboxylasmprohemeKigure 58. The
3r e iisfrequency for ferrous decarboxylase complexes of harderoheme andb beene

within 1 cni Yof that for the coproheme complex.
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The 215cm' 3¢ ¢ 1 ieguency of decarboxylasmproheme is 7, 11, and 14 'ctn
lower thanthose ofthe closely related, hentedependent chlorite dismutases (Clds) from
Dechloromonas aromatic@aCld, 222 cm 3, Nitrospira defluvii(NdCld, 226 cm 3,
andKlebsiella pneumoniag229 cm 3, respectively¥$2® Mutation of the distal pocket in
DaCld (DaCld(R183Q)) to mimic the predied pocket in the decarboxyldgdoes not
result in a significant change of #geHis) frequency®® The proximal histidine ligands of
DaCld andNdCld have some imidazolate character due4ooHding interactions with
nearby glutamate side chains. Sitloe Hbond accepting glutamate in the Cld proximal
pockets is not conserved in the decarboxyldsesfbauer and coauthors predicted
correct Iry; diequancy far theeheme complexes would be similar to that of
NdCId(E210A) which they reporteat 216 cm'.2” This result suggests that any proximal
hydrogen bond network in the decarboxylases does not include strong participation by the
proxi mal l i gand. 't further suggests that
is closer to that ithe globins than in Hiigated peroxidases.

The Reduction Potential for the Decarboxytasgroheme 8mplex is Peroxidaséke
and Becomes MoredBitive as tk Propionates Convert tanyls

Fe(ll)/Fe(ll) potentials for copronemel90 mV), harderohemel(70 mV), and
hemeb (-160 mV) bound to the decarboxylase were measured spectroelectrochemically
(versus SHE, pH 7. 20 °€jgures 6andS10. The value for the coproheme complex is
similar to the one remtly reported for the same protei@@7 mV) at neutral pi# These
positiveshifts in reduction potential are consistent with the édssegative charge from

the porphyrirperiphery as each propionate is converted to a vinyl group. Other histidine
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ligated heme proteins offering relevant comparisons include heme peroxidases, which
react in the ferric oxidation state and have hemdI}F@() reduction potentialsganging
from -150 to-300 mVvs SHE®3 The reduction potential @aCld, which is homologous
(31.4% similarity, EMBOSS Needle alignment) to and structurally superimposable with
the decarboxylase/HemQ,-81 mV3*Clds use ferric hemieas a catalytic cofactor for
converting CIQ@' to CI and Q. By contrast, positive potentials are associated méthe
proteins that operate in the Fe(ll) state. Ferrous myoglobin, which reversibly binds O
has a low, positive reduction potential of 45 fWhile the potential for bifunctional
dehaloperoxidase, which reversibly bindsa@d reacts with FD> in its ferrous form, is

222 mv?2

Discussion

The assembly of biological cofactors requires the highly controlled combination of
reactive components within the cellular environment. In the final step of heme
biosynthesisn many bacteriancluding mosffacultative gram positive’sa ferrous
porphyrin precursor undergoes the selective oxidative decarboxylation of two propionate
groupsunder conditionsvhere botrcellular @ and HO; are known to be presehf
Coproheme is the substrate and cofactohi inusual autocatalytic reaction, carried out
by a coproheme decarboxylase encoded by¢ineQgene. Because iron is inserted into
coproheme as Fe(IH) & the reaction couldn principle occur viamechanisms that are
oxidase, oxygenase or peroxdaselike (Scheme 1). Each invokes unique chemical steps

and distinct biological strategies for directing the reactivity of the reative substrates
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and product. We sought to determine which of these is the most likely pathway for the
decarboxylase urdl biological conditions.

In nearly all cases where decarboxylation is accompanied®y@nd oxidation,
the two electrons from the substrate are funneled into a cofactor (e.g., flavin or pyridoxal
phosphatey’ The cofactor electrons may be subsequetidgharged onto NAD(P)r
O.. The coproheme decarboxylase lacks a cofactor; however, the substrate itself could act
as a conduit for removing two electrons from each propionate side chain and delivering
them to Q, generating BO>. This hypothetical region (Scheme 1Ais similar to the
one catalyzed by coprophorphyrinogen oxidase: the coteet®@renzyme from the
canonical pathway that catalyzes an analogous reaction with afreetaleduced, and
unconjugated substratéWhen we examined the ferroosproheme decarboxylase for
oxidase activity, however, none was observed.

In nearly all cases where decarboxylation is accompanied®ynd oxidation,
the two electrons from the substrate are funneled into a cofactor (e.g., flavin or pyridoxal
phosphte) 3’ The cofactor electrons may be subsequently discharged onto NA®(P)
O.. Although the coproheme decarboxylase lacks such a cofactor, the substrate itself
could act as a conduit for removing two electrons from each propionate side chain and
delivering them to an exogenous oxidizing agent. One possibility is that electrons are
directed to cellular & generating ED». This hypothetical reactiors¢heme 1Ais
similar to the one catalyzed by coprophorphyrinogen oxidase: the cefia@nzyme

from the canonical pathway that catalyzes an analogous reaction with thdreeetal
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porphyrinogensubstrat€ When we examined the ferrous coprohemoend
decarboxylase for oxidase activity, however, none was observed.

Structurally, the decarboxylase sty resembles bacterial heme oxygenases from
the IsdG family, which are found in the same bacterial ¥Xhe heme oxygenase
reaction is likewise autocatalytic, with ferrous herecting concurrently as the substrate
and cofactor. In the proposed Isd@chanisnt? hemeb reacts with @to form a ferrous
hemeO, complex. Addition of Hland an electron leads to a ferhigdroperoxy
intermediate, which hydroxylates one of the pyriolielgingmesecarbons. The
biological source of the electron has not belemtified for any heme oxygenase, though
various surrogates have been used uimdeitro conditions. Following the initial
hydroxylation, a series of further reactions leads to ring opening and release of
formaldehyde and the triply oxygenated linearaeyrrole product® 3°

An analogous reaction mechanism can be proposed for the coproheme
decarboxylase, though with hydroxylation directed not towaresecarbon, but rather
theb-carbon of a reactive coproheme propionic aicheme 1B). Consistewith an
oxygenase mechanism, UV/vis spectroscopic evidence suggests that the ferrous
coproheme substrate rapidly forms spectroscopically similar intermediates withdoth O
and BHO: (Figures 1A and 2A However, under conditions that would have resulted in
heme oxygenation by IsdG and its homologs, no reaction occurred. Barring the
requirement for a yatnknown physiological reductant, the evidence here suggests that

coproheme decarboxylase does not work according to an oxygenase mechanism.
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We next considerbwhetherthe decarboxylase might react in the ferrous state with
H-0,, avertingthe competing, neproductive Fe(ll)/HO; reaction to generate Otand
cytotoxicOH. Such a fAferrous peroxidased mechani
not completelyunprecedented. The herdependent marine worm dehaloperoxidase
(DHP) provides the sole example ofBi/heme reactivity occurring under biological
conditions from the ferrous state > 23A ferroushydroperoxy heme species forms as
the initial intermedate in DHP, followed by heterolytic cleavage of th&©Mond to
yield Compound Il (Fe(IV)=0 porphyrin). Compound Il acts as a&laetron oxidant
toward each of a pair of exogenous substrates, returning the heme cofactor to the ferrous
oxidation state.

Consistent with this pathwatheferrous coprohemdecarboxylase appeared to
form an intermediate in the reaction withp®», which could in principle be a ferrous
peroxy complexXFigure 2). However, the subsequent steps did not lead to
decarboxylation (Tdk 2). Instead, the reaction with2Zleq of HO> brought about the
complete conversion of the coproheme Fe(ll) to Fe(lll). Moreover, while the maximal
second order reaction rate between the ferrous copretecaboxylase andB, was
fast, the reaction wh ambient @ (240nM at pH 7, 20°C, in Bozeman, MT) was even
faster. The ferrous reaction with @ therefore expected to be kinetically favored over
H20. under aerobic conditions or whenever dissolve@x2eeds 3@M (Table 3.

We thereforehypothesied thatthel e c ar boxyl ase mi ght react
peroxi dase. 0 Accor dismaprolteroe reattionsvithy@mulde | , t he

generate the ferric coproheme angl-@n the first step. Once in the ferric state, the
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coprohemeandharderoheme&ecaboxylasecomplexes would have to react with®3,
since ferric heme species are not known to be oxidizecbby O

This is an attractive proposition since heme enzymes generally reactx@hnH
the ferric state, and since the decarboxylase reaction can occur in an E€§iH)/H
dependent mannée observed heréigures 5and6) that the Fe(l11)/(1l) reduction
potential and coordination state for these are reminiscent of typical heme psesxid
suggesting that the enzyrmabstrate complex has a sufficient driving force for reacting
in the ferric state. We further observed that the reaction between the ferric coproheme
decarboxylase complex and® was second order and pH dependent, groaster
with a (Kanear 7.4 [figure 4. The observation of a solvent kinetic isotope effect further
indicated that a proton transfiefor example, from KO- or to a ferricOOH complex to
generate water and Compouridpartly limited the rate of this sexd order step. Acid
base catalysis of Compound | formation, usually involving aAigspair, is a
cornerstone of proposed mechanisms fgD4hctivation by heme peroxidasts.

However, the second order reaction between the decarboxypsgheme complex
and HO. was exceedingly slow, with rate constants (B30 M's?) that are 1810
times lower than expected for typical peroxida€d=urther, instead of forming
Compound | as an initially observable intermediate, the first species observed imeeactio
with either the coprohemer harderohemeecarboxylase complex and®b is the
complex of the protein with ferric henbgFigure 3. Compound | may nonetheless be on
the reaction pathwayPeracetic acidan oxygeratom donomvhich typically forns

Compound | from ferric hemeegry efficiently generatethe expected harderoheme
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intermediate and heneproduct. We would not expect Compound | to be directly
observed if it reactguickly once it forms. The lifetime of Compound | in peroxidases is
highly variable, and appears to depend strongly on the number and proximity of redox
active amino acids that can react witftit? The structure of the decarboxylase with
coproheme bound is unknown; however, consistent with a short lived intermediate, it has
multiple Trp and Tyr residud® and 12, respectively) in its 250 amino acid sequence,
and its two oxidizable substrates are covalently attached to the heme. Thus, if the
oxidative decarboxylation proceeds via Compound I, its lifetime may be anticipated t
fleeting.

Compound {catalyzed decarboxylations could occur by one of at least two possible
mechanismgScheme 2 The first is analogous to the classic, tstep peroxidase
catalytic cyclet® In the first step, a net hydrogen atont (Huse) is transferred from the
b €arbon of the propionate to the ferryl porphyrin cation radical, filling the hole on the
porphyrin to generate Compound Il and protonating the ferryl oxygen atom. Second,
migration of the remaining unpaired electron fromlthearbon otthe propionate to the
Fe(IV) might occur with concomitant loss of the carboxylate group as £8econd
proton would need to be brought in to mak@®HAlternatively, one could imagine the
same protonated Compound Il [Fe{@H] A r eb oun dipogybradiealto h t he |
yield a hydroxylated intermediate. The rebound reaction would likely only take place if
the ferryl were adjacent to the reactive propionate. As this is difficult to envision, the
rebound mechanism is improbable. The peroxuiasemecharsm, by contrast, could

involve amino acid side chains as conduits for the transferred electrons and protons. In
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either case, the oxidation state of the metal remains unchanged at the beginning/end of
the reaction, and the ferric coproheme is first comeetd ferric harderoheme. A second
catalytic cycle between Fe(lll) harderoheme an@Hvould be needed to generate heme
b. Do the two, sequential oxidative decarboxylation reactions occur in the same manner?
The fact that the second order rates for thecfeoproheme/bD, and harderohemefd,
reactions leading to henteare roughly the same suggests that the second propionate
conversion (from harderoheme to helmédimits the overall reaction rate. This suggests
that the HO»-activating steps for coprohe and harderoheme could be largely similar.

Though a mechanism involving Compound | is plausible, the electronic structure of
the coproheme bound to the decéeruddxyldd ssa ag
acid-base model is used to explain heterclyeroxide cleavage in the peroxidase
mechanismf®The fApusho effect correlates with the
in the case of heme peroxidases, is typically a His side chain whose basicity is modulated
by H-bond acceptors. The strongesticamic Hbond acceptors lead to the most basic His
ligands, which in turn stabilize the higlalent iron centers of Compounds | and Il. The
extent of the Apusho effect is reflected i
ranges from 23246 cm lin heme peroxidaséé.**By cont r ametyist he | ow
frequency of 215 cm!shows that the imidazole ligand in coproheme decarboxylase is
not associated with an anionicb$énd acceptor, predicting a relatively weak proximal
Apusho. CIl dslyrelatdditodhlese blem€ecardoxylases, also exhibit lower
3r e 1 fiieguencies (222229 cm ) than heme peroxidases, suggesting a weaker proximal

ipusho, but per haPPHogaver, dheiremodest pushnin He mQ.
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conjunction uwiltoh fa osnt rtchreg ripdi st al Arg driv
o1 ClI b o n d 2 substratehAs inthid h@me peroxidases, this is thought to direct
both oxidizing equivalents of the substrate to the heme cofactor thereby yielding
compound IThe distal enwvonment of the coproheme decarboxylase is not known,
though it mightpartly compensate fortheweak-Ae s i nt eracti on vi a th
positive chargeBy the same token, it is possible that the negatively charged propionate
groups 2 and 4 could actgether with the protein environment to stabilize the ferric
oxidation state, potentially supporting heterolytic cleavage of boutd.#
Alternatively, heme oxygenases have neutral His heme ligands (r 216218 cm *"
48 and do not react via Compid |. Rather, an Fe(IHDOH species directly hydroxylates
one of the pyrrokbdridging carbons, without prior cleavage of th&d@ond?® *°and an
analogous mechanism using ferric coproheme can be propose&tieeenge 2

A pathway invoking @mediatedbxidation of Fe(ll) followed by Fe(l11)/ED-
dependent decarboxylations has at least three important implications for how heme
synthesis is organized in the cells that use this noncanonical mechanism. First,-the well
known biosynthetic pathway from gramegative bacteria and eukaryotes generates
ferrous hemd. The production of the ferric heme in grgrasitives suggests distinct
ways of subsequently chaperoning the cofactor and incorporating it into proteins in the
cell. Second, a reaction cycle that esgirom the ferrous coproheme complex produces a
stoichiometric quantity of superoxide per coproheme/hecenversion as the metal
oxidizes from Fe(ll) to Fe(lll). Although the fate of theiOs not clear, catalytic

disproportionation of superoxide ihe presence of a proton source rapidly yielg®43*
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The susceptibility of free ferric coproheme to bleaching in the presence of even small
amounts of HO, suggests that oxidation of the iron occurs inside the decarboxylase
rather than freely in the céllThe upstream catalyst, ferrochelatase (HemH), may directly
relay the substrate to the decarboxylase, as some existing data already®SHipaity,
thoughS. aureudike many grarppositives is a catalaseh organism, this unique

oxidative decarboxwltion reaction depends on®b rather than @
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Figure4.1l. The reaction between the ferrous coprohel@earboxylase complex and O

leads to an intermediate, followed by oxidation of the coproheme Koifihe ferrous
coprohemedecarboxylase complex (BM, blue line) was rapidly mixed with one eq of

O and the reaction monitored by stopped flow UV/vis spectroscopy (50 mM KPi, pH

7.4, 20 °C). Conversion to an initial intermediate after 100 ms (green line) was observed,
followed by formation of the ferric coproheme product (15 s, red line). Intervening
spectra are shown at 0.015, 0.045, 2, and 5 s (lighter lines). The inset shows the visible
bands on an expanded scale. B. The progress of the reaction was monitored over time at
408 nm at varying final concentrations of @, 60, 120, and 240M, increasingn the
direction of the arrow). Each curve was fit to the sum of two exponentials. Inset: values
of konsfor the initial phase leading to the green intermediate in (A) were plotted as a
function of [, yieldingk=1.2 x 16 M1 s™.
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Figure4.2. Theferrous coprohemedecarboxylase complex reacts faster withrCair than
with H2O2. A. The ferrouscoprohemedecarboxylasecomplex (5nmM, blue line) was
rapidly mixed with one eq of #D. and the reaction monitored by stopped flow UV/vis
spectroscopy (50 M KPi, pH 7.4, 20 °C). Conversion to an initial intermediate after ~70
ms (green line) was observed, followed by formation of the ferric product (15 s, red line).
Intervening spectra are shown at 0.015, 0.045, 2, and 5 s (lighter lines). The inset shows
the visible bands on an expanded scale. B. The progress of the reaction monitored over
time at 408 nm is shown for the reacsaf ferrouscoprohemesnzymecomplexeswith 1
eq RO:> (blue), 1 eq peracetic acid (PAA) (green), or(falf and full air saturatin, 120
and 240mM O, red and black points respectively). The data points are shown to fits
sums of twoexponential curvesHts to he initial phase for the stoichiometrneactions
areincluded as a visual aid.)
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Figure 4.3. Oxidativedecarboxylation of ferric coproheme occurs slowly and without
observable intermediates when-@J is the oxidant. A. The ferric coproheme
decarboxylaseomplex (7mM, blue line) was rapidly mixed with 10 eq ot®k and the
reaction monitored bytgpped flowUV/vis (50 mM KPi, pH 7.4, @ °C). Conversion to a
complex with hemeb was observed after35 s (purple ling) followed by heme
decompaition overseveral minutes (illustrated by the 500 s curve, gray). Intervening
spectra are shown at 5, 10, and 20gh(ér lines). The inset shows the visible bands on an
expanded scale. B. The progress of the reaction monitored over time at 411 nm is shown
for the reaction of ferric coprohertkecarboxylas®ith increasing concentrations obGb

(in direction of arrow: 3, 125, 250, 500, 1250, 2500, and 509; 50 mM KPi, pH 7.4,

20 °C). Each curve was fit to the sum of two exgials. Thefirst kinetic phase
corresponded to the generation of a hemmeomplex and the second to hente
decompositionkKgecay. INset: Values okops for the first phase (red squaresgre plotted
versus [HO2] and used to genate second order rate constah® M* s,
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Figure4.4. The rates of reactions between the ferric coprohdevarboxylase and-B-

are pH and solverisotope dependenReactions between the ferric coprohenaad
harderohemelecarboxylaseomplexes and D2, D202 (in D20), or PAA were monitored

as a function of pH (pD). An initigbhase corresponding to herbdormation &nemd
followed by heme decompositiokuéca) Was observed in every cage.Second order rate
constantsneasured as shown in Figure 3B were plotted as a function of pH: red circles;
coprohemi20,; blue squares: harderoheiid>O,. The iritial phasegrew faster with
increasing pH and was fit to a singkéj@equation, yielding Ka= 7.3 (harderoheme) or 7.5
(coproheme)The same rate constants measured for the coproheme reaithid@»O: (in

D20) (blue diamonds) were fit to a twilKa model yielding 6.5 and 9.3vera@ SKIE =

2.2 Finally, rate constants for the coproheme reaction with PAA were much larger and did
not exhibit a sigmoidal trend. B. Rate constants describindeba&y phasdid not display
sigmoidal dependence on pH (d$&@gure S9).
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Figure4.5. Vibrational characterization of the ferrous iron tetrapyrrole complexes of the
coproheme decarboxylasgk) High frequency window of the 413rim excited rR spectra
of (a) ferrous coproheme (b) ferrous harderohemeand (c) ferric coproheme
decarboxylaseomplexes reacted with eight equivalents gbkto generate enzyrigeme
b followed by reduction with sodium dithionite. Bhe 441.6 nm excited low frequency
rR spectra of (a) ferrousnzymecoproheme complex, (b) ferrous enzyhsderoheme
and (c) product of ferric enzymeoproheme with BD. followed by reduction with
dithionite. Note the change in the intensities of the propionate and vinyl bends relative to
one another and tha. All samples were prepared in 0.1 M sodium phosphate buffer pH
6.8 and reduced with sodium dithionite. The asterisk indicates a vinyl bending band due to
a small amount of decarboxylated coproheme.



109

2
2
1.5 g
W 4L
@ 5
) N
g c
3 w
g 1 L
7] 1 1 1
Q
<

0

3 2 41 0 1
In(dye ‘ldyem )

0.5 pe il

’ 3(|)0 4IIJO 5:)0 6:)0 700

Wavelength (nm)
Figure 4.6. The Fe(ll)/(l) redox potential for decarboxytaseind coproheme is
peroxidasdike, and becomes more pagé as each propionate is converted to a vinyl.
Titration of the ferric coproheragecarboxylase complex with dithionite in the presence of
oxidized indigo disulphonate (red) results in the concurrent reduction of both substrate and
dye (blue). (Inset) Plahg the In(Enz/Enzed versus In(Dye/Dyered) allowed for the
determination of redox potential 690 mV from the slope (versus SHE, pH 7. 20 °C).
Analogous data measured for the complexes of the decarboxylase with harderoheme and

hemeb, yielded-170mV, and-160 mV, respectively (see Supplementary Information).
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Schemet.1. Possible coproheme decarboxylase pathways starting from Fe(ll)copfoheme

COO coproheme llI

H + HzO
P
COO" COO- 02 H>0,,
C 0, HZO
H202 COg
29 JH+,
F’ HZO
H COO™ COO
harderoheme Il

hemeb COO" COO
YThe ferrous coproheme Il substrate is shown with sites of pyrrole ring substituents
(methyl orpropyl) labeled 18. The tetrapyrroles depicted as an oval atfte propionates
"P". Only the reactingropionate? is shown, for clarity. A) Oxidase, B) oxygenase and
C) peroxidedependent mechanisms shown. A mechanism for the conversitme of

hardeoheme lllintermediateto hemeb is not shown but could occur by an analogous
mechanism to AC.
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Schemet.2. Possible pathways for oxidative decarboxylafion.
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YOnly the first oxidative decarboxylation is shown.-i@ediated oxidation of the
coprohemeiron is followed by reaction of the ferric coproheme withO:lto form a
hypothetical Fe(IIHOOH adductTwo Compound-dependent pathways are shown. (A)
Net Hatom (H + €) transfer from the propionatecarbon to Compound I. (B) Net-H
atom transferdllowed by hydroxyl rebound tgield a hydroxylated intermediatBirect
hydroxylation from the ferridiydroperoxy species (C) could likewise occur, analogous to
heme oxygenase chemistry.



112

Tables

Table4.1. UV/vis bands for complexes of HemQ coproh&lmearboxylase with substrate,
intermediate, or product

Complex Soret Visible

Fe(lll)

coproheme 394 497, 533, 630
harderoheme 396 495, 533, 610
hemeb 406 510, 527, 630
Fe(ll)

coproheme 424 548
harderoheme 418 ~520sh, 551
hemeb 427 560

Fe(ll) reaction
intermediates

coproheme + @ 408 539, 573
coproheme + kD> 408 539, 572
coproheme + peracetic 408 539, 572
acid

harderoheme + #D; 408 537,572
harderoheme + 408 537,572

peracetic acid
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Table 4.2. Observed oxidatigmoducts following addition of defined amounts efd4to
decarboxylase complexes with ferrous/ferric coproheme or harderoheme, expressed on a
persubstrate basis

heme Fe(ll) Fe(ll) Fe(lll) Fe(lll)
species coproheme harderoheme coproheme  harderoheme
H20> vinyls® | Fe(lll)® vinyls | Fe(lll)  vinyl groups vinyl groups
(eq)

0 0|0 0|0 0 0

0.5 0.32£0.05| 0.05 0.070.02| ND¢ 0.14+0.02 0.0#0.02

1 0.51+0.07| 0.70 0.13t0.02| ND 0.2#0.04 0.11+0.03
15 0.58:0.06| 0.98 0.14+0.04| ND 0.45:0.07 0.13t0.02

2 0.60:0.1] 0.91 0.15+0.03| ND 0.54+0.06 0.14+0.02

3Reactions were carried out at 20 °C in pH 7.4 R@onversion of propionates to vinyl
groups was determined via HPLC quantification of the total harderoheme and/obheme
products of each reaction. Each reaction was carried out in triplicate with the error reported
as the standard deviation of the three measurenfée@ll) was determined by double
integration of the EPR spectra and spin quantification, using horsenmgagtobin as a
standard (Figure S5JNot determined.
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Table 4.3. Rate constants for reactions of decarboxylase complexes with oxidants (pH 7.4,
20 °C)
Substrate oxidant k(MZ1s1)?  Kkyecay(s?)
coprohemeFe(ll)  O2 1.2x16 0.20 +0.0x?
H.0.  32+2s!P 0.48+0.0x?!
PAA  30+3¢'P 0.47+0.04%
harderohemeFe(ll) Hx0,  41+5s'® 0.74+0.01%

coprohemeFe(lll) HxO, 210 0.00060M1s!
PAA 3600 0.0050 M's?
harderohemeFe(lll) H,O, 270 0.00090 M's?

aThesecond order rate constants in each case describe the conversion of starting material
to the first observable species, which is either an intermedaatEd(I1)/O2) or heme for
reactions starting with ferric hemes). Formation of ferric coproheme dm#hgroduct

(in the case of the ferrous starting materials) or heme decomposition (ferric starting
materials) is described bgecay This rate constant is first order for the ferrous substrates
and second order for the ferri€These values were insstive to changes in oxidant
concentratiorand are reported as firstder rate constants. Errors fiyhs are standard
deviations fron(8 measurements. Second order plots constructed from similarly measured
kobshad linear correlation values >95%.
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Additional supporting data include (S1) UV/vis spectra for all complexes in the
manuscript; (S259) further UV/vis and EPR spectroscopic characterization of reactions
with Oz and BHO»; (S10) redox titrations of theoproheme decarboxylase in complex
with harderoheme and herbe This material is available free of charge via the Internet
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Abstract

Coproheme decarboxylase catalyzes two sequential oxidative decarboxylations
with H2O> as the oxidant, coproheme Il as substrate and cofactor, andotresibe
product. Each reaction breaks @&3®ond and results in net loss of hydride, via steps that
are not clear. Solution and sobthte structural characterization of the protein in complex
with a substrate analog revealed a highly unconventiog@d-Hctivating distal
environment with the reage propionic acids (2 and 4) on the opposite side of the
porphyrin plane. This suggested that, in contrast to dirdd¢tt©nd cleavage catalyzed
by a highvalent iron intermediate, the coproheme oxidations must occur through
mediating amino acid residuestyrosine that hydrogen bonds to propionate 2 in a

position analogous to the substrate in ascorbate peroxidase is essential for both
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decarboxylations, while a lysine that salt bridges to propionate 4 is required solely for the
second. A mechanism is praged in which propionate 2 relays an oxidizing equivalent
from a coproheme compound | intermediate to the reactive deprotonated tyrosine,
forming Tyri. This residue then abstracts
followed by migration of the urgred propionyl electron to the coproheme iron to yield
the ferric harderoheme and €@roducts. A similar pathway is proposed for
decarboxylation of propionate 4, but with a lysine residue as an essential proton shuttle.
The proposed reaction suggestsiaprecedented relay of hemeediated §H* transfers

and a novel route for the conversion of carboxylic acids to alkenes.

Introduction

Activation of G or H2O2 by heme often leads to the generation of higlent iror
oxo (ferryl) intermediate.In reactions catalyzed by heme peroxidases, donation of two
electrons from the Fe(IHporphyrin complex results in heterolytic cleavage of the ®1D
bond. The resulting compound | intermediate carries one oxidizing equivalent on the iron
and the other irthe porphyrinp system, and is consequently described as Fe(IV)=0

coupled toa porphyrin radical cation (pot):% 2

Fe(lll)por + HO> - Fe(IV)=0O(por +) + HO (1)

How this central intermediate forms and how it oxidizes compounds, sometimes

over long ditances, are longstanding questions in catalysis research. In reactions catalyzed
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by many cytochrome P450s and peroxiddses; + 1 H" are transferred from a substrate
to compound |. Such reactions, known as proton coupled electron transdersccurr
a single concerted proton/electron transfer step. Alternatively, as in the catalytic model for
P450s’ the proton may migrate to the ferryl oxygen while the electron enters an orbital
that is porphyrirbased. The overall reaction is described as hydragen transfe?.

The proton and electron may have distinct routes to their separate destinations,
though in only few cases have these been rigorously described. In ascorbate peroxidase
(APX), the ascorbate substrate binds near and donates a hydrog€hidmrdl) to one of
the heme propionate§i¢. S1.” 8 Hydrogen atom transfer from ascorbate, in both APX
and a synthetic heme complex designed to mimfioitgurs with the propionate acting
both as a base toward the proton and asdhduit for the eleicon to por+. The proton is
shuttled to an active site arginine and water molecules before finally arriving at the ferryl
oxygeni®and the resulting Fe(IV)=0 +'Hr Fe(IV)}OH complex is known as compound
1.2 Transfer of a hydrogen atom from a secombissrate leads back to the ferric heme and

a molecule of water. Representing the substrate as SH gives the general reaction scheme:

Fe(IV)=O(por +) + SH- Fe(IV)=O(por) + H + S (2)

Fe(IV)-OH(por) + SH-Fe(lll)(por) + HO + S (3)

The propionate in APXFig. S1) allows the heme to transmit oxidizing equivalents,
from the site where the heme iron converi©fto its catalytically activated compound |

form, to the substrate binding site. In some peroxidases, including cytochpamidase
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(CCP) and ligin peroxidase (LnPY1* the sites of hem&e(lll)/H.O. reaction and
substrate oxidation may be quite spatially remote. Redtixe amino acid side chalfs
17in addition to the propionat&sact as internal mediators within these enzymes. These
supplythe means to move oxiing equivalents away from por and to the site where
substrates bind, greatly extending the catalytic reach of heme as an oxidation catalyst.

Here, we describe the combined structural and sohstiate characterization of a
H20o-activating heme protein in which the iron and the pair of organic substrates have an
unusual spatial and electronic relationship. The enzyme ugasdd an oxidant in the
successive decarboxylations of propionates 2 and 4 of iron coproporphyrin Il
(copoheme), which serves as both substrate and cofactor in the reaStbesg L Use
of H202 as the biological oxidant in a decarboxylation or indeed agylond cleavage is
a highly uncommon feature of this enzyieyhich is encoded by theemQgene and
which is responsible for the last step in heme biosynthesis in many gram positive BActeria.
The 1.8 A resolution structure of the protein in complex with its Ma¢diytaining
substrate analog clearly shows the two reactive propionates residing belosptoheme
plane, in a position where they cannot directly make contact with a ferryl intermediate.
Instead, the structure suggests and the solution data support an electron/proton relay
involving the heme, its propionates, and reactive amino acid baas; leading to net
transfers of an electron and a hydrogen atom from the reactive propionates themselves. The
structurallyinferred, experimentally supported reaction mechanism is unprecedented in
biology. As such, it suggests possible new avenuexfending the catalytic repertoire of

synthetic heme complexes.
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Scheme 1. Reaction catalyzed by coproheme decarbo&ylase

COO" COO

H* + H,0,
CO, + 2H,0
B [
CoO Coo

H P H
coproheme Il harderoheme Il
COoO"

Ho,0, + H*

/(CC)2 + 2H,0
heme b
=

Z

ANet | d s $H" frorh the2@-Cb bond of each propionate occurs along with
decarboxylation. Involvement of Fe(lll) .B., andharderoheme Il in the reaction scheme
was previously verified™ 22The porphyrin species are drawn in their expected protonation
states at pH.

Experimental Proceduse

Expression, Purification, and Ligand Binding to WT and Mutant Coproheme
Decarboxylases

The sequence of the protein encoded byh#raQfrom Geobacillus
stearothermophilugGs, NCBI accession WP_053414189, PDB ID: 1T8Was used to
design a codowptimized synthetibemQgene for expression in untagged form in
Escherichiacoli. The gene was inserted into a pET14(a) plasmid between the Ndel and
Xho1 restriction sites and used to transform compd&tenbli Tuner (DE3) cells
(Novagen). A similar construct for expressing the untagged, homologous protein from
Staphylococcus aeus(Sg was previously describéd A QuikChange Lightning Site

Directed Mutagenesis Kit (Agilent) was used to generatedgiéeted mutants dba



129

decarboxyl ase using the manddbleag8ltForr er 6s i ns
residues closer to the pein interior, substitutions were made from Tyr/Ser, or Trp/Phe
in order to retain the hydrophobic/hydrophilic character of the WT residue while
dramatically changing its size or chemical functionality. Residues at the solvent interface
were substitutedybAla.

Proteins were overexpressed and isolated at >95% purity by rerecse
exchange and gel filtration chromatography as previously desctilzmhcentrated
proteins (Amicon, 10,000 MWCO centrifuge filters) were incubated in the dark with
gentle string at 4 °C for 24 h with either the substrate ferric coproheme Il or the
substrate analog Mn(lIl) coproporphyrinate Il (coproporphyrinate tdtrakis2,4,6,7
propionateprotoporphyrin, Frontier Scientific) in a 1:1 subunit:coproheme ratio.
Unboundcoproheme was removed and the pretgjand complexes further purified on
an S200 Sephacryl gel filtration column (0.4 ml/min). Fractions were collected using an
AKTA purification system and then screened via UV/Vis spectroscopy (Cary50) for
coprohemea@ent ent . Fractions with Rz values OO0. 8
absorbanceSoret/absorbance280nm) were pooled. The Bradford and pyridine
hemochrome assays for protein and released coproheme, respectively, were used to
determine the coproheme occupancy in the purified compl&xdisiction coefficients

determined for th&scoproheme decarboxylase complexes veS@ret = 110.6 mM

cmit (Fe-coprohemé) andeSoret = 69.7 + 6.6 mMcm* (Mn-coproheme)Fig. S2.
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Structure Determination

The Gsdecarboxylase in complex with Nlfl)coproheme was crystallized by
hanging drop vapor diffusion at 20 °C. Drops were assembled by mixing the complex (7
mg umL i n 1 ONa@®H/IpHH B)RvEhSN equal volume of reservoir solution (0.1
M citrate pH 5.65.5, 1525 % (w/v) polyethylene glyd@350). Bright red crystals of the
complex formed after approximately 2 weeks. Crystals were briefly soaked in reservoir
solution supplemented with 15% (w/v) glycerol as a cryoprotectant prior to freezing in
liquid N2. An X-ray diffraction dataset to 18 was measured at Stanford Synchrotron
Radiation Lightsource beamline-I4and processed with autoxdsThe structure was
determined by molecular replacement using PRasethe CCP4 program suffe Phaser
was supplied with the nesubstrate bounstructure as a search model (PDB ID 1TOT).
Model building and refinement and was done using €awid PheniX! Electron density
maps of the Phaser solution showed the presence of a ligand adjacent to 8172 (
sequence numberingig. S3; Mn-coproheméddesignated as 76R in the PDB file) was
modeled into this electron density. Iterative rounds of model building with Coot and
refinement with Phen®® yielded the final model (PDB ID 5T2K) witRiee= 17.6 % and
Rwork = 15.4 %. The following residues aretrincluded in the final model due to weak
electron density: residues 123, 114117, 112117, 114119 and 11823 (allGs
numbering) in subunits A, B C, D and E, respectively. Molecular graphics were created

with PyMOL (www.pymol.org.
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Determining Poteinrheme Dissociation @éhstants

Values ofKp for equilibrium binding of decarboxylases/hemes were determined
by fluorescence quenching (Cary). Tryptophan fluorescenag® (Subunit) was excited
at 295 nm and emission monitored at 340 nm. Quenched emasB40 nm was plotted
versus the concentration of added heme ligand. Plots were fitted with the Lasgtinuir

equation to determine thé.

e — @

g is the fraction of liganebinding sites occupied by the ligand, [L] is the ligand
concentration, and n is the Hill coefficient describing cooperativity.

Reactions of Decarboxylas®proheme Complexes Monitored Following Titrimetric
Addition of Oxidants

Compgexes of decarboxylase with Mor Fecoproheme (pH 7.4, 20 °C) were
mixed with aliquots of KO or peracetic acid from-50 mM stocks. The progress of
reactions was monitored by UV/vis spectroscopy (Cary50, sampigls ilCheme
species). Reaction prodsawere analyzed by high performance liquid chromatography
(HPLC) and HPLC coupled to electrospray ionization mass spectrometry (HBEC
MS) (samples 40 €M in the heme species). M
reactants and products via thetaet masses. Heound coproheme, harderoheme
(isomers 11l or IV), and hemle, or Mn-bound coproheme/hentewvere separated and
guantified via their integrated HPLC peak intensities referenced to standard curves:
HPLC: 20uL samples were injected ontoa Hyp s i | Gol d PFP 5&gm c

mm x 4.6 mm, Thermo Fisher) attached to an Agillent1100 series instrument. Solvent A
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was HO with 0.1% trifluoroacetic acid (TFA) and Solvent B was acetonitrile (ACN)
with 0.1% TFA. Samples were run at a flow rate of 2 mL/starting with isocratic 70%
A:30% B for 3 min, followed by a linear gradient transitioning from 70% A to 5% A over
12 min. This was followed by isocratic 5% A for 5 min and a final isocratic run of 30 %
A for 3 min. UV/vis detection was at 411 nm. Startticurves ranging fromio500
pmol of the tetrapyrroles. HPLC peak areas were determined in triplicate and error bars
are reported as + 1 standard deviation.

HPLC-ESFMS: The chromatography conditions described above were used were
used with an Agilent ERP-S PSDVB column (PL13%2300) and 1290 HPLC
systemMass spectra were obtained on an Agilent 6538 quadrupole time of flight
(QTOF) instrument with ESI source (drying gas 8.0 L/min, drying gas heat a 350
nebulizer 55 psi, capillary voltage 3500 Vpdkary exit 100 V). Spectra were collected

in negative mode from 50 to 1700 m/z at a rate of 2 Hz.

Steady &ateKinetics of Catalase &actions

The conversion of kD> to O; and water by various decarboxylase
metalloporphyrin complexes was monitored condiusly over time via polarography
using a Clark @electrode (YSI). The electrode was equilibrated to 20 °C for 1 h using a
circulating water bath and calibrated to the concentration af @ir-saturated
distilled/deionized water. Reactions were carpetlin 2 mL volumes (50 mM potassium
phosphate buffer, pH 7.4) with 4 uM of enzyperphyrin complex and initiated by
addition of 100200 mM HO- stocks via airtight syringe{8 0 € L) . Linear

(vi) were fit by leassquares regression to tfiest 51 10% of the progress of reaction
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curves (Kaleidagraph). Plots aofwersus HO- concentration were fit to the Michaelis

Menton equation:

- (5)

Here, E is the concentration of enzymetalloporphyrin compleXJnreacted
H>O.was quantified at the end of reactions using horseradish peroxidase (HRP) and a
colorimetric substrate (2;2zinobis [3-ethylbenzothiazoling-sulfonic acid}
diammonium salt, ABTS). 0.5U/mL HRP and 5001 ABTS (final concentrations) were
added to the samples and incubated (25 °C) for 1hr. The absorbance at 738 nm was

recorded and compared with a standard curve generated-a@éib1 HO5].

Resonance Raman (rR) spectroscopy

Ferric samples for rR experirohemmet s wer e
decarboxylase complex in 100 mM sodium phosphate at pH 7.5 Ferrous complexes were
prepared anaerobically at 20 °C from ferric enzymes by reduction with an excess of
buffered sodium dithionite. The CO complexes were prepared by flushing the ferrous
enzymes with?CO or3CO (99%'°C).

The rR spectra were recorded using the 135° backscattering geometry and f1
collection using a previously described spectronétgither the 406.5hm or the 41341
nm emission line from a Kr+ laser was used for Ramaitaion, and the laser beam
was focused to a line on a spinning 5 mm NMR tube. External spectral calibration

standards for the rR spectra were toluene, acetone, methylene bromidg, and d
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dimethylsulfoxide. Laser power for ferric samples ranged from 2 tm\W; ferrous CO
complexes required laser irradiation powers of 1 to 3 mW to prevent CO photolysis. To
check the integrity of the rR samples, their-Migible spectra were checked before and
after irradiation in the laser beam. Normal mode assignmentsweaste by analogy to
other heme proteins. Peak fitting analyses of the rR spectra were based on the minimum
number of peaks required to achieve statistically valid fits of the spectra. Band shapes

were assumed to be Gaussian and were well modeled by Galissshape functions.

Results

Co-crystals of the Decarboxylase with MGoprohemeDiffracted to 1.8 A Rsolution

Our bio-chemical characteraion of the coproheme decariytase and its genetic
knock out has focused on S. aureus due to the impondipeghogenic strains of that
species?! 22Robotic screeing of thousands of crystalliian conditions failed to
generate diffractiomuality crystals of the enzynfeom Sa, either alone or in cquiex
with metalloporphyrins. However, the substrfree structure of a capheme
decarboxylase from ana@hmember of its phyim, Geobacillus stearothermophiluszas
available through a structurgénomics consortium (PDB ID: 1TO?*) TheGsandSa
proteins have 59% sequence identiig( S3, and solution stte spectraFig. S9 and
reactivity Fig. S9 for the two are similar. We therefore attempted to generate crystals
with Fe(lll)coproheme using t@sdecarboxylase, which was likewise unsuccessful.
The enzyme complex with the substrate analog Mn(lll)dognae, however, yielded

large crystals that diffracted to 1.8 A resolutidalfle S2. In solution, the
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Mn(lIl)coprohemedecarboxylase complex did not react witsOz(up to 50 eq). This
complex was stable in the presence B@d ionizing Xray radiationconditions under
which HO> may be spontaneously produced. However, the Mn(lll) complex reacted with
peracetic acid (PAA), yielding the expected-Bubstituted harderoheme intermediate
and hemd products with similar numbers of eq as theskbstrateRig. S§.22 These
results suggest that the Mn(lll)coproheme binds in the catalytic orientation but is
incapable of activating #D» and therefore forms a stable complex.

Structur al changes associated withasaeabstr
cofined-ttea nti har sC

Li ke other members of Its family (Pfan
di smutase [Cld] and copfbhemergsestat®Gsxyluas
coproheme decarboxyl ase i s a homopent amer
f err oldiokxd bho mai ns connecitevdbf dlyd iag xXp ssk AT (the@
superi mposed st i uceteu r(esD Bdafinbt ohilieh @l TiXgbamnAdk ) o f
subunishd®wmirgn ORBIASD = O0THMe& poptide backbon
chains mostly overlay, with the structur al
t o ttheer nd nal regi-onphobhsmeg t hep®n2il cfudram,
part pforma tl lwex podedndxt edfirere dfomolpenltiagnenmd
mi ght constitute the sit8aefsiduksthuanberemiy
except where noted.) The most-badumdast cuctel
oawa (Ferge). 1Though sever al of its side chai

el ectron density in this-bobegidosufbamitlise itin
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whol e fol ds i nwar ds towardourme ctompu otheme
re&rrangement brings the side chain of Asn
Subsbiradieng pocket, towar d -tdwendrsottred ot erxd .«
and Argl131, by contrast, form new whoincthact s

could be significant for the oxidative dec

: ! Asn112
myrﬁii

/His171

Figure5.1. Superposition of the apo and ligamolund forms of coproheme decarboxylase
illustrate the effects of tetrapyrrole binding. Ahe coprohemound decanxylase
homopentamer is shown in green with the bound coproheme ligands as sticks (orange)
(5T2K) and the ligandree structure in yellow (1TOT). The view is down the pseGgo

axis with the coprohemeontaining domains oriented toward the viewer. B.
Supemposition of an individual subunit of coproheme decarboxylase in the apo (yellow)
and ligandbound (green) forms. Differences are localized around a flexible loop near
residues 111120 and the Mitoproheme binding site. C. Clesp view of the Mn
coprohene binding site, illustrating prominent shifts in the positions of side chains for
Asnll12, Tyr113, and Argl31 in the apo (yellow) and lighndnd (green) forms.
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Coproheme binding site structure: Implicat:i

The electron Miheopr ogemapbdwmd Fi g.)t BA ac
il lustrates the unambiguous assignment of
its side chains in the c¢crystal structur e.
roughly theasamkBepmsei ecohe ofr eeolsvternutc tium et
hemewhich serves as a <cofactor I n Cl ds.
approximately 90CAxalout| ahdivepseébtfidg) GImne (
or ememngyyi zetdi oprsedof t he Sstrucdaprohefmet b
compi®xi.s orientation positions Bhbhemwoluni
pointing outward from the protein toward t
di stal si gpé almfegl( h2Blhemewo reactive propi one
are rotated to the proxi mal side of the po
open, distal coordination site.

On the other side of the pglooamai nh@mntexsi md
of the coproheme (-Rgad ofm g ¥yTRS t ihmeiNg asd aHae o | «
bonded to a wat er nboolnedceud et,o wheirczh2 2i,s A stps2ell9
mai n chain co®ralcan wla.t i Mogs th edneCl edrsz yhmmeve asn vaes
or glutamic acid as the hydrog&®hl dadidn g gt d
some degree of negative charge in the prox
supplies an electronicvagges ho® hitadired @ivio rtsh eh el

Fe(-ODH) t hat nf amr &ad er iI's a ccochmpmdiang vepayt n
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consistent with pre3diious7d ireperé¢etdr o Ri csple
to a morekgilHn&it alnt eracti on.

Thdi stal Fppr ka6 (i kewi se gprsdd ntcitv e rhoem
proteins. Canonical peroxi dases Kahdue &aodhna
near by 2drngiinisnedeprotonated form, :Ce(higg di st a
= 11) . Heterolytic bond#ediOo®OdHYy zagenpil @ xt hes ra
by proton dondtrigomafiromyt eé dikng BGo mponu rda sit
di st al environment i n the coprohelnee ldBéecar

hovers over the center of the porphyrin pl

(7))

equence/ structur al position oFEicgpi ehily t

-

esi due, which distiamgdidihemsotéeedneld alr bo xy
genes, i s i mp edretpaemtd efna r XthH doerdi @ me o(sG1tQ on me
Clds tdawgkdDd ClI

At the edge of the distal pocket neares:
sits at thbooéennegrnwveflwarnd ipropi onate 6, G
mol e@ulge 2CThi s water occupies a position c
copr oclheW@DH) i nt ermedi ate coul d KnesfdéheThAo
side chain is higrmat(el2i.S5)b@wmdf{ &d2et wWwo opodget
principle act0O8s aaa kas a tt chvea(rr @D Hd) o porro hbeoneh .
arginine side c-bhand woth prepmohateHhas be
di st aln Wdiseddiign dye decol GIPrng@rpevoo ki ¢ dhoeve.d

second order reactiomolpetoweer (c@alsnp dvehsiacahna x
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|l eads t o thte mpdrenxi, c altemd-fealdh,esp Wi 4 n -pid (S
i sotope depdgROKDIO) ( &aF®B0oLh.results suggest
of proton movement i n20trheea ataitcen .l iHO wda wmegr ,s tp
|l arger influence -basetahpgzadmasbgps3 n®dbede
The obl ebhese residues and of pH therefore

Reactive propionates 2 'ahdo4taperepclopd
to a vinylobyr ®unpe dainadt eCIO oxi dati on reacti on
surroundi ng eFaicghsaaEReDPsrhoopwmno niant e 2% owmisc KM r e
bonds to the side chain hydroxyls of Ser22:
of -momdi nk netawdlomg to the proxi mal Hi s172.

t heofC t he pSrcohpeijroen alt e (



140

A B c Arg134

lle187

Trp198
GIn185
-

His171 9;& }
‘ Met217 L
Ser223

Glu110
D Tyri45 E
Trp198

[ ] .=J"- Tyr114
| Lys149 &
Arg218 Ser223 Trp157

Figure5.2. The structure of the coproheme binding site in coproheme decarboxylase has
important implications for the chemical mechanigmView of the Mrcoproheme in

subunit BwithFo-Fc o mi t el ectron density map contou
slightly ruffled, with the two reactive propionates (2 and 4) below its approximate plane.
A closeup view of the His171 ligand in the (proximglocket beneath the substrate

analog shows that it binds to the metal through the imiddgtoel&he imidazoleNy forms

an apparent hydrogen bond to a water molecule, which is itself hydrogen bonded to
Ser223 and Asp220. C. The distal region above the coproheme plane is shown,
highlighting the pair of unreactive propionates. The R131 side chain is part of a hydrogen
bonding network involving propionate 6, GIn185, and a water molecule that occupies a
position close to where the terminal oxygen of®®@H might reside. The residue
immediately over the coproheme plane is 1le187. The environment surrounding the
reactive popionates 2 and 4 is shown in D and E, respectively.

Thi s was t he observed site of net hyd
coproporphyri*h@amerenoyxmae adseh,at carries out
decarboxyl atibtneeonr ¢ dhecope todtearieo gl 1df. cRe mo
hydrogen atom at this position | eaves a ¢c:

stabilized by, the tetraphbondéed.tAddi wabmra
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which | sbomdadirtno HAr g 2 1s8 .d i Rbemopidiepbhfalg g &4d t o
Lys149 (2.7 i), and indirectl-pobhdsTrptbeada
bridging water -lmohdcunké woAROU RamdysaH toan Torfp 1 ©
Gl ul09 and a secondofwadled8 modsectuh s palddee I\t
approachcotoptbei €nate 4 (3.9 j). The occu
possible redox -{Mfgnsl|l dcp)i agdaptovohies su
involved in catalyzbogytlaei owes.oxi dative d
The solution state Sa and Gs decarboxyl a
another and distincRedomanaoceh| Ramdre dgdp esaturt a
for the Sa and Gs decarboxyl ases (iIFmgcoRB@l e
Comparison of the |l ow frequency spectra o
similarities in th®&ly) ,priopi bhaseabdwdthagt
correspond t opacnadii b@ rSsc hleartee 11dd fC eqliettmi es (
Gs: 374 &ihd Ré&&ctcimon odfe chaortbho xcyol parsoeh gnoemp | e x
(Fig. S3) yielded comMpianrcabulde nrgR tshpee catprpaela r
corresponding to vinyl stretchingeandlbemnd
and -441185 lcnr espect i-vrepiydpi dhat 87dending freq!l
by decarboxylation while the secondlimropio
both decarboxylases. The simd|l aeattéesi beew
Gs and Saulestzryantee compl exes suggest it 1iIs
state structures, especially -tamdp plopiidanatne

groups, are comparabl e.
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Prior simul ame obsnadifngcotpos ohlkee dreeacthioxe |
propionates 6 and 7 in the saméiposhei €nhnd
structures, in contrast wit3Unihgeues opeirdi pste
Ssubstituent @amwvicrbohnanmeenet csa robfo xfyd ases and CIl
t heir propi nCgCtCe) ) arbce ndii mgl mode frequenci e
compl ex esCoCeC¥)h iad@e.Cr) f r e quleln'cdane d8 8clmowe r |,
respectivel vy, rel atDidvled Deddlddh &5 @ 1 08 (@GFRieg .mot &
3A3*T he |l atter substi-assooinatted hadaingesal tArg C
of $d@ecarboxyl ase, rendering thd&ior fdirstheal
examine the solution -rsegacdtei veen vp rroominoemat eosf,
for the&afeerarrdihse yilcaosmp |l ex with CO was measu
with counterpabD| dp aadtd)| ad (f&18BMQYYT &Bar i son
of the deC@Qram&Qldkgect ra clearly shows that

propionate and vinyl bending, as well as
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Figure 5. 3. Lsopwe cftrreaq ureenpcoyr tr Ron t he core an

hemes bound tAdA)ddbtanmMOby/ased. rR spectra o
copr odaednecar boxyl ase,GstbggcachbpxghameSa c) h
decarboxyl laGsdecdj) b m®Pad dg) R183 Q) . Ferric s
in 100 mM potassium prxsphetde raRt splct.rda. oB

of a) cbprchebhoxyl| &BSaeclay bbg mDaa3led, can dwWTd)
DLl d(R183M3& L dBehhy me seb.c oSpteacitnr aheonfi CO s ampl
potassium phosphate at pH 6.8 were acquire
at the sample. Original spectr a, bl ack; fi
spectra, gray.

t he porphyratn dai fnfger eonctc ufrr equenci es and wi
bending modes for prbopdeonatCex yabkaea eodb s7 r ovfe dh
and 395 icomcontrast to 'dmelOMle@d®dspaoctdr am. 37
frequency ernfditrhge md duedld cha r BCeEDMelsd led wem t han
that D&l WT(416 VvdrsOdiedd2®R1E8MBQ mutation has

these propionate frequencies, suggesting t
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not duentesdi hfarmeir distal environments.
vinyl / paspoonated $cegeesictesihitskterre tbcam)d o fl
henbedecar KCdx yolcacsuer s' ta ta934c8tnicgher in frequen
D&lsdpectrum. Finall ylt hatl drsge emarmad i atel 3y4 1a sc
tiltinfeg D@de i s absent from the decarboxyl
coll ectively reveal distinct perinlpheyladsasn

and CIl ds.

Sol udtiaoathe spectroscopy indi-Easedonet dut
di minishing distal interactions as-Cbhe pr
complex i s a sensitive probe oliarhaearee rc oofr ¢

binding sitel*ihe d€COprrcompilmrxes of - the f
har der,0 hemek -thoeumed bdecar boxyl ase (Sa) were
analyzed f oBred ®oclousiebmtomna pl ods grFsigt.i Ve . (i
€0 veltOys bands were detected for each of
their frequencies and isoto@eams@i Litrset cthhieny
(Becanaio and Fe@dvemdd ®gb d wrdsCfCoaanpr oh e me,
1941, anfl bB&8R2demoheme, 502heme5%H, aAOB,571D5
cm! respectively (Fig. 4A). The same isoto
hem&€Oh whether generated ny ybmenddirndg yf ¢ hrei @
activity of the decarboxyl ase.

Al l of the CO complexes generated hei

associ at ednewittrhalc hparrogxei maFli gh)i, s4tBi odni snies tleingta nv
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proxi mal pock@B) sandctwurté thlitgmoixomab hi s
Ssubstrate converts to product. However, thi
the three decarboxylase complexes varied,

Strongeironstcefr atcte CO | i ganebowidt hd opnoastiitnigv e le
on the distal si de boafc kt hbeo nhdei nmeg |aenadd, ttoh egrreefe
on the imidazole |Iine. The decarboxyl ase ¢
i n a position c onrbsoinsdt ednotn awtiitohn mood eorra teel eH t r
the bound CO and the distal pocket . The h
correlation | ine andb, clwhs e ht a st Hleovgessso ftoiffo en
Cpbonding character-Opbdndincgeabar aat dgrhei rnc
compl exes is consistent with the progressi
oxi dized.

The positions of these c oinmptlerxperse toend

terms of di st al structure wusing availabl e
closed and open forms, have been rDe@lodted
as well as D&l &.*sThheecster ah abvhel tAveg 1dBi3s or i ent

and away from the open coordination positi
coproheme: de@©airdborygmpaeabl e DBl dhiAer gcll I &Idn
cO, suggesting similar distabDLeAO®, rwintment s
di stal Arg, is higher up on the correlatior
wi t h t he bound co i n a stronger manner

coproheme: €0 ab@lok(YyArag®@®3 GT h ¢: cheeoragrl BB® e
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falls at a positi onD&lIt@d laanrd ttoh et hCeO ocpoenmp | feo
fradCandi NatouespitBhaedéanvée . of distal pocke
bound CO in these three complexes is simil

Coprohemeébound CO interacts with the conserved distal GIn

The crystal structure suggests that GIn185 and/or Arg131 could make contact with
the terminal oxygen of a ferric coprohef®®H complex. To examine this hypothesis, rR
spectra for the ferrous copremeCO complexes were used to assess the distal
environment sampled by a bound diatomic ligand inside the GIn185Ala and Argl31Ala
variant decakd ergildeguerxies fof thee GInd85A@0 complex
(498 and 1953 ch! respectively(Fig. S9 dramatically shift the GIn185AI&0 point
down the correlation line away from the WT coproheme complex and to a position close
to the hemeb-decarboxylase (Fig. 4B This indicates loss of distal interaction when
GIn185 is absent and is consistent witfole for GIn185 in the architecture of the distal

pocket in solution.
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Figure5.4. rR characterization of ferrous CO complexes oShdecarboxylase report on

their proximal ligands and distal environments. Soretexcited rR spectra of the
isotoponers of CO complexes of the decarboxylase bound to a) coproheme b) harderoheme

[ll, and c) hemdb at pH 6.8. Spectra were acquired with 413.1 nm excitation and 2 mW

power at the samplet?CO complex, black3CO complex, red; difference spectra
2coco,bl ue. B) Backbondirt § e rc scip $oefBrpisi on p |
carbonyls of heme proteins shows the dependences of their positions on axial ligation and
distal pocket properties. The black line correlateg with vc o for six-coordinate F&CO

adducts in which the sixth ligand is histidine (neutral imidazole). The gray dashed line
represents sixoordinate F&O adducts in which the sixth ligand is a thiolate or and
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imidazolate. Points used for these lines are tabulated in Table S1 of ref#&2eDeta for
DaClds and\dClds are from referencd? and43, respectively.

The Argl31AlaCO compl ex fall s betweea/cMd and (
correlation plotFig. 4B and Sgindicating that this mutation has a smaller effect on the
distalpocket interaction than GIn185Ala. Its distal environment is comparable to those
observed for mutants in which-lbbnds/salt bridges to a propionate group have been
disrupted (see below). This suggests that Arg131 plays a role at the periphery of the
coproreme instead of in the distal pocket. Loss of the Arg charge could result in either a
change in coproheme conformation because of loss of the interaction with propionate 6 or
in an increase in solvent accessibility to the pocket. Either could be respdostbie

characteristics of Arg131AI€0 and its decreased activity with®t describedelow.

Disruption of Hbonding to Propionatesghd 4 Alters Heme Conformation

The presence of Honds or salt bridges to propionates 2 (Tyr145, Arg218) and 4
(Lys149) are predicted by the structure (Fig. 2). To test whether these apparent
interactions modulate the electronic structure of the coproheme, tspadiic
Tyrl45Ser, Lys149Ala, and Arg218Ala mutants were generated. The rR spectra of these
coprohere:mutatitCO compl exes are compared in Fig. -
3C1 O frequencies given in Tabl e S3. As ju
correlation plot (Fig. 4B) the mutant:coprohe@® complexes, like WT coproher@O,
retain the neuéd His as the proximal ligand. The CO interactions with their distal
environments, however, have been diminished. If the only role of-thends/salt

bridges to the reactive propionates is to position them for decarboxylation, loss of these
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interactions wuld not be expected to change exogenous ligand interactions with the
distal pocket. This result therefore argues that the roles of-thenH donors to
propionates 2 and 4 are more nuanced than simply positioning their carboxylate groups
and the changes their reactivity could be due, in part, to changes in the distal pocket
interactions and/or distortions of the coproheme plane that direct the reactivity of the
high-valent intermediate toward oxidative decarboxylation of propionate 2 or 4.

Three bandsdve been tentatively assigned to propionate bending modes in the
CO complexes of WT, Tyrl45Ser, Arg218Ala and Lys149&lproheme:
decarboxylase@~ig. S8B and Table S3). The Tiy#i5Ser mutant has a propionate bending
band at 361 c¢cmilhtamat hies c® mprair Bbll eweai Cth Cc C
CO complex; the other two U0U(CbCcCd) freque
band at 367 c¢cmil i n topreprokdie2. CoSs obtedi45HuU m i s
bond to propionate 2 results in a significatlieration in its environment. In contrast, all
three bands assigned to the propionate bending modes in Arg218Ala and Lys149Ala CO
compl exes exhibit decreases of 3 cmil in t
indicates that disruption of the-bbndnetwork between propionate 2 and Arg218 or the
salt bridge between Lys149 and propionate 4 lead to more global changes in coproheme
environment than the very | ocalized effect
a core size marker band that repd-eN-pyrrole stretching, exhibits a decrease in
frequency for all three mutants. This is caisint with increases in the pbryrin core
size upon mutation of the amino acids that interact with the reactive propionates 2 and 4.

These features suggelkat the interaction of these residues with the coproheme are



important in determining the degree to which the heme conformation deviates from

planarity. Thus, stepwise changes in the heme planarity may contribute to the structural

150

basis for regioselectiwtin oxidizing propionates 2 and 4.
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Figure 5.5. Mutations at Lys149 and Tyr145 prevent decarboxylation of one or both
propionic acid substrates, respectivelynreacted coproheme (red), harderoheme Ili
intermediate (green) and the hermneroduct (blue) 6 the coproheme decarboxylase
reaction with increasing eq of-8, were quantified by HPLC for (top) WT enzyme and
the mutants (center) Lys149Ala and (bottom) Tyrl45Ser. HPLC traces illustrating the
starting material, observable intermediates, and finatlymis are shown as insets.
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Tyr145 i s essential for the decarboxyl &
Lys149 contributes to decarboxylation of h;
Ssubstrate and their catalytic rolesudsn oth
in Fig. 2 may have essenti al roles in cat e
enzyme at a total of eight key positions, |
the mutants bound copr ohepgvealwietsh $=@n0iWTao & T d
varying by Il ess than an orddé4d) of Thmeagoiat a:
competence o0-t operaccthe mautcaonmpl ex was examine
residues were essenti al for turnover, Spe
intermedi ate (harderoheme 111) and product

The WT enzyme r©Ogtuo rteudr n5 oevgerof9 06 of t h
coprohedae deroheme |11 was the observed i1nt
2 qeBb( Fi g. S5) and f ublwli y hc an vlent tatgn ¢ d dliOth ie one
of further oxidant has been observed to br
bchr omo’ghore.

The most dramatic deviatiohsrftbom Wyr bé!
and Lysl49AHiag). musSTgntidg5%er ,-boinnd whoi cphr otphieo nth
el iminated, reqaditree dt 1319 D@D e tehge ocfo pH o h e me
(Tabl)e. SMei t her harddappemeed]| bsommonpraededt =
|l nstead, the coproheme degraded without d
readily bound harderoheme so its catalytic

was investigatfTedl4dbHaedemohame dinlebmpon f or m
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reacti oJd0: (iid.h .$H1IT2h e Lysl149Al a mutant, in
propionate 4 is remo@dd, tudpPbidfved he3 83U beqr
However, the major product was haofdet bhege me
speciesbh.htdhhemsesuggests that Lys149 is esse
harderohenme wbilhemé&yr 145 appears to play
reactions.

Substitutions of ot her p otuenrdti inagl | pyr oii gon
(Arg218Ala) or 4 (Tyr113Ser, Trpl57Phe, Trrg
Argl131Ala) had far smaller effects, sugges
for catalysis. Instead, ntbebGbog&b5Abhboandst#
in the amhoemtui ofedHt o effect substrate conyv
The GInl185Ala mutant additionally saw exhi
harderoheme |1 accmouwmed,ads ag pe Dtpiomd i tomiag | m
the first decarboxylation than the second
behaved very similarmpyotdacwWTofwhylr&@l38er he
stabl e owmpaogdsiHbl y duubdbi nhdRiwg.adak®X3 heme

The exOeesguHred for coproheme turnover
catal ase SadecarbygxyThesebwant@n eavingu hleynes h o

catalase activity:

Fe(l 1| He/miee (+1 V) E©) ((p6o)r

Fe(l V)E®OHORO 0O+ B8( 7)
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This reaction (~50 turnovebrdse)groddaurisosc on
possible that X0meguafr etdhd oagx ceopy obineingehtc onv
be expeéamked at al ase reacti on. 0Holl2100 W”wM)g tad d
decarbopprateme compl ex 4(1100 OGM), (ommesa seug ed
pol ar ogrigphyyas( generated over the same 1t
converted Iltho Ihgrhge of the mecedniikml gabawve,
physiologically relevant amount) can be ac:
to the 2 required for the decarboxyl ati on
thougiwi waeli h the I imits of debhasctidom,0l we I ene
assays as the end of the r eacftrieoep rag@ennr ¢ 5
OM) was mi x e (viot OM)2 uenddeH the same condi't
H:02( 40 OM) were comsiemeddiemta rlemmdt @inn wwit thh
concomitant pr owthidctei etn eqf (Q2 OM) rEimgai ned
S 1)4.

The | arge ®xegasred ®Ho turn over t he
Tylr49Ser and Lysl145Ala mutants could I ikew
cat al asé&imge)a.StMouotnat(i on of either rksindue i n
kedkm( BD2) r el ative {Thi WTs(OUfigest 6B} hazteseitthheer

heme species, thereby enhancing their effi
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Figure5.6. The catalase activity of coproheme decarboxylase is strongly enhanced in
the Lys149Ala and Tyr145Ser mutant&) The progress of the coproheme decarboxylase
reaction over time [coproheme (red), harderoheme Il (green), beimee)] measured
previously#?is shown superimposed on the time course fqr@duction (orange) (1M
enzymecoproheme, 12QM H20., 50 mM KPi, pH 7.4, 25 °C). The generation of ~10
MM Oq via the catalase reaction suggests thattMM -0, was consumed during the same
time window in which coproheme converted to hdmgB) Initial rates of @ production
were measured as a function of.{(dd] and fit to egn (5) for the WT (red), Tyrl45Ser
(blue), and Lys149Ala (orange) decarboxylases. The resulting steady state parameters
describing catalase activity are tabulated in the inset.

Di scussi on

Coproheme decar b0xdyelpasaldeodnt dCl cylzeeasv aHg e r e a
|l i berate t wd rmo eac plaegs ©® propionic acids,

(Scheme An anal ogous reaction is catalyzed
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Ol éFerric Qhedaahdtb generahei Compomnabstr
hydrogen atom directly from the exogenous
P450s, this reaction is not followed by re
OH!S nstead, the readt iken uwsptahionendepelr @xti rdars e
near by substrate reduceszatnide tihreo m | tkee nFee ( 1Al
mechanism could be proposed for the coproh
most | i kely interacticgHgpff ei tdteer ipcopeasane
(Scheme 1). However, the 1.8 j structure o
anal og2)) Fsgggésts two complications with a
either the peroxidase orr [Odxyll anoedel to the

The first is that theoapparmatmest ohemet
peroxidases, including CtiPsaadmpPXt éFygabs§
coproheme decarboxylase. The coproheme is
Hi(sFi-g) 2and its open coordination position
and the Arg to whiwolatier i $iteo @ docotwenddhtCad. cw
Al t hough mut agene Gl 1 18bowmeod tAhr gtl 3lgivialsere s s
their interactions with bound CO sxggests
Some role for the protein is supported by
decarboxyl ase with peracetic acvendts amemnxiyg
hemes to Het)f VFeQO(WdpH @hTrugg t he proton move
heterolytic bond clOFfdhagé eassacicatpead hwimeh d

reacts rapidly with peracetic aciddto form
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hemeroduct. The second order r aDe sedi@®@st ant
fold sl ower and, in contrast with the pera
i sot aeTHeédse observations strongltyhwrowgde sat
ferryl Il ntermedi ate and th-aeditbs edopmat ioan
transfers (Scheme 2A).
The second i ssue concerns thetmreeLumpt i

C-of propioniiowhaccihd st h2e asnd udct ure shows ar e

siteCcattHvation at the metal. This separat
with Ol eT, the reaction cannototphreorceed by
i ron/ oxygemniitrt eri méhceiratpeg opi onate, 1 mplying

chain or multiple side chains as redox med
surrounding propionate 2 (Fig. 2C) i mmedi a
semdary site of oxidation following the in
The side chain of Tyrl145 $Hionsgd mweah theamar:
moi ety of propionate 2, in a posiXi©hRi gnal

S18%This configuration suggpeosstietdi otnheadt tToy rhlet 5

by coproheme compound | (Scheme 2B), and t
species toward propionate 2. Conrsi43 ewitt twi
Ser |l ed to complete |l oss of coproheme deca
catalase activity suggested that, in the a

Fe(lV)=0(coiptyopbr pheriehectron hion.e | ocali z
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Scheme 2. Proposed mechanisms consistent with the available® data

Ar9131~HN

NH +
hg Z'N/L
0

Hy NH;

Glnigs

AA. Formdion of Fe(IV)=0O(coproporphyriit) (coproheme compound ) (E = enzyme;
Fe(lll) in red and Fe(1V) in purpleB. Oxidative decarboxylation of propionate 2 reqsir
Tyrl45. Theneutral Tyrl450- radical is @picted abstracting hydrogen -(Hfrom the
propionate @, though this is hypothetical. Transfer of an electron and proton to the ferryl
of Compound Il then leads to the ferH complex of harderoheme lll, from which water
can ultimately deparC. Following another round of #D.-activation analogous to (A), a
second Fe(IV)=0O(harderoporphyri) complex forms. Three possible redastive amino
acids are connected to propionate 4 via hydrogen bonding through water molaouigls, t
only Lys149 was essential for catalysis. The identity of the mediator for proton coupled
electron transfer from the propionate (designatedd+E: ) is unclear. Net uptake of-H

by the enzyme is designated via E(H).

Neutr al tyroswpreradiptakatedyri @ a vari et
those catalyzed by cl*dhotlosryighemecdlbeS®t iokd dr
and pr osH asgyl n@inmlai smea.c h case, a met al center

tyrosyl ircahditchadn awxht s as the primary reci pl
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from a substrate. The bond di $8pyrcOHdti PNt H e
systems as well as phenol ild ambddeli nc otnhpeo ucnads:
t ysione Z in photosystem |1, thermodynamical
transfiegrmr oonf tHe pHopooARWadl®d result- i n a
stabilized co{¢roahceincealpr ospugogneysit i ng a propo
diving force for carrying out the reaction
for coproheme turnover by the degasibtoixghad
to shuttl-ceerpirvoepd omradteons f r om tahtee da catrigvieni g
residue obligately serves thiA&APXupEt®YonSin
Transfer of a s ecdtnkdr oeugehc ttrlhoben pgFaroprh ytrhien Can
Fe(lV) would result in the ofegemerabngh af
(Scheme 2B

Decarboxylation at propionate*3R0»i s foll
dependent reaction at propionate 4. l nspec
identified three readihyiosidizabi éeyafdpmal
Trpl57) as well as a |lysine (Lys149) which
reci pient porrotcoonnsd u(iiRi gf.or2 E) . |l ndi vi dual mu t
showed that only dyeddQalappearedpt ohdme et u
this residue with alanine Frpesouwlitoendatien t he
intermedi ate, harderosheemeul il sg&gcbemedl) ha
mai ntains the same pbosstirtaitoen, aass tphree dciocptreodh eb

and | oss of -ltyhsel 4h% ridnetreorhaecniei on speci fically
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of propMenather£f or e-Ogaocntcilvuadtei otnh abty H he har ¢
decarboxyl ase prooemeds$ Bas ahei mopbaohemei co
Fe(ll1)/(11)2?2aadutheodepgoeendbfati stal pock
SsubstFiag e ddi)mitmavwsehed. The pronounced increa
Lys149Al a mut asntts |ti Kkeetwi ifet oseasfgogtess wi t h H
Fe(lV)=0(hardgr.oporphyrin

I f this intermediate forms during cat al
Trpl57 all appear r eagoorabTiyyydp exil tsi dryed i tl ¢
el ectronrdetepomrplidrasinde chain could then
propionate 4H, ewlkeete onheo@Ql d mi grGihe t o t he
separate destinations. I n the | atter case,

acceipntn oa proton coupled electron transfer.

aromatic residues independently had virtua
propionate decarboxylation. This suggests
thadircal density is spread over two or mor
compensate in the event t-Datoudme aictg lacsstt.he

enzymesol e redox mediator toward both propi
f eghretrr from Tyr145, net proton coupled el ect
di stances. -Dhen rreaacotniuvwcd eToytri de reductases s
reacting wSHhoawaery3Bepmewaiyng this hypothe:
nod et hat reacti-onpobheme Tpnpil &@Reevd time iHt her

harderohenme soggbemeng that both decarboxy
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substitution. Moreover, when a complex of

exogenoushgrdepphemd |11, 066 soegceidedwhnd
b Tyr 145 is clearly essential for both pro
radical mediator in either case i@ still u
radi calbsienncteheof the conduit provided by pr
vinyl, is an open question, though we note
oxidizing propionate 2 first. This oxidat:i
priopnbytrel45 interaction.

The chemistry, spectroscopy, and struct.
consistent account of function and mechani
Lysl49% b ameked to the reacespecpiroel pynadreds @RI
roles in the reactivity and regioselectivi
nonbonded interactions differ mairsktedrliya fr o
mo n o cy teongzeyhredlse MQ) , i n wihei clhl Ic opsr oohrel ent ed s
propionates 2 and 7 are oriented toward th
and 6 are direct eddham@ osttrhiec tpwrcek-eomde pghi d et
Gl n187, prolpomaad et @@ TysmrHdFct ianmel phepi onat e
bonded to Lysl1l51 (comparable to GISml185, Tyl
enzyme). Though there are someGdifferences
decarboxyl ase crystals were hggmwn at pH 7.
decarboxyl ase crystals were obtained at pH

orientation are unclear. Though it seems u
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di fferent organisms would utilsgiebidiifterear
be eliminated d@tpthi sompmei sPMor-efi mhe two
decarboxyl ase structures is nolbmem®si bl e a
structure has’®yet to be released.

Bi ol ogi cal oxi dativeedecahbyxtyba@at ®oind a et
Ol eT and the coproheme decarboxyl ase descr
HO,, and coproheme decarboxylase is further
of side chain medi at ornss taovacyo fweoym d ltesc tpraa nr
This mechanism suggests neswytplpetoiac heat dloy s
oxi dative decarboxyl ation of fatty acids t

i mplications f or atrhbeo np rfoudeulcst iforno no fr ehnyedw aobcl e

As s ocCamnteant
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Abbreviations
ABTS, 2,2'Azinobis [3ethylbenzothiazolin®-sulfonic acidjdiammonium salt; ACN,
acetonitrile; APX, ascorbate peroxidase; CCP, cytochromeroxidase; Cld, Chlorite
dismutase; DaDechloromonas aromati¢&SlI, electrospray ionization; G&eobacillus
stearothermophilydHPLC, High Performance Liquid Chromatography; HRP, horseradish
peroxidase; LnP, lignin peroxidase; MS, mass spectrometry; NMR, nuclear magnetic
resonancelNd, Nitrospira defluvij PAA, peracetic acid, QTOF, quadrupole tiofeflight,
rR, resonance RamaBg Staphyloccocus aureu3FA, trifluoroacetic acid;LmHemQ,

Listeria monocytogenete@rboxylase; rR, resonance Raman
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CHAPTER SIX

COPROHEME DECARBOXYLATION INVOLVING A FERRYL, PROPIONATE,
AND A TYROSYL GROUP IN A RADICAL RELAY YIELDS HEMEB

Bennett R. Streit, Arianna I. Celis Garrett C. Moraskt,Krista Shisler, Eric M.
Shepard,Kenton R. Rodger$Gudrun S. LukaRodgers, Jennifer L. DuBois”
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597173400;

2Department of Chemistry and Biochemistry, North Dakota State Univeftaityp, ND
581086050

Abstract

The HO.-dependent oxidative decarboxylation of coproheme lll is the final step
in the biosynthesis of henfiin many microbes. However, the coproheme decarboxylase
reaction mechanism is unclear. The structure of the dexgiase in complex with
coproheme lll suggested that the substrate iron, reactive propionates, and asitactive
tyrosine convey a net 28H+ from each propionate to an activated form gdH Time-
resolved EPR spectroscopy revealed thatITAs forms aadical species within 30 sec of
the reaction of the enzymeoproheme complex with4@.. This radical disappeared over
the next 270 sec, consistent with a catalytic intermediate. Use of the harderoheme 1l
intermediate as substrate or substitutions obxexttive side chains (W198F, W157F, or
Y113S) did not strongly affect the appearance or intensity of the radical spectrum
measured 30 sec after initiating the reaction wig®4inor did it change the ~270 sec

required for the radical signaltorecedéxo 1 0% of its initial [

nt e
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suggested TyfL45 as the site of a catalytic radical involved in decarboxylating both
propionates. Tyl 4 5A was accompanied by parti al | os
EPR signal intensity, consistent withe possible formation of Fe(IV)=0. Site
specifically deuterated coproheme gave rise to a kinetic isotope effect of ~2 on the
decarboxylation rate constant, indicating that cleavage of the propiobdieo@Gnd was
partly rate limiting. The inferred mecham requires two consecutive hydrogen atom
transfers, first from Tyd45 to the substrate FefBk intermediate and then from the

propionate ®-H to Tyr-1 4 5 A .

Introduction

Met al l otetrapyrroles are among natureodos
scaffolds. Their functional versatility is
accommodating a variety of metals at the center and organic functional groups around the
periphery.Many wellcharacterized enzymes that use a metallotetrapyrrole as a substrate,
such as heme oxygengde2), heme A synthas@), or some cytochrome P45(@Y, take
advantage of its intrinsic reactivity, so that these reactions have an autocatalytic
character. Coproheme decarboxylase is a metallotetrapynadé&ying enzyme that
likewise uses a heme as both substrate and cofactor, catalyzing the oxidative
decaboxylation of ferric 2,4,6 Zetrapropionic acid porphyrin (coproheme) to yield
ferric 6, -dipropionic acid2,4-divinyl porphyrin (hemd). This reaction is the final step

in the heme biosynthetic pathways of diverse gpasitive bacteria and possiblyrse
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Archaea(5), encoded by a gene alternately referred twder hemQ or most recently as
chdC(5,6).

Each decarboxylation is an oxidation in which a net two electrons and two
protons are transferred from the reactive propionate to a molecul®afytlding
2H.0, CQ, and a new vinyl grou¥,8). H2O. activation at the open coordination
position on the substrate iron (distal pocket) could generate any of a number of well
known reactive species, including a feriigdroperoxy [Fe(IIHOOH], ferryl pophyrin
"cation radical [Fe(lV)=0 (por+A), compoun:
Fe(IV)-OH compound Il]. The structure of the decarboxylase bound to coprq®gme
however, showed the reactive propionates are positioned pointing away from the distal
pocket; their orientation in the proximal pocket below the porphyrin plane prohibits any
direct access of the reactive propionates to anXe/species (Fig6.1). This suggested
a more complicated reaction mechanism where, like in fedeshairmodifying
enzymeg3,4) or cyclooxygenased0), electrons or protons might be conveyed from the
substrate to a reactive Fe intermediate via a redtive amino acid side chain. Such
transfers of protons and electrons could occur sequentially or by proumhedelectron
transfer (PCETY.Alternatively, homolytic scission of an Fe(lll)coprohe®@®H bond
could yield a hydroxyl radi cal (AOH) that
C-H bond on the reactive propionate. A mechanism of this type wouddrizstent with
the proposed seliydroxylation catalyzed by heme oxygenadgsand with the

decarboxylase structu(®), which lacks the typical apparatus of enzymes that activate



174
H202 by heterolytic cleavage. How the enzyme would convey a highlyirea@ A OH t
specific sites of reaction on the two propionates is unclear.

To distinguish among these pathways, EPR spectroscopy and kinetic methods
were used to monitor the coproheme decarboxylation using WT, mutant, and site
selectively deuterated protsias well as deuterium labeled substrates. Strong
experimental evidence is presented in support of a mechanism where the substrate iron
activates HO», Y145 forms a radical species via hydrogen atom transfer (HAT), and the
resul ting Y14 5tsas theuniqua interediarygfér AAT franc both

reactive propionates.

Results

Deuteriumlabeled Coproheme Ill Was Generated in High Yield

Deuterium labeled coproporphyrinogen Il (Fig.5 was prepared in a single
step by ceincubating D-ALA (3,3,5,5*Hs-aminolevulinic acid) and the enzymes
HemB-E in buffer in an anaerobic chamber. Colorlessdproporphyrinogen Ill was
subsequently oxidized to pink-Eproporphyrin 11l using HemY and-@rom ambient
air. The HPLC trace for the HemBCDEY reaction (Fi§.1$ confirms that the product
has a retention time matching a pure coproporphyrin Il standard, with minimal
detectable contaminants with absorbance in the7Z800nm range. The predictedact
mass for the [M+H]ion (667.3 g/mol, M = eH26D12N40s) is observed in the mass
spectrum (Fig. S1), with the same expected isotopic distribution reported previously for

D-coproporphyrin (MS, [M+H]: 667.3 Da, determined distributiodlsun i 1.4%; M-

(0]
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1DT 5.2%;Mi-2D 7 15.8%;Msu-3D T 20.2%;Miui-4D 1T 20.9%;Msu-5D 1 19.5%;
Miui-6D T 11%; Msu-7D T 4.6%;Msi-8D 1T 1.3%;Mwuui-9D 1 0.2%). The starting
materials and products were subsequently analyzéd4MR (Fig. $.2). The data
showloss of intensity in peaks associated with the four propionate [1-carbons (4.55 ppm)
and the four tetrapyrrolbridgingmesocarbons (11.21.3 ppm), indicating that the
protons at these positions have been substituted with deuterium. Consistent with prior
work (11), substitution at thenesgpositions is not complete, suggesting that a small
amount of reintroduction dH occurs during the biosynthesis. The molar yield of pure
D-coproporphyrin lll, based on the amount afALA used in the reaction, was 905%6

of the expected theoretical yield.

D-Tyr-labeled Decarboxylase Was Generated in Low Yield and its Reaction Was Less
Efficient than Unlabeled Protein

Typical pure protein yields for pure decarboxylase were ~8 mg/l culture. By
contrast, pur®-Tyr-labeled enzyme was produced at 2 mg/l culture, due to low levels of
expression in the Tyr auxotrophic strain. Complete conversion of substrate to product
required 400 eq ¥D> (pH 7.4 potassium phosphate, 20 °C). Under those conditions, the
reaction vas complete within 1 min (Fig.63).

By contrastprior work showed that approximately 10 egAwas sufficient to
convert the WT/unlabeled enzyrmseproheme complex tdvemeb; the small excess of
H2>0O> was required due to competing side reactions betwk®, and the protein/heme
(7,9). A ferriccharderoheme complex accrues with formation rate constant previously
fitted tok = 2.9 min' or tiz= 14 s, and hemieforms withk = 0.30 min* (t12= 140 s(pH

7.4 potassium phosphate, 20 {C).
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Time Resolvd EPR Demonstrated Formation and DecagroOrganidRadicalReaction
Intermediate

The decarboxylaseoproheme complex and 10 eg®4 were manually mixed
(pH 8.8, 20 °Chand subsequently freem@pped in EPR tubes at time points from8.5
min. The resulting 77K, »0and EPR spectra illustrated the formation of an BPtRe
S=1/2 species within 0.5 min that subsequently decayed nearly to baseline over the next 5
min (Fig 6.2A). Though a full EPR kinetic time course is lacking, the appearance of the
S=1/2 species within 0.5 min of mixing and its subsequent decay within 300 s is
kinetically consistent with its assignment as an intermediate in the conversion of
coproheme tthemeb, based on the expected reactipr= 140 sfor hemeb formation
cited above (7). Moreover, the 14 s Hél for the initial decarboxylation of P2 to yield
harderoheme and the circa 300 s lifetime of the radical species overall suggests that the
observed EPR signals most likely represent superimposed radical intermediate density
from both the decarboxylations of P2 and P4, particularly at the later time points (7). This
observation is consistent with prior stopped flow analyses, which showetdt2 and
P4 decarboxylations were similar in rate and not temporally well resolved (8).

Double integration of the 0.5 min sample spectrum and comparison to a TEMPO
standard curve indicated that it contained®60f the EPRactive species per 10M
decarboxylaseoproheme complex initially present, where the complex converts nearly
stoichiometrically to decarboxylaseemeb under the conditions used. The spectrum
showed a partially resolvedldhe signal centered at g = 2.005 with a péakrough
linewidth ~20 G (Fig. 6.4), consistent with an amino acid side chain radical (see below)

(12).
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The Organic Radical is Localized on a Tyrosine Side Chain

To gain more information about the radical species, spectra for the 0.5 min
sample were measured afuaction of applied microwave power and at varying
temperatures (Fig.2B-C). Increasing power yielded a series of similar looking traces
that diminished in intensity withiR= 190 eW. A valwue in this r;
an amino acid based radit¢hat is not strongly exchange coupled to the electronic spin of
a nearby paramagnetic metal. Coupling would enhance théasiiie relaxation for the
radical and raiseiR. Values of R2f or compound |, for exampl e,
is strongy exchangecoupled to the heme Fe(lV) (S=1/2) are typically >5 (hBVL5).
For heme proteins in which the porA+ from
Fe(IV)-exchangecoupled tyrosine, e.g., cytochome P450 cam,#1 mW (16). The
effect of tempeature on the spectrum was likewise characteristic of an organic side chain
radical(17), with signal intensity diminishing steadily as the temperature was lowered
from 200 to 30 K. The isotropic diminution in spectral intensity with either increasing
poweror decreasing temperature is suggestive of a single organic radical, rather than a
distribution of species.
To test whether the radical species was a tyrosyl, the protein was expressed with
all of its tyrosine side chains carbdeuterated. The deuteriumucleus has an integer
spin (b = 1) that couples weakly to the electron spin relative to the protium nuadless (I
%); perdeuteration consequently eliminates the doublet hyperfine splitting observed for
H in the EPR spectra of tyrosyl radicals. Moreover, deuteration narrows the ERR peak

to-trough line width for free tyrosine from 21 to 8(@x2). Consistent with its assignment
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as a neutral tyrosyl radical, the spectrum measured for thd€lyerated dechoxylase
following reaction with 400 eq #D2 (<30 s) displayed no hyperfine features and a
significantly narrowed linewidth (7 G) (Fi§.2D).

The EPR Spectrum for the Intermediate Can Be Simulated with Hyperfine Coupling Due
to the Y145Methylene Prains and Slight &nisotropy

Studies of sitespecifically deuterated tyrosines have shown that the electron spin
of the tyrosyl radical localizes on the ring 1, 3, and 5 carfitihd8) Coupling of the
electron spin tdH on carbons 3 and 5 is weak anktigely insensitive to the protein
environment. Doublet splitting due to each of the two methyldnpr@ons (H and H,
Schemeb.1), however, constitutes the major contributor to hyperfine structure, and
depends on each pr ot maorbita ongpheing €1j accordingéol at i v e

(2):

An = Bor + Bar cosq (1)

An is the isotropic hyperfine coupling due tb-El for Ha or Hg, r is the ring
carbon unpaired electron spin density (ranging over-0.88 for C1 for known protein
tyrosyl radicals), and Bs a constant (58 G for tyrosyl radica{p,18, 19) Bo << B1
and is usually neglect€d?).

Analysis of the crystal structufer the homopentameric decarboxylase

coproheme complex (PDB ID 5T2K) (9) allowed us to identify an ave@age 45.41°

(£ 2.20°) andQg = 72.21° (x 2.01°) for Y145 (errors represent 1 standard deviation).
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Inserting each of these angles and 0.350.42 nto (1) yielded predicted hyperfine
coupling constants i = 10-12 G and Ag= 1.92.3 G.These ranges and g = 2.005 gave
starting values for fitting the spectrum for the intermediate trapped at 30 s§HEy. S
The fit refined to give Aa = 9.6 and As = 2.5 G, each of which is close to the predicted
range. A small degree ofanisotropy (g= 2.006, g = 2.005, g = 2.004) improved the
fit, possibly reflecting small differences in the individual subunits of the homopentamer,
or delocalization of radicalharacter onto other tyrosines (total of 9 per monomer).
Hence, the spectrum appears to be consistent with a radical on residue Y145. Accurate
simulation of the Xband EPR spectrum, without making assumptions about the identity
or structure of the tyrosingiving rise to the spectrum, the likely degree @frgsotropy,

or the range of values forwill require further analysis of the corresponding highd

EPR spectrum, using ¢p solve forg andr, as in reference (19).

Loss of the EPR Radical Signgb&ifically in the Y145S Mutant Suggests That Y145 is
the Site of the Radical Intermediate

Four aromatic amino acids that could potentially harbor radical electron density
(20) surround the pair of reactive propionates: Y145 (propionate 2), and W198, W157,
and Y113 (propionate 4) (Fig.1). Substitution of each of the latter 3 by redoactive
residues had little or no effect on the number gd+equivalents required to cormtéhe
enzymecoproheme complex to herbethough there were some differences in HPLC
profiles of porphyrircontaining products versus {6]. The W198F mutant, for
example, accumulated relatively more harderoheme intermediate than WT, while the

hemeb product bound to Y113S was more susceptible 10 Hnediated degradation.
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These differences suggested that Y113, W198, and W157 may play some role in the
coproheme/hemle conversion, but not as an essential catalytic component.

The Y145S mutant, by contrasthibited no decarboxylase activity, regardless of
the amount of KD, added(9). Instead, after addition of 3000 eg®4, 90% of the
initially present coproheme had degraded to a product without an observable UV/vis
chromophore. These experiments suggestat Y145 was possibly the site of a catalytic
radical.

To test this hypothesis and to determine whether the radical formed in a unique
and localized manner, coproheme complexes of the W198F, W157F, Y113S, and Y145S
mutants were examined for their atyilto form radicals during turnover with,8-.

Following reaction with 10 eq 4@, the W198F, W157F, and Y113S mutants formed

radical species with EPR spectral features that were highly similar to each other and to

WT (Fig. $.4). Small discrepancies inghitted gvalues and hyperfine coupling

constants suggest the radical is sensitive to the changes in the chemical environment that
these mutations produce (Tablé.. Spin quantitation of the spectrum measured for the

30 s samples indicated 30, 30, &adrM of the radical species had formed in the

W198F, W157F, and Y113S mutants (standard deviations for 3 measurements were

O010% of the measured intensity). For compa
nmM of the radical species at 30 s. In each cdmeradical species diminished in intensity

over time, reaching 025% of t heBA-Crmndegr at ed

receding to baseline within 300 s.
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By contrast, the Y1458oproheme complex formed no appreciable radical
species under theame reaction conditions. Following addition of a large excess@f H
(300 eq), asmallamountofanEBRb s er vabl e S=1/2 species for
eM pr ot 63Dh The pekkio-gough linewidth (11 G) was narrower than the
spectra in Fig 2A03A-C, the spectrum decayed to baseline more rapidly following the
addition of HO (within 150 s), and the spectrum measured at 30 s lacked any detectable
hyperfine splitting[Fig. 5.4, Table $.1). While the identity/nature of the radical in this
mutart is currently unresolved, it is clear this species is off the reaction pathway.

The dependence of product formation on Y145, the formatiorsef % radical
whose microwave power and temperature dependencies are consistent with an organic
radical, andhe temporal correlation of the radical decay with product formation support
the conclusion that Y145 is the site of a mechanistically crucial raoiassd

intermediate.

Cleavage of the-propionateb-C-H Bond by the Y145 Radical is Partly Rate Limiting

Y 145A -positionedtd remove a hydrogen atom from the coproheme
propionate 2 on the carbdrto the tetrapyrrole (Figh.1) (9). A substrate radical at this
position would be conjugated to and resonance stabilized by the macrocycle. To test
whetherC-H bond cleavage occurs at this position, coproheme with deuterium
substituted for protium at all of its propiondiecarbons was prepared. Its reaction with
H2>O> was studied over time via stopped flow UV/vis and fregzench EPR
spectroscopies. The raam exhibited biphasic kinetics in which the first phase was

linearly dependent onJd@. concentration and led to herbéormation (Fig. 6.4\). The
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second phase was independent g®+and led to loss of the herheehromophore.
Second order rate constadttermined for the first phase as a function of pH are plotted
in Fig. 4B along with data previously measured for unlabeled coprof@rbe rate
constants in each case had identical though modesblch3pH dependencies, with a
pKa = 7.4 and &p/k+ kinetic isotope effect (KIE) of approximately 2 across the entire pH
range. We conclude that thé-E bond is cleaved during the decarboxylation reaction;
because the theoretically expected value for a primary H/D KIE2§,22) this step
likely only partally limits the rate of coproheme/herh&onversion. The b
coproheme/HO, reaction was subsequently monitored over time by fregeeach EPR
(Fig.64C) . The amount of Y145A accumul ating a
relative to the unlabeled subs&ato 75nM per 1000M pr ot ei n. The Y145A
likewise took longer (>30 min instead of ~5 min) to return to baseline for the deuterated
complex (data shown to 300 s). These resul

immediately prior to, and is respsible for, cleavage of theb€D bond.

Y145A Formation is Accompanied by Loss of

EPR spectra were remeasured at 15K for the t=0 and 30s samples from Fig. 4C to
characterize changes at the iron 6&enter th
The spectrum measured at Os was largely high spin (S=5/2) and rhombic, similar to
spectra peviously reported for Hem@oproheme complexes fro aureusndListeria
monocytogene@3). At 30s, no obvious new signals due to iron species appeared.

Instead, ~70% of the doubly integrated spectral intensity was lost from the t=0s high spin

signalAt t he same time, the S=1/2 signal attr,]
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in Fig.6.2). These data are consistent with the conversion of some of the initially
available Fe(lll) to an EPRIlent iron species, such as low spin Fe(IV)=0 (S = 0), as

Y145A f or ms .

Y145A also Catalyzes the Decarboxylation o

The data presented above suggest that Y
decarboxylation of coproheme to harderoheme. Data presented here and previously also
suggest that, if a similar radical mechanism is used for conversion of harderoheme to
hemeb, Y145 is also responsible. Specifically, reactions of the W198F, W157F, and
Y113S mutants were not interrupted at the harderoheme/erterconversion step, and
theY145S mutantdid notyieldhenbgl 7) . To examine directly w
involved in the harderoheme/helmeonversion, the decarboxylaBarderoheme
complex was generated and its reaction with 10 £0p Fbllowed over time by freeze
guench EPR. Aadical species with feates similar to those in Fig.farmed and
decayed over time (Fi§.6, Fig. $.4, Table S1). Product analysis identified the end
species of the reactionashem@). These data suggest that Y1
the harderbemebound enzyme, and may therefore also be responsible for

decarboxylating propionate 4.

Discussion

Heme biosynthesis in many bacteria concludes with a pair of oxidative
decarboxylations. Coproheme serves as both substrate and cofactor in these reactions, and

the two vinyl groups of henteare products. A similar hemand HO>-dependent reaction
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is catdyzed by the unusual cytochrome P450, OleT. This enzyme reacts »@tttd-form
the catalytic Fe(lV)=0 (por+A) species, w h
from the carbon at the [][]position relative to the carboxylate group of a fatty acid. For
long chain substratesC n O 20), this is followed by t
the resulting Fe(I\VMJOH (por), yielding Fe(lll)por, CQ the nrl alkene and watgR4).

Though coproheme decarboxylase catalyzes a similar reaction, its structural
constraints are different from those of OleT. Specifically, the two sites of decarboxylation
T propionates at peripheral tetrapyrrole positions 2 aindré positioned such thagither
has direct access to the distal pocket whef&li$ activated (Fig. 6)1 This suggested two
possible mechanisms. First, oxidizing equi
generated via homolytic cleavage of a fefn@roperoxy intermaiate, from the site of the
Fe/HO: reaction to each propionate. Alternatively, the oxidation could proceed through a
relay mechanism involving one or more amino acid side chains as intermediaries, possibly
dissecting the requisite-Btom transfer reactionto proton and electron transfer steps.

Results reported here clearly support the latter mechanism-résolved freeze
guench experiments demonstrated the formation and decay of aradiP® S=1/2
species during the course of a single turnover oddearboxylaseoproheme complex
(Fig. 6.2). This species had poweand temperaturdependencies consistent with its
assignment as an organic radical. Narrowing of the spectral linewidth and I44s of
hyperfine coupling in spectra for the-Dyr labeled potein allowed assignment of the
radical species as a tyrosyl (Fig6.9), which mutagenesis confirmed to be localized

specifically at the Y145 side chain (F&3).
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Separation between the sites of oxidant activation and substrate oxidation is a
recurringmotif in metalloenzyme catalysis. Class 1 ribonucleotide reductase provides a
classic example, in which oxidizing equivalents are conveyed from the dinuclear iron
cluster where @is reductively activated to a nearby tyrosine and ultimately to a catalytic
cysteine residue more than 30 A awa§). Hemedependent lignin peroxidases translate
the oxidizing power of the catalytic Fe(lV
to the protein surface, allowing the enzyme to access large,-wsatduble Ignin
substrates(26). A heme/alkylperoxide reaction in prostaglandin synthase generates
Fe(lV)=0 (por+A) which in turn oxidizes a
tyrosyl specifically abstracts the p&®hydrogen atom from the C13 positiom @& large,
polyunsaturated arachidonic acid subst(a@. Distinct from OleT, the resulting fatty acyl
radical is prevented from transferring an electron to the heme iron; instead, it reacts directly
with O to form an intermediate adduct. Heme A synéhasd certain cytochrome P450
subtypes are in some ways most analogous to coproheme decarboxylase, since the same
heme molecule is both the catalytic moiety and the scaffold for the sul§3tfgtén each
case, oxidation of amino acid side chains byW¥¢(=0 (por +A) 'S propo:
amino acid radicals which, in turn, abstract hydrogen atoms from heme methyl substituents.
Subsequent transfer of the resulting electron on the methyl carbon to the heme Fe(IV)
generates a methyl carbocation, whichrisngd for nucleophilic attack by either water or
carboxylate side chains.

These examples illustrate how, using one or a series of oxidizable amino acid side

chains, Fe(lV)=0 (por+A) can extend its re
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acid internediary additionally provides a degree of control over what happens after the
initial hydrogen atom abstraction from the substrate. In the case of OleT, in which the
hydrogen atom transfers directly to Fe(IlV
tranders a second electron to the nearby Fe(IV)=0 (por). By contrast, in prostaglandin
synthase, the arachidonic acid radical is removed from the analogous Fe(IV)=0O (por)
species, and instead reacts with Ooproheme decarboxylase appears to use Tyrl45 as an
intermedi ary, connecting the oxidizing po
intermediate to the C[J carbon of each reactive propionate. The resulting propionyl radical
electron is then transferred to the Fe(IV).

Though there is no direct evidence as yef or Fe (1 V) =0 (por +A)
species, the production of Y145 Acomohamer r ed
S=5/2 signal and without the clear appearance of newdfifRe species (Fig. 5). These
observations are consistent with a fme@sm in which ferric coproheme first reacts with
H>O2 to form a ferriechydroperoxy intermediate. Protonation and heterolytic cleavage of
the intermediate would vyi el dvalErgpéciegceud ( por
subsequently remove ahydroge at om from Y145 to form Y145RA2
peroxidases with a basic ferryl oxygenakbm transfer is expected to deliver an electron
to the porphyrin radical cation and a proton to the ferryl in a single, concert¢d 529).

While the deshation of the proton from Y145 is not clear, concerted rather than sequential
proton and electron transfer from Y145 is attractive, in light of the expekie@410) and
midpoint potential of the neutral tyrosine side ché30). Hydrogen bonding contact

between propionate 2 and Y145 (Fégl) might serve to modulate thi&Kp and/or supply
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a conduit through which the electron is conducted to the macrocycle, as proposed for
ascorbate peroxidase and heme model compléXe82) The resulting lowspin d
Fe(IV)=0 (por) or Fe(IVJOH (por) species is expected to have integer spin (S=1), and
therefore to be EPRilent(33).

Once formed, Y145 Atonafiorsaneaty prepiorma@bHynd r o g e n
a step that appears to be partially rate limiting (Fig. Ypporting this conclusion,
deuteration of the propionafecarbons elicits a twiold (rather than the theoretically
predicted sevefpld) decrease in the second order rate constant for the decarboxy@se/H
reaction(22). Moreover, about twiceasmu¥hl 4 5 A ac c u mu lrestivedEPR n t h e
spectra when the propionate is deuterated, suggesting that this species directly abstracts the
H-atom from propionate 2.4dtom transfei s ex pect ed t olralicmlave be
which we anticipate quickly trarefs to the substrate Fe(IV) as £8lost and a new C
double bond forms (Schenge).

Prior work showed that the initial decarboxylation of propionate 2, yielding
harderoheme, is slightly slower than the subsequent decarboxylation of propionate 4. While
we inferred that the harderoheme reacted with a second molecu@gtfoHorm hemeb,
it was not certain whether this reaction utilized the same Y145 radical. To address this
guestion directly we generated the decarboxyteseeroheme complex and maméd its
reaction with HO; by timeresolved, freezguench EPR. &= %2 signal having line width
and hyperfine features similar to those of the analogous coproheme intermediate was
observed (Figp6) . Thi s suggested that harder ohemed

using Y145A as an intermediary. Whether th
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as shown in Fig. 1, or whether the propionate first forms a hydrogen bonding interaction
with Y145, either by leaving the active site and rebinding in a reactive configuration, or by

rotating ~909n sity, is unknown.

Conclusions

Our results support a catalytic model in which the decarboxglageheme
complex reacts with #D,to forman activaed i nt er medi at e, possi bl
that in turn oxidizes Y145 &actsahydrdgénfatomThe t
f r om (ofipeopididve 2 in a step that partially limits the overall reaction rate. Electron
transf er tofFe(W)moccirdweh IaSHof Ceand formation of a new vinyl group.
A second round of reaction with€,g e ner at es Y145A again in th
allowing for a second decarboxylation in turn. This model is reminiscent of mechanisms
proposed for heme Aynthase or certain cytochrome P450s, both of which undergo
oxidative modifications of their methyl side chains, or the initial hydrogen atom transfer
from arachidonic acid in prostaglandin synthase. The use of tyrosyl radicals as
intermediaries in eachase allows for a high degree of reaction control and access of the

oxidizing species to otherwise hawreach substrates.

Experimental Procedures

Preparation of the decarboxylase (HemQ) fi®taphylococcus aureus

Expression and purification of WT and mutant proteins (plasmids available from prior

work) were carried out as previously repor(é®).
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Preparation of the Decarboxylase with Deuterated Tyrosine Sidm€

L-tyrosine with deuterium substituted for pumn at all of its carbon atoms §.-Tyr,
98% label incorporation) was obtained from Cambridge Isotopes. The decarboxylase was
overexpressed in a tyrosiaeixotrophic strain ofe. coli C43 (DE3) ML14 (pt yYyr A
(Adgene)(34) which had been transfected withetsame pET28aemQconstruct used
above. M63 minimal growth medium contained (per L): 3 ®R&, 7 g KkHPQy, 2 @
glucose, 2 g NECI, 10 mg thiamine, 50 mg kanamycin, 10uM CuS8D uM FeSQ@and
1 mM MgSQ). Prior to inoculation, the medium waspplemented with an amino acid
mixture containing (per ) 16 mg His, 35 mg Val, 35 mg Phe, 40 mg Leu, 40 mg Asp, 40
mg lle, and either 80 mg of unlabeled Tyr or 50 mgTr (L-enantiomers used for all
amino acids). A starter culture was generated byulatiog 2 ml of Lysogeny Broth (LB)
plus 50 mg/l kanamycin with a single colony of the expression strain from a freshly
streaked plate. The culture was grown on a 250 RPM shaker incubator for 10 h at 37°C,
and then used to inoculate (1:500) 10 ml of frie§8+amino acids+kanamycin. After 12
h (37°C, 250 RPM), the 10 ml culture was used to inoculate (1:1000) 6 1lflasks of
M63+amino acids+kanamycin. Cultures were grown at 37°C until asd@D0.4 was
reached. Protein expression was induced by adding IPEGprdpyl [I-D-1-
thiogalactopyranoside, 0.5 mM final concentration) and the temperature was lowered to
20°C. Cells were harvested by centrifugation after 16 h and the enzyme purified/substrate

loaded in the same fashion as the unlabeled enzyme.
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Generatio of DecarboylaseSubstrate @mplexes

Purified protein was incubated at 4 °C in the dark with gentle stirring for 24 h with
either the substrate ferric coproheme lll, the thpempionatesubstituted intermediate
(ferric 2-vinyl-4,6,tripropionic acidheme, commonly named harderoheme isomer Il
(35) though it is now understood not to be associated with the harderian(§&hdor
deuterated coproheme Il {Bbproheme, synthesis described below) in a 1:1
subunit:coproheme ratio. Unbound coproheme wemmowed by repeated rounds of
centrifugefiltration and the proteitigand complexes were further purified on a2
Sephacryl gel filtration column (0.4 ml/min). Fractions were collected using an AKTA
purification system and then screened via UV/Vis spscopy (Cary50) for the presence
of a ferric porphyrin. Fr actdodabssrbancegstmh Rz Vv i
were pooled. For PTyr-l abel ed protei n, protein with F
porphyrin concentrations were determined by plyridine hemochrome method. Briefly:
50 ¢l of prot@&i0® &Ml)utwiassn miaxted50ni th 200
containing 20% pyri di ne3Fb(@Nswad adde@ and tBe € L o0
oxidized spectrum was me as uite éNeS0s)3vasstheimg o f
added to yield spectra for the reduced pyrichoend hemes. Difference spectra (reduced
minus oxidized,40) were used to determine the concentration of metalloporphyrin released
from the protein. For coprohem&:, 546 nm = 23.2nM* cm?; for hemeb, &-0556 nm
= 28.4 mM! cmt. The Bradford and pyridine hemochrome assays for protein and Fe
porphyrin, respectively, were used to determine the cofactor occupancy in the purified

complexes.
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Biosynthesis, Purification, and Charat¢tation of Deuerium-Labeled @proheme

Site-specifically deuterated coproheme Il was synthesized enzymaiicaityo (11).
The heme biosynthesis enzymes porphobilinogen synthase (HemB), porphobilinogen
deaminase (HemC), uroporphyrinogen Il synthgstemD), uroporphyrinogen Il
decarboxylase (HemE), coproporphyrinogen oxidase (HemY) and ferrochelatase (HemH)
were recombinantly expressed in §diagged forms from synthetic genes in pET 15b or
28a vectors (Genscript). Sequences for the genes encodm@,HC, D, and E were
obtained from th&. coliK12 genome in the NCBI data base and used without modification
(genome accession number NC_000913.3 at location 3883%R27,39898253990766,
39890883989828, and 4197714198780 fohemB, C, DandE respetively). Sequences
encoding HemY and HemH iStaphylococcus aureddewman were likewise obtained
from NCBI (accession numbsIiC_009641.1 at9232521924652 fohemYand 1924676
1925599 fohemH and codoroptimized for heterologous expressiorkincoli. Individual
plasmids were transformed into Tuner(DE3) cells (Novageterologous expression was
carried out in 1L flasks of Terrific Broth supplemented with the appropriate antibiotic
(kanamycin or ampicillin). Flasks were inoculated 1:100 with a fyeshiurated starter
culture and grown at 37 °C until an optical density of@glat 600 nm was reached. IPTG
was addeda a final concentration of 100My the temperature lowered to 20 °C, and the
cells grown overnighCell pellets harvested by centrifation were lysed by sonication in
buffer A (50 mM Tris, pH 8, 150 mM NacCl, 5 mM imidazole), the lysates were clarified
by centrifugation at 45,000 x g for 1 hour, and the supernatants loaded onto a nickel

nitrilotriacetic acid affinity column (BioRad) edibrated with buffer A. Protein was
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eluted by a 300 ml linear gradient froml00% buffer B (50 mM Tris, pH 8, 150 mM
NaCl, 500 mM imidazole) at 2 ml/min (Akta Prime). The proteins eluted arowe@%0
buffer B. Pure fractions were identified via SIPBGE, concentrated, dialyzed into 50
mM Tris (pH 8, 150 mM NaCl, with 20% glycerol for HemD), and store@@at’C.

Customsynthesized 3,3,5;3Hs-aminolevulinic acid (R-ALA, Shanghai Artis
Company) was used as the labeled starting material to produt@, [55, 20, 21, 22, 23,
24-’H17]-coproporphyrin Ill (Dcoproporphyrin), in which the carbons [J to the propionate
carboxylate groups as well as the tetrapyrtwidging mesocarbons are perdeuterated
(Scheme2).Zmcet ate (L0 1&ME M) DgAAOAMM)/rdithiothreitol
(DTT, 3 mM) , and the four enzymes HemB/ C/
cycles of evacuation and argon backfilling on a Schlenk line, then brought into an anaerobic
chamber (Coy). Reactants were combined in 50 ml of 80 Tnis, pH 8 and stirred
overnight in the dark at ambient temperatures (expected theoretical yield: 6.25 [Imoles
coproporphyrin). After ~16 h, the reactions were removed from the anaerobic chamber,
exposed to &from ambient air, and HemY (350 nM) was addRdactions were stirred at
37°C in the dark for-R h to fully oxidize the Bcoproporphyrinogen to {8oproporphyrin.

The D-coproporphyrircontaining reactions were degassed by repeated cycles of
evacuation and Nbackfilling on a Schlenk line and broughto the anaerobic chamber.
HemH (10 &M), DTT (1 mM), and 1.1 eq of fe
30 min, the red Ecoproheme was removed from the chamber and analyzed by HPLC and
mass spectrometry (MS). For final purification, the@prohene-containing reaction was

loaded onto two 25 ml C18 solid phase extraction columns (Restec product # 26034). The
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columns were washed with several volumes £ ldnd eluted with methanol, followed by
acetonitrile (ACN) with 0.1% trifluoroacetic acid (TFAxnd finally methanol. Each
column elution step was dried undes, Keconstituted in DMSO, and analyzed (see below)
before combining and storing the pure fractions8& °C. Biosynthetically generated

hemes and their precursors were analyzed by the methddsed below.

HPLC

2025 ¢ | p orthgmesyamml es were injected onto a
column (150 x 4.6 mm, Thermo Fisher) attached to an Agillent1100 series HPLC
instrument. Solvent A was2 with 0.1% TFA and Solvent B was ACN with 0.IPkA.
Samples were run at a flow rate of 2.5 ml/min starting with isocratic 10% B for 3 min,
followed by a linear gradient from 10% B to 95% B over 13 min. This was followed by
isocratic 95% B for 3 min and a 2 min wash with 10% B. UV/vis absorbance witoradn
at 400 nm. Coproporphyrin and coproheme samples were quantified via standard curves

020 €M) based on HPLC peak integration.

MS

Tetrapyrrole intermediates and products were analyzed via HPLC in line with
electrospray ionization (ESI) MS to verify their expected masses and deuterium
incorporation. HPLC was carried out using an Agilent 1290 system and Agilent8LRP
PSDVB column (30 em particl es, 50 mm x30Q).. The mm di

column was maintained at 50°C with a flow rate of 0.6 ml/min. Solvent A consisted of

water with 0.1% (v/v) formic acid. Solvent B was acetonitrile with 0.1% formic acid. The
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column was eqlibrated to 5% B prior to sample injection. A linear gradient from 5% to
95% B was used from 4.0 min, followed by 95% B (4:6.0 min) and 5% B (5:6.0
min). Column eluate was imported into an Agilent 6538 quadrupole time of flight (QTOF)
mass spectroeter with an electrospray ionization (ESI) source. Source parameters were:
drying gas 8.0 I/min, drying gas heat at 350 °C, nebulizer 55 psi, capillary voltage 3500 V,
capillary exit 100 V. Spectra were collected in positive mode from 50 to 1700 an/atat

of 2 Hz.

NMR Spectroscopy

Coproporphyrin Ill, Dcoproporphyrin Ill, and their aminolevulinic acid precursors
were analyzed by NMR in order to assess the position and extent of deuterium label
incorporation into the latter. All compounds were chtedzed by'H using a Bruker
300MHz NMR and/or a Bruker AVANCE |1l 500 MHz NMR spectrometer, equipped with
a ProdigyM cryoprobe and SampleJ¥tautomatic sample loading system. Chemical
shifts are reported in ppm ([1) relative to the residual solvent peak in the corresponding
spectra; deuterium oxide [1(14.79, Ds-methanol [113.31 and coupling constants (J) are
reported in hertz (Hz) and analyzed using MestReC NMR data processing.

Monitoring Decarboxylase Reactions in Real Time with Stoppexv RUV/Visible
spectroscopy (UV/Vis)

Data were measured using aHich Scientific stoppetlow spectrometer in single
mixing mode with diode array detection. The decarboxylagé&-tetrapyrrole complex (5
T 10 pM) was rapidly mixed (<1.5 ms) with variable concernnag of HO2/D.0O, or

peracetic acid prior to measurement of spectra. Data were measured at varying time points



195
and fit using the Kinetic Studio (Hiech Scientific) software to exponential decay
functions to determine rate constarksd. For each expenental condition, all data were
measured in at least triplicate and averaged. Pldtsgfersus oxidant concentration were
fit with linear least squares regression analysis to determine second order rate constants
(Kaleidagraph). Reactions were carrieat over a range of pH values in either 50 mM
potassium phosphate (pH 5.8, 6.6, and 7.4) or 50 mMiIr{pH 8.2 or 8.8).

Time resolved EPR Spectroscopic Analyses of the Reaction of Decarbexylase
Tetrgpyrrole Gmplexes with HO»

EPR data were measured on a Bruker EMX EPR spectrometa&an& 9.37 MHz)
using a Bruker Cold Edge (Sumitomo Cryogenics) cryeigea system with a Mercury
iTC controller unit. In all cases, averages of 4 scans are reported. For the reaction time
courseexperiments, 126L aliquots of enzymaubstrate complex (2@M, pH/D 8.8, 298
K) were manually mixed inside the EPR tube with an equal volume 0% KD205)
containing either 10 or 300 equivalents of the oxidant and frozen in liguattie points
betveen 363 00 s . Organic radical spectra wer e
power, 100 kHz modulation frequency, and 5 G modulation amplitude. Signals were
double integrated over 3282150 G (OriginLab) and compared to TEMPO standards (O,
25,50,and 10 € M) measured under similar condit:i
were measured at 15 K with a 2 mW microwave power over a field of SEDO G.
Spectral gvalues were determined via simulations of experimental data sets utilizing

Easyspin softwar(37).
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For studies of the dependence of the organic radical EPR signal intensity on
temperature, the instrument parameters were the same as above but with temperatures set
at intervals between 15 and 200 K. The normalized intensiiyw@s plotted versus

temperature:

o — — )

Here, bis the doubly integrated signal, T is temperature, dB is microwave power, and gain
is the amplifier gain.

For studies of the power saturation properties of the organic radicabigR&,
data wer e me as-1L08 W at 37\KeThe pOweBabhalksaturationRvas
determined via nonlinear least squares regression analysis of the%e)g¢#Rus P plots

using:
[ e -117¢ 0 -117¢ 1717Q (3)

P is themicrowave power, | is the ped&trough EPR signal intensity, b is a factor
describing the homogeneity of the radical signal (where a value of 1-isamoagenous

and a value of 3 is completely homogenous), and k is an intensity correction factor.
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Figure6.1. Coproheme decarboxylase subunit and active site with the substrate analog,
manganese coproporphyrin, bound. A) The subunit structure of coproheme decarboxylase
(green cartoon) showing a bound manganese coproheme. The unreactive pair of
propionates poisttoward the solvent exterior and to the right in this diagram. B)

Residues hydrogen bonded to reactive propionates 2 (P2) and 4 (P4) are indicated with
dashed lines. Y145, Y113, W157, and W159 are all redox active side chains and potential
sites of catalic radical formation. W159, in the foreground of P4 in this view, has been
omitted for clarity. K149 and M147 may facilitate a ~90° rotation to place P4 in

hydrogen bonding contact with Y145.Three water molecules involved in hydrogen
bonding networks toaeh propionate are included. Atoms are labeled: carbon green,
nitrogen blue, oxygen red, and iron purple.
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Figure6.2. Properties of the side chain radical intermediate generated along the pathway
to coproheme decarboxylation. A) A radical forms witB0 s of mixing 100 M
decarboxylaseoproheme complex with 10 eg® and then decays to base line over

time. Spectra were measured for samples frozen at the indicated time points at 26 [1W,

77 K, pH 8.8. Spin quantitation of the 30 s sample spectruativelto a TEMPO

standard curve indicated 35 [1M of the radical species. B) The effect of temperature on
normalized EPR signal intensity [eq (2)] was measured for the 30 s sample H2OOK5

(A). An extrapolated curve illustrates the trend in the datatpdimset: full spectra

measured at 30 (red curve), 60, 90, 120, 150, and 200 (blue curve) K are shown,
illustrating the isotropic diminution of the signal with decreasing temperature. C) The
power saturation behavior for the 30 s sample in (A) was detatrfrom 0.85 (W i 39

mW. The data were fit to eq (3) yielding£>= 190 (+30) [JW. Inset: full spectra are

shown for every other point on the plot, from 1.7 [JW (red curve) to 39 mW (blue curve),
illustrating the isotropic loss of signal with increasingveo. D) The EPR spectrum
measured for the sample frozen at 30 s in (A) is overlaid with a sample prepared in a
similar manner but with protein in which all the tyrosine side chains were fully
deuterated. Upon deuteration, the peakough line width naows from20Gto 7 G

and the fine structure is | ost

, consi stent
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Figure6.3. The side chain radical intermediate formed in W157F, W198F, and Y113S
decarboxylase mutants has similar properties to WT decarboxylase, while Y145S is
distinct. 100 [1M coproheme complexes of the A) W157F, B) W198F, C) Y1138, and D)
Y145S decarboxylaseutants were rapidly mixed with 10 eg® and subsequently
frozen at the indicated time points. EPR spectra measured for the first three mutants
resemble one another and the 30 s sample measured for the WT enzyme (Fig. 2). By
contrast, the Y145S sample headarrower line width and distinchv@lues (see Fig. S3,
Table S1, and text). Spin quantitation of the spectra measured for the 30 s samples
indicated A) 30, B) 30, C) 42, and D) 3.8 [1M of the radical species had formed (compare
with WT Fig. 2A, where 35IM accumulated). The radical species formed in the Y145S
sample was not apparent above baseline by 150 s.



200

CI-
A O-
HaN D

i 1. HemBCDE (Ng) CDQE
0 D 2. airl0; + HemY \{?’
“D 3. HemH, Fe{llHNz}

0
HO
Dy-ALA E)\UJ%:

D-coproheme

0.1

0.05

A 403 nm

-0.05

-0.1

4000 B000 12000

L]
0,15 ] [H?P;'] ! W
0.1 1 10 100

Time (s)

300

200

k(M's™)

100

BODD
600D
4000
2000
0
-2000
-4000
-6000

-B000 1 | | 1
3300 3320 3340 3360 3380 3400

Magnetic Field (G)

Intensity

Figure6.4. The decarboxylation of C[1D2-coproheme is ~2old slower than C[1H2-

coproheme and results in substantially greater accumulatiériof 5 A . A) Summar
the biosynthetic scheme for C[1D2-coproheme from BALA, illustrating the expected
positions of deuterium | abel incorporation

coproheme (red lines) e€ [1D>-coproheme (blue dashes) with 15, 25, B, or 250 eq
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H20: (increasing concentrations, right to left) were monitored over time via stopped flow
UV/vis spectroscopy (50 mM potassium phosphate, pH 7.4, 25 °C). The traces measured
at 402 nm (shown) were fit to two the sum of two exponentialsfiidigphase

corresponded to the formation of the decarboxylesaeb complex and the second to

hemeb decay(8). Inset:kopsvalues derived from fits to the initial phase are plotted versus
[H20;]. Linear fits to the data yielded second order rate cotss2d® and 80 M s for
coproheme (red circles) and C[1D»-coproheme (blue squares) respectively. C) Second

order rate constants for the reactions described in (A) were measured as a function of pH,
and were fit to the samép. D) The tyrosyl radical fored during a single turnover of

the decarboxylasB-coproheme complex (100 CJM + 10 eq H202) was monitored at 30 s,
along with its subsequent decay. Spectra were measured at 0.026 mW, 77 K, pH 8.8. Spin
guantitation of the spectrum measured for the 30 slsamjicated 75 [IM of the radical

species had formed.
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Figure6.5. Time resolved EPR spectra show a ferric S=5/2 component that diminishes in
intensity as the S=1/ 2 -sandiERRispectcummefthe o Y145 A
decarboxylas€ [1D>-coprohemeomplex (shown at 77K in Figure 3C) was remeasured

at low temperature (15K) and over a broad magnetic field in order to visualize the
substratebound iron at t=0 (black lines, 100 (1M, 0.850 mW, pH 8.8). The 15K spectrum

for the sample measured 30 s after &ddition of 10 eq of ¥ is shown in red. The

700-3000 G region is shown at an amplified scale in the inset. An S=5/2 signal, attributed

to the ferrieC1D2-coproheme, is apparent at both time points, diminishing in intensity

from 97 (£ 5) [IM at Os to 25 (£5) [IM at 30 s. Over the same time interval, the S=1/2

signal attributed to Y145¢ in Fig. 4C formed [75 (£5) [IM].
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Figure6.6. The ferric decarboxyladearderoheme complex is also decarboxylated via a
Y145 radical. Tyrosyl radical and its decay wenonitored during a single turnover of

the decarboxylaskarderoheme complex (100 (M + 10 eq H202). Spectra were

measured at 0.026 mW, 77 K, pH 8.8. Spin quantitation of the spectrum measured for the
30 s sample indicated 12 [1M of the radical species had formed. The EPR spectrum for

the intermediate and the time required for its decay are similar to those measured for the
radical involved in the decarboxylaseproheme reaction (Fig. 2, Table S1), suggesting
that Y145 is also involved in decarboxylatingpionate 4.
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C1p;

Tyr ring plane

Scheme 6.1

Schemes.2. Proposed mechanism for coproheme decarboxylation. The C[1-carbon from
which an Hatom is transferred is labeled. There is no direct evidence for the
intermediacy of a coproheme compound | (shown in brackethg subsequent C[]-
carbocation species; their presence is merely proposed hypothetically.
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CHAPTER SEVEN

PRELIMINARY EVIDENCE AND FUTURE DIRECTIONS IN THE
INVESTIGATION OF A PROTEINPROTEININTERACTION BETWEEN CPFC

AND CHDC

Background and Statement betKnowledge @p

Control Over Metabolite Flux in thed#heb Biosynthesis Pathway issEential

Synthesis (or acquisition) of henbeis essential for almost all living organisms.
However, hemé and the precursors formed during its biosynthesis can be toxic to the cell
if they are allowed to accumulate. This is specifically true for the last three steps of the

pathway in both the PP&nd the CPD branch (Figure 7.1).
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Figure 7.1. The PPD and CPD branches of heme b biosynthesis both produce toxic
intermediates during the process. Protoporphyrin IX and coproporphyrin Il are light
sensitive molecules that can participate in radicahation by donating electrons t@.O

Fe (Il) and HO> together can participate in Fenton chemistry, also creating are also toxic
reactive oxygen species (ROS). These metabolites must therefore be tightly controlled
during heme biosynthesis.

CoproporpRrinogen Ill and protoporphyrinogen IX are highly reactive molecules
which can readily and neanzymatically be oxidized. The oxidized products,
coproporphyin 1l and PPIX are ligigensitive molecules that are even more reactive,
participating in radicathemistry though their donation of electrons toa@d generating
reactive oxygen spies (ROS) such as superoxid®4), hydrogen peroxide (#D.) and
hydroxyl radicals (HO). Their detrimental accumulation in human cells is linked to
diseases called pdrmgrias and their toxic effects in bacterial cells have also been well

documentet. In addition, HO: itself is generated as a4pyoduct during biosynthesis

and is required for the ChdC reaction (Figure 7.1). This is all in the presence of ferrous iron
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(Fe"), which can participate in the infamous Fenton reaction, also with generating ROS

(Figure 7.2).

Fe?* + Hp0p — Fe* + HO- + OH™

Figure 7.2.The Fenton reaction. Ferrous iron readily becomes oxidizegDbyeldding to
the generation of reactive oxygen species.

It is thereforeessential that there be tight regulation of metabolite flux and control
over offpathway reactivity during hemebiosynthesis, specifically during the terminal
three steps. This regulation has been described for organisms that use the PPD branch
(namely @karyotic organisms and granegative bacteria) but not for the organisms that
utilize the novel CPD branch (granegative bacteria). These mechanisms must be
different, as not only the enzymes that carry out these branches are different, but the

organismghemselves are structurally different in significant ways.

Requlation and Control in the PPDdBich

The PPD branch of hem biosynthesis is exclusive to eukaryotic and gram
negative organisms. Of significance to hemmebiosynthesis metabolite flux, these
organisms have one thing in common; multiple membranes. Hémsynthesis enzymes
in eukaryotic organisms are distributed in different areas of the cell. The first enzymes of
the pathway (GtrRJroD), which do not pragce cytotoxic molecules, are located in the
cytoplasm, while the last three enzymes (CgdC, PgoX, and PpfC) are localized in various

areas of the mitochondrib(Figure 7.3A).



212

(o© ‘\\,__» copro’gen

H,0;

Cones™
Nis i\ ” Pgox

- proto 'gen
I oM L ofC
ngc
ALA M Feit) )

heme

cytoplasm

cell membrane
Eukaryotic cell

periplasmic space H,0,

| PgdH1/2
proto’gen
t prc
Fe(ll)

I heme
‘ Pbg5+ Hmbs% UroS “»UroD | — copro’gen

I

ALA

cytoplasm

cell membrane

cell wall

Gram (-) bacteria

Figure 7.3. Eukaryotic cells and gramgative bacteria can compartmerzalithe
cytotoxic metabolites of heme b biosynthesis in their memboaned spaces. (A)
Eukaryotic cells control metabolite flux and prevent off pathway reactivity during the
synthesis of heme by confining the last three enzymes of this pathway to tblkeandadal

inner membrane space and the matrix. (B) Gnegative bacteria achieve a similar effect

by localizing these enzymes to their inner membrane and the periplasmic space that is
exists between the inner and outer membrane.
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PpfC resides in thenitochondrial matrix and PgoX and CdgC are located in the
inner mitochondrial space. This compartmentalization restrains the toxic molecules being
produced to a single location and facilitates direct interaction between these terminal
enzymes. Biochemicatllata has shown that CdgC, PgoX, and PpfC must transiently
interact, preventing any measurable amount of metabolite leakage from being detected in
the cellular mileli PgoX and PpfC are both membrasaind proteins, embedded in the
inner mitochondrial membane on their respective sides. PgoX and PpfC are thought to
pass substrate/product directly to each other through a channel in PgoX that spans through
the mitochondrial membrafié (Figure 7.3A). This direct interaction is only transiently
stable but allow rapid conversion of PPIX to henfie making PPIX concentrations
negligible and harmless to the cell

Similarly, gramnegative bacteria are able to compartmentalize their enzymes to
drive direct substrate/product delivery. Graeygative bacteria have owcell membranes
that create a periplasmic space in between (Figure 7.3B). Like in eukaryotic cells; all non
toxic producing steps happen in the cytoplasm, while the terminal enzymes reside in the
inner cell membrane and the periplasmic space. Membranpartmentalization again
allows for direct transfer of substrate/product to happen between these enzymes, providing
control of metabolite flux and preventing qf&thway reactivity.

Less is known about what happens to héraethe end of biosynthesis.idt
known that after the last step, hemié remains bound to PpfC, presumably until a heme
chaperone takes it to its final destination. Moreover, in eukaryotic cells, inegezls to

be exported out of the mitochondria membrane before it can be indegboreo the
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required hemoprotein. It is speculated that there is more than one heme chaperone and
that these pathways of heme trafficking are likely compfeXhese chaperones and
mitochondrial export machinery have yet to become elucidated in evgsig®ivell as
in gramnegative bacteria, although bacterioferritin (Bfr) has recently been suggested to

be the heme recipient of PpfCHn coli®.

Regulation and Control in the CPD Branch is Nobk/n

How metabolite flux and ofpathway reactivity i€ontrolled in the CPD branch
of hemeb biosynthesis has not been described due to the novelty of this discovery. The
CPD branch is found in grapositive organisms, which lack the physical structure of a
double membrane. Grapositive bacteria have a siegihnembrane and a thick, but
porous peptidoglycan layer which does not allow formation of a true periplasmic space.
These organisms have no way of compartmentalizing the terminal, toxic intermediate
producing enzymes of this pathway. Moreover, the ternginaymes in the CDP branch
are not membranbound, but cytosolic, indicating that regulation and control must be

quite distinct for the CPD branch (Figure 7.4).
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Figure 7.4. Granpositive bacterial heme b biosynthesis occurs in the cytoplasm without
membane compartmentalization of cytotoxic intermediates. (A) Gpasitive bacteria

lack a double membrane as well as a true periplasmic space and their terminal heme
biosynthesis enzymes are cytosolic, potentially exposing all cytotoxic metabolites to the
cel. (B) We propose that in the absence of a physical barrier-gositive bacteria heme
biosynthesis enzymes control -gfdthway reactivity by forming proteiprotein
interactions and delivering substrate/products directly to each other. In additionsdoeca
the product heme is toxic itself, the final enzyme ChdC transfers heme to drhasport

protein that safely delivef®eme to its final destination.



