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ABSTRACT

Radical S-adenosylmethionine (SAM)
enzymes exist in organisms from all
kingdoms of life, and all of these proteins
generate an adenosyl radical videt
homolytic cleavage of th8 £(5 % bond of
SAM. Of particdar interest are radical
SAM enzymes, such as heme chaperones,
that insert heme into respiratory enzymes.
For example, heme chaperones insert heme
into target proteins, but have been studied
only for the formation of cytochrome
type hemoproteins. Here,enreport that a
radical SAM protein, the heme chaperone
HemW from bacteriajs required for the
insertion of hemeb into respiratory chain
enzymes. As other radical SAM proteins,
HemW contains three cysteines and one
SAM coordinating an [4F4S] cluster, ad

we observed one heme per subunit of
HemW. We found that an intact ireulfur
cluster was required for HemW
dimerization and HemVWdatalyzed heme
transfer, but not for stable heme binding. A

bacterial twehybrid system screen
identified bacterioferritinsand the heme
containing subunit Narl of the respiratory
nitrate reductase NarGHI as proteins that
interact with HemW. We also noted that
the bacterioferritins potentially serve as
heme donors for HemW. Of note, heme
that was covalently bound to HemW was
actively transferred to a henrdepleted,

catalytically inactive nitrate reductase,
restoring its nitrateéeducing enzyme
activity. Finally, the human HemW
orthologue radical SAM domaih

containing 1 (RSAD1) stably bound heme.
In conclusion, our findings indate that the

radical SAM protein family

HemW/RSAD1 is a heme chaperone
catalyzing the insertion of heme into
hemoproteins.

Radical SAM enzymes have been
discoveredn organisms fronall kingdoms
of life (1-3). The currently known 114.000
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radical SAM proteinscataly2 a broad
variety of challenging chemical reactions
(4-7). For instance, humans possess eight
radical SAM proteins: 1. MOCS1volved

in  molybdenum cofactor biosynthesis,
2.LIAS for the formation of lipoic acid,
3.CDK5RAP for 12methylthioN(5)-
isopentenyladenosine synthesis,
4. CDKALZ1 required for methylthieN(6)-
threonyl@arbamoyladenosine  formation,
5.TYW1 for wybutosine biognthesis,
6. ELP3 for 5methoxycarbonymethyl
uridine, 7.Viperin and 8RSADI],
respectively (reviewed ir(2). Viperin is
involved in the innate antiviral response
(8). Howeve, the exact enzymatic function
of human viperin and RSAD1 are currently
unknown.

All have in commorthe generation of a
adenosyl radical via the homolytic
cleavage of theS£(59% bond of SAM.
SAM and threecysteine residues generally
coordinaé a [4Fe-4S] cluster, leading to
the typical CXCX2C protein sequence
signatureof radical SAM enzymegl). The
first crystal structureof a radical SAM
enzyme wassolved for an enzyme of
bacterial heme biosynthesis called
coproporphyrinogen 1ll  dehydrogenase
(HemN) (9). Three iron atoms of the
[4Fe-4S] cluster of HemN are coordieak
by the three cysteine residues Eycy<
and Cy$° of the conserved mot{®,10) A
fourth cysteine (Cys'?) is not essential for
[4Fe-4S] cluster coordination but for
catalysis(10). During the catalytic reaction
for the conversion otoproporphyrinogen
[l into protoporphyrinogen IX the
[4Fe-4SF* clusterfirst getsreduced.This
leads to thehomolytic cleavage of the
SAM S-C( ¥ bond andthe formation of a
5 fdeoxyadenosyl radicalThe generated
radicalthen removestereospecifially one
hydrogen atom from a propionate side
chain of the substrate to yield

5 fdeoxyadenosine and a substrate radical
which in turn leads to the desired
decarboxylation reactio(9,11) However,
the presence of HemN protein@lso
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named CPDH)arrying the CXCX>CXC
motif is limited to a few clases of bacteria
(12). Multiple hemNlike genes encoding
proteirs of significant amino acid sequence
homology were found in most classes of
organismswith the exception of fungi and
were originally annotated as
copraporphyrinogen Il oxidase.

Recently, the correspondiricgactococccus
lactis protein was observedo bind heme
andconsideredo playarole in maturation
of the cytochrome oxidoreductasef the
bacterium It was therefore renamed
HemW (13). L. lactis HemW
(NP_267295.1isplayshigh homology to
Escherichiacoli coproporphyrinogen 1l
dehydrogenasédiemN (50% amino acid
sequence similarity). Surprisinglly, lactis
HemW did not show CPDH activityin
vitro andin vivo (13). In contrast tcE. coli
HemN, L.lactis HemW is missing 47
N-terminal amino acids and thdourth
cysteine residue of the conserved
CX3CX2CXC motif (13). E. coli possesses
HemN and additionally a Hem\ike
protein annotated as YggwW
(NP_417430.1), a protein of hypothetical
function. Because ofthe high degree of
amino acid sequence identiy 36% (58%
homology)to L. lactis HemW we renamed
YggW to HemW in the present work.
Relatedly thecorrespondind®seudomonas
aeruginosaprotein (WP_003128950ith

an amino acid sequence identi§y 31%
(50% homology to L. lactis HemW was
also renamed to HemW. Similarltolactis
HemW, the HemWs ofE.coli and
P.aeruginosa displayed a truncated
N-terminus and the conserved cysteine
motif lacking the fourth cysteine.A
corresponding m@ino acid segence
alignment is shown in figure S1

The only well characterized systems for
the insertion of heme into proteins are the
differentcytochromec biogenesignachine
ries(14). Cytochromec is involvedin

multiple electrontransportchains.For
cytochromec formation rotoheme IXand
the apocytosrome ardransported through
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the membranes of prokaryotes,
mitochondria and chloroplasts.
Subsequently, a covalent thioether bond is
actively formed between atedst one
cysteine anda vinyl group of the heme
Currently, 5 different systems are proposed
to perform the processe$ heme insertion
into a c-type cytochromewhich differ in
their level of complexity an@re found in
distinct organisms (14). Sporadically,
reports on other heme binding and
potential heme inserting protes occur in
the literature, asfor NikA, an E.coli
periplasmic nickelprotein (15)or human
glyceraldehyde8-phosphate
dehydrogenase (16). Furthermore, a
putative role for the protein Surfl of
Paracoccus denitrificansas a hemea
chaperone involved in COX biogenesis
was describedl7). Recently, we described
the heme binding protein HemW from
Lactococcudactis  hypothesizing that
HemW is involved in heme trafficking
(23).

Here we provide biochemical, genetic and
biophysical evidence that the bacterial
HemW proteins are heme chaperones for
the insertion of hemd into enzyms of
respiratory chains.

Results

E. coli HemWhas no coproporphyrinogen
[l dehydrogenase actity in vitro and in
vivo - E.coli HemN and HemWamino
acid sequencesre33% identicabut differ

in two major features E.coli HemN
carries extra 46 N-terminal amino acid
residus which have beenproposed to be
crucial for substte binding(9). Moreover,
the fourth cysteine of the HemN
CX3CXoCXC motif is replaced by a
phenylalaninen HemW. These differences
arefoundin all HemWlike proteins(13).
To investigate whether HemW carries
coproporphyrinogen Ill  dehydrogenase
(CPDH) activity, it was first analyzed
in vitro. For this purpos&. coliHemN and
HemW were recombinantly produced and
purified to apparent homogeneity. In
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contrast to HemN (18), E.coli HemW
completely failed to catalyze the
conversion of coproporphiyogen Il into
protoporphorynogen IXIn a next step
Invivo complementation  experiments
using theE. coli "hemN strain JKW3838
under anaerobic growth conditions were
performed. Due to the presence of the
oxygendependent coproporphyrinogen |li
oxidase HemF this mutanteyw efficiently
under aerobic conditionglata not shown
However, in the absence of oxygea
severe growth impairmenias deteced.
Minimal remaining growth might result
from fermenétive energy generation or
resiclial HemF  activity. Clearly,
E. coli hemN(pET3hemN)complemented
the “hemNE.coli strain to wildtype
comparable growth, while
E. colipGEXhemW failed to restore
anaerobic growth of the mutarfFig.1).
Both results clearly indicate thdt. coli
HemW does not harbor
coproporphyrinogen Ill  dehydrogenase
activity as was also observed fbor lactis
HemW (13).These results are in agreement
with heme auxotrophy reportedor a
Salmonella  typhimurium hemFhemN
double mutant carrying an intact
hemWZ19). In order to test if theleviating
N-terminus and the missing fourth cysteine
residue were responsibfer the observed
behavior we constructed demW F25C
protein carrying the fourth cysteine and a
HemW-HemN hybrid protein carrying the
46 Nterminal amino acids of HemN fused
to Hemw F25C. Nevertheless,
HemWF25C+46Nerm did not show any
coproporphyrinogen Il dehydrogenase
activity in vitro. In agreement no
complementation of theE.coli "ThemN
strain under anaerobic conditionsasv
observedwith any other of the HemW
variants Obviously, additional structural
elements are required for efficient HemN
activity. Consequently, HemW is ha@an
inactivated potentialcoproporphyrinogen
[l dehydrogenase.



E. coli HemWhbinds a [4Fe-4S] cluster-
For the biochemical and biophysical
characterization, E.coli HemW was
produed as glutathione -Bansferase
(GST) fusionprotein inE. coliBL21 DE3.
After anaerobic chromatographic
purificationandremovalof the GST tagby
PreScission proteasteavage, ampparent
homogenous protein wasbtaired SDS
PAGE analyss revealeda single protein
band after stainingvith Coomasie Blue
(Fig. 2A). The protein had a relative
molecularmass R @00 £5,000 which
nicely correspondsto the calculated
molecular masdgor the HemW monomer
of 42,584Da. Approximately125 mg of
purified HemW were obtained pditer of
culture. To elucidate if E.coli HemWw
coordinatesan iron-sulfur cluster, the iron
and sulfur conterts of the protein \ere
determined. For native, purified HemWo
obvious absorption around10 - 425 nm
was detectablen the UV/Vis absorption
spectrum Purified HemW ekibited
0.5mol iron/0 mol sulfur per mol HemwW
and an AsgAso ratio of 0.04.
Consequently, we decided for a
reconstitution of the obviously labile
[Fe-S] cluster via treatment of the protein
with iron ammoniumcitrate and lithium
sulfide. After reconstiution the iron and
sulfur content of HemW incread to 3.8
mol iron/2.5 mol sulir per mol HemwW
and an As0Azg0 ratio of 0.19. As a
consequence,hé typical absorbancéor
[Fe-S] clustes at 420 nm became clearly
visible (Fig. 2B). To further charactere
the cluster type of HemWthe ironsulfur
cluster of HemW was reconstituted with
*Feammonium  ferric  citrate  and
Mossbauer  spectroscopy of  °Fe
reconstituted HemW was performed.
Mdossbauer specr were recorded for
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samples containing HemW. Spectra
without further addition revealed one
dominant quadrupole doublet (83% of the
WRWDO LQWHQVLW\ ZLWK DQ L
0.49 mm/s and a quadrupole splitting
S D U D P HeYy Bifl1.000mm/s, which are
typical of [4Fe4SF* clusters Fig. 2C,
dashed Iling Moreove, a second
guadrupole doublet (17% of the total
intensity) wLWK DQ LVRPHU VKLIW
1.48mm/s and a quadrupole Igpng
SDUDPHWHU 0 (4nm/R lwas
detected Fig. 2C, dotted ling. The solid
line in Figure 2 represents the
superposition of the tw quadrupole
doublets.This spectrumis consistent with

a coordination of the irotsulfur cluster by
three cysteine ligands and one potential
N/O ligand. The three cysteine residues are
likely the Cys® Cyg° and Cy$?® of the
CX3CX2C motif at the Ntermirus of the
protein sequencé.he high isomer shift of
the second quadrupole doubletcludes an
orgin from [FeS] clusters, but reveals
high-spin Fe(ll) sites with six hard -Qor
N- ligands; the component is therefore
assigned to adventitiously bound Fe(h)
the protein, presumably remaining from
the reconstitution procedureHowever,
various attemptso redue the [4Fe4SF*
cluster with different electron donor
systems €.g. sodium dithionite, titanium
Il citrate, with redox mediato)s for
subsequent BR® analysis failed In
contrastthe [4Fe4S] cluster oftherelated

E. coli HemN could bereducedat such
conditions (18) and employed for
successful EPR measurements
Surprisingly cyclic voltammetry
measuements clearly indicated a redo
transition of the ironsulfur cluster of
HemW at around410 mV (Fig. 3). The

potential of-410 mV is in the range of
4



values found for other radical SAM
enzymeg20). At this redox potential both
dithionite and titanium Il citrate should
serve as efficient electrordonors for
HemW. Obviously, electron dona
compoundsare prevented to access the
[4Fe4S] cluster for reductign
consguenty no radical reaction can be
initiated A similar explanation has been
suggested dr the [Fe-S] cluser in
succinate dehydrogenase subunitvich
appears to be inacalsle for oxidants and
toxins(21).

The HemW [4Fe4SF* cluster promotes
protein dimerization - To study the
influence ofthe iron-sulfur cluster on the
oligomerization  state of HemW,
experiments using sizexclusion
chromatography of anaerobically purified
and reconstituted HemW aradf a HemW
variant (C16SC20SC239 lacking the
[4Fe-4S] cluster were performed=ig. 4).
For the [4Fe4S] cluster containing
HemW, two fractions corresponding to
monomeric (fraction 1§ and dimeric
protein (fraction 14 were detected
(Fig.4A). Calibration of the column
revealed, that fraction 16 for the
monomeric protein corresponded to a M
of 45000 + 5000and fraction14 for the
dimeric protein to a Mr 087,000 + 6000
Interestingly, an increadeamount of iron
sulfur cluster was spectroscopically
detected at 426Gm for the dimeic HemW
speciescompared to the monomeric form
(Fig. 4A, dashedine). Nevertheless, iren
sulfur clusters were also detected in
monomeric HemW, which indicatech
dynamic transition between monomeric
and dimeric HemW. This transition
between monomeric andnderic proteins
was tested by rehromatography of the
collected separated monomeric and
dimeric HemWs in fraction 14 and fraction
16 on the gelfiltration column. We
observed that rechromatography of the
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dimeric HemW in fraction 14 resulted
again in twoequal sized protein absorption
peaksin fractions 14 and 1€Fig. 4C).
However, most iron sulfur cluster
absorption was detected for the dimeric
protein in fraction 14. Analogously, ‘e
chromatography of monomeric protein in
fraction 16 generated also twdsarption
maxima in fraction 14 and 16, however,
with the bigger peak in fraction 16
represating the monomeric protein
(Fig 4D). An analytical gdiltration
analysisof HemW without [Fe-S] cluster,
caused by the replacementayfsteine 16,

20 and 23to serines of the ironsulfur
cluster binding motif revealed only one
singlepeakin fraction 16corresponding to
a monomeric proteinHig. 4B). The C16S
C20SC23SHemW variant was subjected
to ironsulfur cluster reconstitution
experiment analagusly to the wildtype
protein prior these experiments, but
remained irorsulfur cluster free as
determined spectroscopically and by iron
and sulfur determinationgObviously, an
equilibrium exists between the monomeric
and dimeric protein, howevgormation of

a dimeic HemW is favored by the
incorporation otheiron-sulfur cluster.

E. coliHemWbindsSAM- The amino acid
sequencanalysisof E. coliHemW clearly
revealedwo bindingsites for SdenosyiL-
methionine (SAM) similar to the radical
SAM enzymeHemN from E. coli. Overall,

in E.coli HemN 19 amino acid residues
areknown from the crystal structure of the
protein b coordinate 2 SAM molecules
and 1[4Fe-4S] cluster. Of the involved 19
HemN amino residues 11 (R184, G113,
T114, C66, C62, C69, Q172, D209, Y56,
G112, E145, clockweise around the
binding site(Fig. S2) were found identida
in HemW (R138, G67, T68, C20, C16,
C23, Q126, D163, Y10, G66, E9and 3
homologous (1211 in HemM M165 in
HemW, F240+Y194, F68 £Y22), when
the amino acid sequences of tipeoteins
were alignedDue to the low amino acid
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sequence conservation at theégdminus of
both proteinsan aligment of 4 amino acid
residues of HemN(A243, A242, F310,
1329) did not match the corresponding
residues of HemWrThe region of HemN is
involved in  coproporphyrinogen Il
coordination and represents most likely the
heme binding region of HemW. Only the
cysteine (C71) and the residue aside (G70)
used to clearly differentiate HemN from
HemW proteins were found clear cut
different (F25, D24).For experimentally
studying SAM-binding of HemW, the
purified  reconstituted protein  was
incubated with'“C-SAM and the mixture
passed over desalting columrfor the
removal of nonncorporated free SAM
ProteinboundC-SAM was subsequently
quantified using liquid scintillation
counting The control experiment was
carried outusing BSA and *C-SAM. The
HemW-“C-SAM complex was elutedin
the proteincontaining fractions (Fig. 5A,

solid line, fractions 24). Some free
14C-SAM eluted in the later, small
molecule factions. In contrast all

14C-SAM incubated with BSA eluteith the
small molecules fractioifFig. 5A, dashed
line, fractions 614). ConsequentlySAM
binding to HemW was clearly
demonstrated The highly conserved
structure of the SAM anfitFe-4S}-cluster
binding site suggested the presence of two
SAM molecules. However, due to the
unknown amount of already bound SAM
in the tested HemW proteins and the
unknown exchange rate between bound
and unbound SAM, it was not possible to
determine the stoichiometry ofSAM
binding to HemW.

Analysis ofthe SAM cleavageapacity of
HemW - The classical radical SAM
enzyme chemistry requires the reduction of
the [4Fe4S] cluster, homolytic cleavage of
the SL(BY bond of SAM with the
generation of the 5 Ydeoxyadensosyl
radical. HemN wusually requires its
substrate coproporphyrinogen Il for
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radical formation(10). However, in the
alsence of the substrate residual enzymatic
SAM cleavageof usally less thn 15% of
the reaction witbut substrate was
observed To test HemW for full or
residual SAM cleavage activity
reconstitutedHemW proteinwas incubated
with SAM and with and without éme as
potential  substrate under reducing
conditions The disappearance of SAM
with  the parallel formation  of
deoxyadenosine was monitored by HPLC
analysis (Fig 5B, solid ling. The same
experiment was performeabs controlwith
purified HemNin absencendpresencef
substratgFig. 5B, dashed and dotted lije

In this case under tested conditidbcoli
HemN revealedull SAM cleavage activity
in the presence of the substrate
coproporphyrinogen 1ll(Fig. 5B, dotted
line) andless than 5% of its SAM cleaga
activity without substraté¢Fig. 5B, dashed
line). Comparable residual SAM cleavage
capacity was observed for HemW with the
addition (Fig.5B, solid line and without
the addition of heme (not showr§learly,
E.coli HemW revealed only the residual
SAM cleavage activity comparableo
HemN without substrat@=ig. 5B).

HemW is a heme binding protein
Previous studies with the HemW homolog
from L. lactisrevealed heme binding the
protein (13). In order to testfor heme
binding ofE. coliHemW and determine its
specificity, the purifiedHemW proteinand
heme were incubated anaerobically
overnight and analyed
spectrphotanetrically (Fig. 6A, dotted
line). As control the employed protein
solution and free heme wee analyzed in
parallel. HemW showed only the typical
protein absorption at 280 nm and little
absorption for the irosulfur cluster(Fig
6A, lid line). Free heme showed the
typical spectrum with peaks around
400nm and 580 nn{Fig 6A, dashedline).
The HemW-heme complex revealed a
broad absorption peak between 380 and
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420 nm besides the protein absorbance at
280 nm(Fig 6A, dotted line). In order to
determine the specificity of heme binding,
all three samples (HemW, heme, HemW
heme complex) were subjedte to
extensive  dialysis  overnight and
subsequent spectroscopic analyses. While
the spectrum for HemW did not change
(Fig 6B, solid line and the spectrum for
the HemWheme complex only losits
little increase around 4Q0tm (Fig @B,
dotted ling, all free heme was gone (Fig
6B, dashed ling Identical results were
obtained forthe dialyzed and Superdex
200 gelfiltrated Hem\Aheme complex
(data not shown)Interestingly, reduction
ot the HemWheme complex resultad an
increase of absorption at424nm
generding a Soret band and further
absorption peaks at 531 nm and 559 nm
(Fig 6c, dashed ling In contrast, free
reduced heme shows an absorption peak at
around 400 nmThese results demonstrate
the specificity of Hem\Aheme interaction.
For the further analys of the natureand
stoichiometryof HemW-hemeinteraction
complexes were analyzediia SDS PAGE
with heme staining@nd acidiied butanone
extraction HemW and equimolar amount
of heme were incubatedovernight and
subjected in duplicate to SDS PAGE
analyses Subsequentlyone halfof the gel
was stained withCoomassie BrillanBlue
for detection ofseparatedproteins (Fig.
7A, lane 1), while the proteinson the
second halbf the gelwere blotted oo a
nitrocellulose membranfer heme staining
The detetion of the HemW bouncheme
was based onits intrinsic peroxidase
activity by incubation with the ECL
reagent(Fig. 7A, lane 2. The observed
heme stainingf E. coli HemW indicated
stably bound heme In order to obtain
further evidence fothe possiblecovalent
nature of heme binding butanone
extraction experiments were performed
which canresult either inrelease ofnon
covalently linked heme inthe organic
phase or still bound covalently linked
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heme in the aqueous phase(22).
Cytochrome ¢ was used asa positive
control clearly indicating the presence of
covalently bound heme in the aqueous
phase Fig. 7B, middle  picture).
Hemoglobin with norcovalently bound
heme wasused as negative coalr Here,
almost all heme was extracted in thmpar
organic phase Hig. 7B, right picture).
Butanone extraction of HemW incubated
with heme revealeda completely clear
upper phase and a slightly brownish lower
phase (Fig. B, left picture). The presence
of HemW derived heme in the lower
agqueous phase indieat covalently bound
heme Eventhoughour experimenfpointed
towards covalently bound heme, strong
binding ofthe hemeén a tight hydrophobic
pocket resistant to SDS and butanone
treatment can not be eded.
Subsequentlythe heme staining assay was
used to identify the binding stoichiometry
of HemW andheme For this purposea
solution of10 uM HemW(Fig 7C, lanes 1

to 5 wastitrated withheme inincreasing
amounts from M concentration to
25uM (Fig 7C, lanes 6 to 1P The
subsequent heme staig revealed an
increase of the hemigound to HemWup

to a heme concentration of 1M
indicating that apparent saturation of the
signal occurred after addith of equimolar
amounts of hemé¢Fig 7C, lanes 6to 10.
Alternatively, heme bindingstoichometry
by HemwW was determined
spectroscopically bysing 20uM native
HemW which wastitrated with increasing
amounts ofheme Measurements othe
opticd density at 46 nm revealeda heme
binding saturation at 2QM (Fig. 7D).
These results clearly indicata specific
binding with a stoichiometry of one
moleculeheme perHemW monomer.

Heme binding is ingeendent of the
presence of the ron-sulfur cluster -
Aerobically prepared EmW without iron-
sulfur cluster was binding heme as
efficient as anaerobically prepared HemwW
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with the cluster.Similiarly, the HemW
triple mutant (HemWC16SC20SC23S)
also bound heme with high efficiencin
agreement, the Madossbauer spectrum of
HemW supplemented with nesmnriched
heme (natwal isotope distribution, only
2.2% °’Fe) showed the same spectrum and
identical fit parameters as HemWithout
further additions The presence of heme
only slightly changed the observed redox
potential of the irorsulfur-cluster of
around -410 mV ig. 3. These results
demonstratéhat the iron sulfur cluster was
not affected by heme bindingvice versa,
the iron sulfur cluster did not influence
heme binding by HemWMoreover the
presence of SAM did not change heme
binding of HemW.

Respiratory  nitrate  eductase and
bacterioferritin are interaction partners of
HemW - In order to determinespecific
targes for the potential heme chaperone
HemW multiple interaction partners were
tested using the BACTH (Bacterial
Adenylate Cyclase Twélybrid) systemin
Pseudmonas aeruginosa The
P.aeruginosa system was employed
becausdigh background noisevels were
observed fosimilar experiments irk. coli,
which obscured theesults.In this study,
the hemoenzymebacterial ferritin BfrA,
bacterioferritin BfrB, catahse KatA, the
last enzyme of heme biosynthesis
ferrochelatase HemH and the heme
containing subunit of the respiratory nitrate
reductaseNarl were analyzedfor their
interaction with HemW. The choices for
testing BfrA and B as well KatA and
Ferrochelatase &nH are obvious, since
all proteins are heme binding/storing
enzymes The consecutive -Balactosidase
assayg reveled the highest Miller unit®r
the combination of HemW with Narl
indicating the strong  affinity.
Furthermore, HemW interactesiith BfrA
and BfrB but not with HemH or KatAln
agreement, in the inverse experiment
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HemH and KatA neither interasd with
HemW ig. 8).

HemW transfes heme to hemedepleted
quinoknitrate oxidoreductaseNarGHI -
The strongest interaction of HemW was
found with the heme containing subunit
Narl of the respiratory nitrate
oxidoreductase NarGHIUnder anaerobic
conditions and the presence of nitrate
E.coli utilizes this enzymefor energy
generation by replacing oxygen with
nitrate as terminal electron accept®his
respiratory complex has the ability to use
all three natural quinones for energy
generation (23,24) For our approach,
ubiquinol servel as electrordonor andhe
membraneanchored subunit Narl provides
the quinol binehg and oxidation siteTwo
low-spin hemegbx and k) involved in the
electron transferfrom quinols to the
subunit NarG are coordinated bMarl
(25). The pesence of both hemes was
demonstrated to beessential for the
oxidation of quinot and the overall
activity of NarGHI as deduced from
analysis of Narl variants having lost either
heme kB or b (26) In order to
unambiguously identify HemW agsrue
heme chaperoneheme transfer analyss
from HemW to the quinol nitrate
oxidoreductasNarGHI from E. coli were
performed. ThusNar-enrichedmembrane
vesicles from E.coli wildtype MC4100
andthe heme deficiert. coli themAwere
prepared The absenceof heme in the
hemedepleted membrane vesiclesie to
the themAgenemutationwas obvioushy
the visible change in color of the
membrane preparatio(Fig. 9B) and the
correspondingUV-Vis spectra(Fig. 9A).
First, the enzmatic activity of heme
depleted nitrate oxidoreductase was tested
spectrophotometrically usinga quinol
analog as electron dong¢27). A classical
spectrophotometric activity assdgr the
nitrate reductase NarGHWias usedlt is
based on the absorption changes of the
employed artificial electron donor the
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menauinol analog 2-methytl,4
naphtoquinol (menadipl The oxiddéion
from menadiol to menadionduring the
reduction of nitrate to nitritevasfollowed
spectroscopicallat 260 nmAs mentioned
above only heme containing NarGHian
catalye menadiol oxidation in the
presence of nitrateResults of the heme
transfer © the NarGHIlare summazed in
box plots infigure 9C. Membrane vesicles
preparedfrom E. coli wildtype MC4100
served as positive control in this
experiment (Fig. 9C, lane A. Activity
assays ofmembrane vesicles containing
hemedepleted quinol nitrate
oxidoreductaseevealedonly low residual
enzymatic activity (Fig. 9C, lane B.
However addition of HemW préncubated
with heme lead to a significant nitrate
reductase activity (Fig. 9C, lane Q.
Addition of NADH further increasd the
observed exyme activity (Fig. 9C,
laneD). Over 50% of the potentially
possible nitrate reductase acitivity was
restored. Full restoration might be
hampered by the possible instablility of the
heme free apo enzyme compared to the
holo nitrate reductase. In the negtve
controls,E. coli themAmutant membrane
vesicles withthe addition ofsolelyhemeor
apo HemW exhibitedresidual background
activity identical totheresults of thdneme-
free nitratereductase (Fig.@, lanes E and
F). Similiarly, the combination of éme,
HemW and NADH did not react with the
used nitrate reductase substrate (FiG, 9
lane H. SAM did not influence the heme
trasnsfer reactiorfo analyzethe influence

of the [4Fe4S] cluster on heme transfer, a
HemW triple mutant (Hemw
C16SC20SC23S) lamg the cluster was
tested. Te activity of NarGHI was not
restoredby the triple mutant HemWFig.
9C, lane G, while the heme binding
behavior of the mutant enzyme was
comparable to wildtype HemW.The
observedcatalytic activity of the nitrate
oxidoredctasein the membrane vesicles
prepared from the hemedeficient
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E.coli themA mutant after addition of
hemeloaded HemW clearly indicats
sucessful heme transfer from HemW to the
hemerequiringNarl subunit These results
supportthe function of HemW as hee
chaperone.

Slight growth phenotype of thé&. coli
hemW mutant +In the light of the heme
chaperone function of HemW for the
respiratory nitrate reductase NarGHI,
growth experiments with wildtype and a
hemW mutant under anaerobic, nitrate
respiratory onditions with the non
fermentable carbon source glycerol were
performed. Under tested growth condition
the hemW mutant showed a slight, but
highly reproducible growth phenotype
(Fig. 1B, blue ling. In the absence of
nitrate almost no growth was observed.
The observed growth of tHeemWmutant
indicated the presence of intact nitrate
reductase and a second heme inserting
systemsupplementing for the inactivated
HemW. Backup systems for essential
functions wereobservedin E.coli for
catalases, ribonucléde reductases, and
pyruvate kinases, to name a few.

Human HemW homologue RSAD1 binds
heme- RSAD1 fromHomo sapieng30 %
amino acid sequence identity, %
homology)was analyzed for heme binding
via its recombinant production itk. coli,
affinity purnfication and heme staining
(Fig. 10A). Clearly, hemebound strongly

to human RSAD1. Additionally, a typical
absorption spectrum was also recorded for
the H.sapiens RSADI-heme complex
(Fig. 10B). Alltogether, the experiments
for human RSADI1confirmed theresults
for bacterial HemW suggesting the
ubiquitous functionof HemW/RSAD1as
heme chaperone.

Discussion

HemW protein insers heme into poteins
of different functionan respiraion. Genes
encoding HemMMRSAD1 arefound in the
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genoms of almost all orgailsms (bacteria,
archaea, plants, animals)th thenoticable
exception offungi. The presence diemw
genes nicely correlates with the utilization
of hemedependent aerobic and anaerobic
respiration ConsequentlyhemWis even
found in organisms which empy heme
taken up from the environment for this
process likeLactococci(13). In contrast,
strict  fermentative  orgasms like
Clostridia, deficient inheme biosynthesis
and heme uptake due to the absence of
classical hemelependent respiratory
processes, aralso lacking HemW. How
does this radical SAM protein based heme
chaperone workAs shown in the modéh
figure 11 heme can be derived from the
biosynthesis and heme import.
Interestingly, no stable complex formation
between HemW and ferrochelatase
(HemH), the last enzyme of the heme
biosynthesis, was observéB). However,
heme from MW was found interacting
with BfrA and BfrB. In 1999, Hassett and
coworkers reported thatP.aeruginosa
catalase A (KatA) requires bacterirritin

A (BfrA) for full activity. They proposed
that BfrA does not only store iron for the
incorpordion into heme, but also the
necessary prosthetic heme group of KatA
(29). Consequently, BfrA could function as
a heme transporter between HemH, the last
enzyme of heme biosynthesis and the
heme accepting protein tA.

Recently, a radical SAM protein (ChuW)
with heme degradating activity from
E.coli was described. Chuw utilizes a
radicatbased mechanism for tiemering
opening and the methylation of the
resulting open chain tetrapyrrol€30).
E. coli ChuW has a amino acid sequence
identity of 28% to E.coli HemW.
However, almost all identical amino acid
residues are part of the-tdrminal radical
SAM elenent of both proteins. No
common heme binding domain was
detected.
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Based on these observations and data of
this contribution amodel for HemW as
depicted infigure 11 was deducedHeme
produced in heme biosynthesis gets
transferred via bacterioferritin to éhW
where it is covalently bound. In the
presence of thd4Fe4S] cluster HemW
dimerizes, gets located to the membrane
and interacts with its target Narl. Transfer
of the heme requires an intact [4#8]
cluster and might involve radical
chemistry. The exat mechanism of the
NADH stimulation of heme transfer
remains to be determinedinally, the
human RSAD1 protein was found to bind
heme tightly, indicating the general
importance of HemW/RSAD1 enzyme
family for the heme insertion into cellular
proteins Future experiments will focus on
the biochemistry of the heme release from
HemW to target proteins and the role of
the radical chemistry in it.

Experimental Procedures
Primers, strains and plasmids

The primers, strains and plasmids
used in this study are texd intableS1.
Cloning, Expression and Purification of
E. coli hemW

The hemW gene was PCR
amplified fromE. coligenomic DNA using
the primers hemW.-pGEX - for and
hemW ..-pGEX - rev harboring aBamHI
and a Xholrestriction site (underlined),
respedtely. The PCR product of 1137 bp
was cloned into the respectively restricted
vector pGEX6P-1 according to the

PDQXIDFWXUHUYVY LQVWUXFWLF

plasmid pGEXHemWk.. The vector
encoded HemW with an Nterminal
glutathione Stransferase tag (GSfhRg)
and a cleavage site for PreScission
protease (GE Healthcare, Mdunchen,
Germany). GSTHemW was produced in
E. coli BL21 (DES3) with the help ofthe
plasmid pGEXHemWk.. Cultures of
2 liters weregrown aerobically in LB and
100mg/ml ampicillin at 200pm and
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37°C. The hemW gene expression was
induced at an attenuanad 578 nm of
0.6 by the addition 0D.5 mM isopropwyi3-
D-thiogalactoside (IPTG)and cultivation
was continued overnight at 17 °C and
200rpm. Cells were harvested by
centrifugation at 400 g for 15 min at
4°C. All following steps occurred under
strict anaerobic conditions at 2C. For

HemW purificatian, cells were
resuspended in 1@l buffer 1
(140mM NaCl, 2.7mM KCI, 10mM

NaeHPQs, 1.8 mM KHPQy, 5% glycero]
1mM DTT, pH 7.4) and c& were
disrupted by a single passagf@ough a
French Press at 19,200 p.s.i.. Cell debris
and insoluble proteins were removed by
centrifugation for 60 min at 25000gand
4°C. The soluble protein fraction was
loaded oo a glutathione apharose
column MacheryNagel, Duren,
Germany. HemW was liberated from the
column by cleavage ofhe GST tag
overnight with PreScission protease (GE
Healthcare, Munchen, Germany) according

tothe PDQXIDFW X UH U HemMW V W Heédrdvg R @ Va  protocol

containing fractions weresluted, pooled
and concentrated by ultrafiltratiarsingan
Amicon membrane with a 30kDa
molecular mass cuiff (Merck Millipore,
Billerica, USA). Protein concentrations
were determined with the colorimetric
assay using the Bradford reagentwith
bovine serum albumin asstandard
according to manufacturer’s instructions.
(SigmaAldrich, Taufkirchen, Germany
The triple mutant hemW16SC20SC23
was constructed using theQ5® site-
directed mutagenesis kit (New England
Biolabs Frankfurt, Germanyaccording to
P D Q X | D F WnétdukettiorfsV Sudcessful
construction ofmutationswas confirmed
by DNA sequencin@f the completdhhemW
gene variant Production and purification
of the HemW variant was performed
analogously to wildtype HemW.
Absorption Spectroscopy

UV-visible absorption @ectra of
HemW and Hem\Aheme complexes were
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recorded on a Jasco -850
spectrophotometer §3co, Gros$Jmstadt,
Germany in buffer 1, using the same
buffer as a blank. The recording
wavelengths were from 250 600 nm.
10 mg Heme werdissolvedin 1 ml 0.1 M
NaOH and incubated at RT for 1h. After
addition of 1 ml TrisHCI (1 M, pH 7.6)
the solution was centrifuged 42.100 xg
at RT for 10min. The supernatant was
filtered from insoluble residues and the
concentration was determined at the
ODsgsnm X/58.44=x* 500= x mmol/I
In vitro Iron-Sulfur Cluster Analyss

Thein vitro reconstituion of [Fe-S]
clusters was performed as described
previously(31). After reconstitutiorof the
[Fe-S] clusterthe excess of iron and $idle
was removed by centrifugation at
12.100xg and 4°C and subsequent
passage of the protein solution through a
NAP-25 column (GE  Healthcare,
Minchen, Germany according to the
PDQXIDFWXUHUYV Thé QMWUXFWL
content of purified HemW was determthe

described
elsewhere(32). After deraturation of the
protein with 1M perchloric acid,

bathophenanthrolinewas used as the
chelating reagentThe sulfurcontent was
determined as previously descril@3).
Mdssbauer Spectroscopy

The final HemW concentration
employed for Mossbauer spectroscopy
analysis ofE.coli HemW was 35@M.
Sample preparation was performed under
strict anaerobic conditions. The irsnlfur
cluster of HemW was reconstituted with
S’Feammonium ferric citrate. For the
sample containing HemW supplemented
with hemean equimolaratio of heme to
HemW was added, and the mixture
incubated overnight at 20 °C. The solutions
were transferred to 350 pl désbauer cups
and frozen in liquid nitrogenMossbauer
spectra wererecorded on a spectrometer
with alternating constant acceleration of
W K4bource. The minimum experimental
line width was 0.24 mms (full width at
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half-height). The sample temperature was
maintained constant in an Oxford
Instruments Variox cryostat, wireas the
>'Co/Rh source (1.8 GBq) was kept at
room temperature. Isomer shifts are quoted
relative to iron metal at 300 K.
Cyclic Voltammetry

Cyclic voltammetry measurements
were performed using an Ametek Versastat
3. The measurements were carried out in a
selfmade anaerobic  thredectrode
electrochemical cell flushed with nitrogen.
As the reference, a silver/silvehloride
electrode was used (3 mot KCI). All
potentials in the text and figures are given
vs.NHE (+210 mV). A platinum wire was
used ashte counter electrode, with glassy
carbon as the working electrode. Before
each measurement the platinum wire was
annealed in a natural gas flame and the
glassy carbon electrode was pretreated in
nitric acid, neutralized, polished with
0.05pm alumina and rnealed again in a
natural gas flame. For each experiment
20cycles were recorded. The potential
slightly drifted only over the first 10 cycles
and stabilized thereafter. In this work, only
the stabilized potential is discussed. The
cycles were recorded thi a scan rate of
1V st All electrochemical experiments
were carried out eambient temperature in
a 100 pldrop. Samples contained 12GVu

HemW, 120uM heme or 50QuM
S-adenosylmethionine (Sigrmaldrich,
Taufkirchen, Germany) in diverse

combinations. Sanples were prepared
under anaerobic conditions in a glove box
(Coy Laboratories) and transferred into
HPLC vials before injecting into the CV
chamber directly on the glassy carbon
electrode.
SAM binding and cleavage analyses

The SAMbinding assays were
pefformed as described previous(34).
For this purposelOOuM purified Hemw
or BSA were incubated 0.5uCi
S-[carboxy-14C] SAM
(1.48-2.22GBg/mmol, 0.1mCi/ml) at
25°C for 1h. Mixtures were separated via
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chromatography througham illustraTM
NAPTM-5 desaltiung column GE
Healthcared, Freiburg, Germany
Fractions of 200ul were collected and
analyzed by liquid scintiliéon counting
(Perkin Elmer, Waltham, USA)

For SAM cleavage, 2B6M purified HemW
(free or loaded with heme) were incubated
with 0.6 mM sodium dithionite asopential
electron donor and 0r&M SAM overnight

at 17°C wunder anaerobic conditions.
Reactions we stopped by adding
5% formic acid. For HPLC analysis the
samples were centrifuged at 16.100 x g fur
10 min. HPLC analysis was performed as
described previousl{20). In detail, for the
separation of %deoxyadenosine from
SAM a hypercar column (Thermo Flser
Scientific, Waltham, USA) aa JASCO
2000 system (JASCO, Grdfmstadt,
Germany) with a flow rate of 0.2 ml/min
was used at room teperature. Bml
gradient of 0.2 TFA in HO and
0.08% TFA in acetonitrile was applied.
SAM and 5fdeoxyadenosine  were
detected at 25d4m. Appropriate markers
were used to calibrate the column.

Determination of the Native Molecular
Mass

An Akta purifier system for gel
permeation chromatography with a
Superdex 200 HR 10/300 column was used
(GE HealthcareMinchen, Germar)y The
column was equilibrated using buffer 1 and
calibrated using carbonic anhydrase
(Mr =9,000), bovine serum albumin
(Mr = 66,200), yast alcohol
dehydrogenase (M 150,000) and

-amylase (Mr=200,000) as marker

proteins. A sample antaining purified
recombinant HemW was chromatographed
under identical conditionwith a flow rate
of 0.25 ml/min under anaerobic conditions.
Heme bnding assag

One mg heme was dissolved in
100ul of 100 mM NaOH andthoroughly
mixed (34). After 30 min100 pl1 M Tris,
pH 7.4 was added The solution was
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centrifuged at 4C for 10min at
12,100xg. The concentration was
determined X V L §s)= 68.44 (mM cm}.
HemW was incubated with an equimolar
concentration ofheme under anaerobi
conditions at 20C overnight and the
formed complexwas used for further
analyses including spectroscopy, heme
staining, and then vitro transfer reetion

to NarGHI.

For detection ofthe stableHemW-heme
complex the hemecomplexed proteinvas
separated viaSDS PAGE followed by
electrophoretic transfer to an Amersham
HybondECL nitrocellulose membrane
(GE Healthcare, Miunchen, Germany
After three waking steps with buffer 2
(237mM NacCl,2.7mM KCI, 10mM Na.
HPQy, 1.8mM KH2PQy) the nitrocellulce
membrane was incubated formbn with
$PHUVKDPE (&/E 3ULPH
Blotting Detection Reagent (GE
Healthcare, Minchen, Germary Heme
was detected by its finnsic peroxidase
activity (35) with a CCD cameraAcidic
butanone extraction was performed as
described elsewhe(g2,36)

Protein/Protein Interaction studies using
Bacteaial Adenylate Cyclase Twehybrid
system (BACH)

The BACTH (Bacterial Adenylate
Cyclase = Twehybrid)  System  Kit
(Euromedex, Souffelweyersheim,
Frankreich) was used to analyse the
interacton betweenP. aeruginosaHemW
and selected partner proteins from the
same bacteriun(BfrA, KatA, HemH, BfrB
and Narl). Corresponding genes were
amplified by PCR usingP.aeruginosa
genomic DNA as template DNAUsed
primers were listed itableS1. Genes were
integrated ito plasmids pKT25, pKNT25,
pUT18 and pUT18C respectiely
(Euromedex, Souffelweyersheim,
Frankreich). Forthe detection of the
invivo interaction, selected plasmids
encoding the genes for the proteins of
interest, were cotransformed into the
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reporter strainkE. coli BTH101 cellsand
washed after transformian twice with
M63 buffer (29 (NH4)2SQy,
13.6g KH2PQy, 0.5mgFeSQ-7 H20,
1ml 1M MgSQs-7 H20,

10ml 20 % maltose, 2nl 0.05% thiamin,
pH 7.0). Colonies were selected on M63
agar plates containing ampicillin
(100pg/ml) or kanamycin (5@g/ml) or
streppmycin  (100ug/ml), 5-bromo4-
chloro-3-indolyl- -D-galactopyranoside
(X-Gal) (40pg/ml) and IPTG (0,5 mM).
Incubation for 4 to 8 daywasat 30°C. -
Galactosidase assays were performed
accordingly to the method of Millg37).
For this purposeblue E.coli BTH101
colonies were used to inoculte LB
medium supplemented with 100g/ml
ampicillin - and 50ug/ml  kanamycin.
Hundred pl bacterial suspensionvere
cehitNfivyed at1.400 g for 5 min at 4°C.
The resulting pellet was resuspended in
900ul of Z buffer (60mM NaPQs-7 H20,
40 mM NaHPQy-H20, 10 mM KCl,

1 mM MgSQs-7 H20,

50 mM mercaptoethanol) andhe cell
density was measured at 60O
Afterwards, one drop of 01 % SDS and
chloroform wereadded. The sample was
incubated for 5 min at 3WC and 300 rpm
The reaction was started by adding 200
ONPG(o-Nitropheny}t -
D-galactopyranosid, tg/ml) dissolved in
100mM  phosphate buffer (66M
NaeHPQy-7H20 and 40mM
NaH.PQs-H20, pH7.0). The suspension
was mixed and incubated at 3D. The
reaction was terminated by adding 500
1M NaCOs. A centrifugation step for
5min at 1270 g removed cell debris and
chloroform.  Optical densities were
recorded at 42Gm and 550im. Miller
Units (MU) were calculatedMU 1000 x
(ODa420- (1.75% ODss0) / (Tr X V X ODs00),
whereTr stands foitime of the reaction in
minutes, Vfor volume of culture used in
the assay in mlThe units indicate the
change in Acdmin/ml of cells/ORoo.
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Heme transfer to emefree quinol nitrate
oxidoreductaseNarGHI

The heme auxotroprhemA strain
SHSP18(38) was transfaned with the

pVA700 plasmid  (39) allowing
overproduction of the NarGHI complex.
Isolation of the transformantswas

performed on LBagar plate supplemented
with 40 mM glucose and150uM /-
aminolevulinic acid. The following steps
were performedsimultaneously for the
hemA strain SHSP18 and the wild type
strain E.coli MC4100 (40) both
transformed with the pVA700 plasmid. An
LB overnight culture supplemented with
glucose  (40mM), sodium formate
(12.5mM), sodiumselenite(2 uM),

sodium molybdate (uM) and phosphate
buffer (100 mM, pH 6.8) was inoculated
with a single colonyof the corresponding
strains The production culture was then
inoculated with this overnight culture to an
initial ODeoo Of 0.05 in the identical
medium andincubated for24 hours at
37°C. The grown cells were pelleted by
centrifugation and kept aR0 °C until use.
Cells were resuspended in 50 mM MOPS
buffer, 1 mM MgQ2, pH 7.2 and broken
by two passagethrough aFrench press at
1100 ps.i. Intactcells andcell debris were
removed by a centrifugation at 14000 x g.
Membrane vesicles were obtained after
ultracentrifugation at 40,000 x g for 90
minutes and kept aBO °C until use.The
amount of NarGHI in the various
preparations was determined via immuno
electrophoresis. The various membrane
vesicle preparations fromhé wildtype
strain had 85 to 9&g/ml total protein
with 5.6 to 7.9 mg/ml (6.5- 8.3%)
NarGHI protein, while preparation from
the hemAmutant yielded 60 to 106 mg/ml
total protein with 3.6 to 5.8 mg/ml (55
6.0%) NarGHI protein. @ndard deviation
between 3 to 56 were observed. All
measurements were performed with equal
amounts NarGHI 4 R) and 15 M
purified HemW/HemWC16SC20SC23S.
For the assay20mM 2-methytl,4

Novel HemeChaperone Hemw

naphtoquinol (menadiol) as electron donor,
5 mM NADH, 1.5 ™M mM free heme,
2mM nitrate as electron acceptor were
added where indicated. A quartz cell with
1.4 ml volume was used. The assags
performed under strict  anaerobic
conditions at 30 °C. The activity &. coli
quinol  nitrate  oxidoreductase was
measured  spectrophotometrically  as
outlined before (27). The changes in
absorption of the ubiquin@nalog 2ethyl
4-naphtoquinol (menadiol) caused by
oxidation was measured at 260. A
quartz cell with 1.4 ml volume was used.
The assay was performed under strict
anaerobic conditions at 30 °One unit of
quinol nitrate oxidoreductase activity is the
amount of nitrate  oxidoreductase
catalyzing the production of 1 pmol of
menadionger min
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FIGURE LEGENDS

FIGURE 1. Growth behavior of E. coli hemNand hemW mutants. A. E. coli hemWdoes not encode a
coproporphyinogen Il dehydrogenase. Cells were grown anaerobically at 37 °C in LB medium
containing 10nM NaNG; and no antibiotics in tightly sealed anaerobic flasks. Changes in optical
density at 578 nm were followed spectroscopically. Values for each strain enages of three
independent experiments with three parallel cultures. The growth of wildtype BW2&tLE( coli
themN(greer), themNwith pET-3ahemN(E. coli hemN (orange) themNwith pGEXhemW25C
(blueg) and themN with pGEXhemWF25C+46Nterm (purple) were compared. B. Slight growth
phenotype of thé&. coli hemWmutant. The anaerobic growth in M9 minimal medium sepnted

with 5 mM KNG; and glycerol as nefermentable carbon source was compared. Without KNO
almost no growth was observed. Growth of wildtyhes KNG; E. coliBW25113 (edsolid ling) and

E. coli -: themW (blue solid ling@ and the growth withduKNOs of E. coli BW25113 (red
dashed line) and. coli -: dhem\W (blue dashed linejvere compared. Changes in optical
density at 578 nm were followed spectroscopically. Values for each strain are averages of six
independent experiments with threegila cultures.

FIGURE 3. Redox potential of the HemW bound [4FelS] cluster. Cyclic voltammograms of
HemW (black), buffer (red) and the resulting difference of HemwW and buffer (Bluellox potential
of ~410 mV was deduced.

FIGURE 4. Influence of the Iron-sulfur cluster on the oligomeric state of HemW Analytical gel
permeation chromatography analyses of HemW (panels A, C,D) and the {H6BC20SC23S
variant (panel B) were performed using a Supefd200 10/300GL column on an AKTApurifier
system (GE Healthcare, Buckinghamshire, UK) with a flow rate of 0.5 ml/min. Protein absorption was
followed at 280 nm (solid line) and iresulfur cluster absorption at 420 nm (dashed line). Fourty uM

of anaerobicallyprepared and iresulfurreconstituted HemW and of the triple mutant were
chromatographed. The separated protein peaks of the HemW (A) in fractions 14 and 16 were
individually collected and rehromatographed. The-ran of fraction 14 is shown in C and fohction

16 in panel D. Apart from monomeric (16) and dimeric HemW (14) detected during the re
chromatography shown in panels C and D, an additional shoulder peak was detected in fraction 13,
most likely due to protein aggregation resulting from the catnaton of HemW prior to the second
chromatography.

FIGURE 5. SAM binding and SAM-cleavage by HemWA: SAM-binding assay100 M HemWw
were incubated with radioactive 0.5 p&C-SAM and fractionated via a desalting column. The
radioactive fractions are analyzed using liquid scintillation counting. Solid line: HemWC-SAM,;
dashed line: BSA #C-SAM. B: The SAM cleavage assays were performed for 255.bbli Hemw
(solid line) supplemented with heme, 28 E. coli HemN without substrate (dasheddjrand 25 uM
E.coli HemN with its substrate coproporphyrinogen Il (dotted line). After addition of 0.6 mM
dithionite as potential electron donor, @8 SAM was added and the mixture was incubated. The
reaction was stopped with formic acid. Samples were chromatographically separated on a hypercarb
column with appropriate marker substances. SAM (indicated with a dot) and forrred 5°
deoxyadenosine (indicatedth a star) were detected at 254 nm. Background controls without protein
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or BSA did not yield the 58eoxyadenosine specific peak. HemN in the presence of substrate revealed
full SAM cleavage. Without substrate 5% residual SAM cleavage was observedrfit. HiEemwW
with heme revealed comparable residual SAM cleavage activity.

FIGURE 6: Spectroscopic characterization of HemW heme bindingShown are UWis spectra

from 250 to 700 nm. A: spectra of pM HemW (solid line) 2QuM HemW after binding of 2(M

heme (dotted line). The dashed line shows the spectrum pM2@ee heme. B: spectra of 20 uM
HemW (solid line), HemW plus bound heme (dotted line) and free heme, all after extensive dialysis
(dashed line). Free heme was completely removed after dialysie, MemW and the stable HemWw

heme complex remained. C: spectra of the 20 uM Hen@ie complex after dialysis (solid line) and

after subsequent addition of 1 mM DTT (dotted line). To emphasize the changes at the wavelength
500 to 650 nm, this part of thpectra was enlarged.

FIGURE 7. One molecule HemW covalently binds one molecule hemeA: Twenty-five uM E.

coli HemW were incubated with equimolar amount of heme. After-BBGE separated proteins

were either stained with Coomassie Brillant Blue (Al)ptotted onto a PVDF membrane. The
peroxidase activity of heme is detectable based on the reaction with ECL reagent (A2); M, marker
with proteins of known relative molecular masses. B: For butanone extractiuM 26 either

HemW, or cytochrome, or hemotpbin were incubated with M heme overnight. Afterwards the

pH was adjusted to pH 1.5 with #0 HCI. Icecold 2butanone was added and carefully mixed. The
heme bound to protein found in the lower aqueous phase indicated the covalently binding af heme t
HemW (B, left tube). Butanone extraction from cytochrooneith covalently bound heme (horse
heart, 1 mg/ml) served as a positive control (B, middle tube) and hemoglobin wittovalently

bound heme served as negative control (B, right tube). C: Hemickiemetry of HemW binding. For

heme staining, purifiei. coliHemW (10 uM) was titrated with increasinghaunts of heme (5 M,

10 uM, 15uM, 20 uM and 25 pM. The SDPAGE was stained with Coomassie Brillant Blue for
protein visualization (lanes3) and the blotted membrane with ECL reagent for bound heme (lanes 5
10). M: marker with proteins of known relative molecular masses. For spectroscopically determination
of heme binding, 20M HemW was incubated with different amounts of heme. D: Titratiomector

the determination of the stoichiometry of HemW and heme. Absorption was measured at 416 nm and
plotted against increasing concentrations of heme. The intersection of the two linear slopes indicates
the saturation of heme at approximately 20 M heBiading of one mol heme per mol of HemwW
monomer was concluded.

FIGURE 8. Identification of HemW protein interaction partner using a bacterial two hybrid
system. Shown are the resulting-ghlactosidase activities in Miller units for the testing of the
following baitprey pairs: Hem\ABfrA with pUT18ChemWpKT25bfrA (1), HemWHemH with
pUT18CGhemWpKT25-hemH (2), HemWKatA with pUT18ChemWpKT25katA (3), HemWBfrB
with  pKT25hemWpUT18GbfrB (4), HemWNarl with pUT18CGhemWpKNT25narl (5),
HemH-BfrB with pUT18GhemHpKT25-bfrB (6). pKNT25/pUT18 served as negative control (7) and
pKT25-zip/pUT18Gzip as positive control (8).
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FIGURE 9. HemW mediated heme transfer to the nitrate oxidoreductase NarGHIA: Comparative
spectroscopic analysis of prepared meanke vesicles fronk. coli wild type MC4100 and the
correspondinge.coli KHP$ PXWDQW 7KH UHFRUGHG DEVRWIBAWARIQ VSHFYV
the absence of bound heme cofactor in NarGHI producel. bgli themAmutant (dashed line) in

contrast to the spectrum recorded for the identical membrane vesicle preparatiowiltiype

E.coi %% 7KH GHFRORUL]DWLRQ RI WKH SUHSDUHG PHMEMAD QH YHV
mutant) due to the depletion of heme is optically visible EGBzyme assays were performed with
membrane vesicles isolated from. coli MC4100/p/A700 overexpressingnarGHJI (labelled

MC4100) and membrane vesicles with overproduced Fdapieted nitrate oxidoreductase isolated

from E. coli themApVA700 (O D E HI@iHASHSP18). The herrdepleted nitrate oxidoreductase

was incubated with: HemWeme (¢, HemW-heme+NADH (D), [4Fe4S] cluster less HemWZ16S
C20SC23sheme (G) and as negative controls solely with heme (E) or HemW (F) or HemW and
NADH (H), respectively. 20 mM -lnethyt1,4-naphtoquinol (menadl) served as electron donor,

2mM nitrate as eleton acceptor, 5 mM NADH and 1/mM free heme were used where indicated.

The range betweeil and 18 pmol/min*ml is shown.

FIGURE 10. Heme binding of HemwW (RSAD1) from humans.A: For heme staining, purified
RSAD1/HemW proteins oHomosapiens(lanes 1,3) andE. coli (lanes 2, 4) were incubated with
heme overnight and separated via SDS PAGE. The proteins were stained withBlostant
(Expedeon Inc., San Diego, USA)anes 1, 2) or blotted onto nitrocellulose membrane with
subsequent ECL treatment foerhe staining (lanes 3, 4). A marker indicated the relative molecular
mass of the separated proteins. B:-UM spectra of RSAD1 offomo sapienéncubated with heme
overnight. An absorption maximum at 446 indicated heme binding. Peakss81 nm and 556 nm
were typical for incorporated heme.

FIGURE 11. Working model of E. coli HemW. Heme from heme besynthesis gets transferred via
bacterioferritin (Bfr, gray) as a carrier to the henohaperone HemW (orangelRimerized, the
[4Fe-4S] dustercontaining HemW localizes to the membrane where it interacts with its target protein
Narl (yellow), a subunit of the respiratory nitrate reductase Nar@fier heme incorporation into
apoNarl, the holeNarGHI catalyzes the reduction of nitratenitrite. PPO is protoporphyrinogen IX
oxidase, FC (HemH) is ferroché&dae.
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