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Fig. 1. Siderophore uptake machineries in Gram-negative bacteria (Left)
and Gram-positive bacteria (Right). Gram-negative bacteria possess an OMT
of Fe-siderophores. After an OMT recognizes a siderophore, the Fe-side-
rophore is transferred to a periplasmic SBP using the TonB-ExbBD system (5).
The Fe-siderophore bound to the SBP is then imported using the appropriate
siderophore-permeases and ATPase. In Gram-positive bacteria, a lipoprotein
SBP anchored to the membrane binds a siderophore, and the Fe-siderophore
is imported using its siderophore-permeases and ATPase.

as to enable iron exchange (15), although the nonfacilitated iron
exchange rate between Fe- and apo-hydroxamate siderophores is
extremely slow, with a half-life of nearly 10 d (16). The newly
formed Fe-siderophore continues into the cell and the former
Fe-siderophore remains in the OMT as an apo-siderophore, ready
to participate in the next siderophore-shuttle (14).

The siderophore-shuttle in Gram-negative bacteria depends on
the ability of OMTs to bind apo-siderophores. For the Gram-
positive siderophore shuttle mechanism, a lipoprotein SBP binds
an apo-siderophore (Fig. 2). Then a Fe-siderophore interacts with
the SBP near the apo-siderophore. The increased local concen-
tration complex facilitates iron exchange to the apo-siderophore,
and the new Fe-siderophore is passed through the permeases to
the cytoplasm (Fig. 2C). The alternative uptake mechanism, when
an apo-siderophore is initially bound to the SBP, we will call the
“displacement mechanism” (Fig. 2D). In this mechanism, the Fe-
siderophore displaces the apo-siderophore from the SBP. Noiron
exchange takes place, and the original Fe-siderophore passes through
the permeases to the cytoplasm. Iron exchange is the distinguishing
feature of the two mechanisms.

B. cereus ATCC 14579 uses a lipoprotein SBP called YxeB 1o
bind and import FO (ferrioxamine B) and Fch (10). These two
siderophores deliver iron through YxeB, even though B. cereus does
not produce the corresponding apo-siderophores DFO (desferriox-
amine B) and DFch (17). We report that YxeB uses a Gram-positive
siderophore-shuttle mechanism to transport Fe-siderophores when
apo-siderophore is present.

Results

YxeB Binds DFO, FO, DFch, and Fch. Previously, Zawadzka et al.
demonstrated that YxeB (BC_0383) binds Fe-siderophores, FO
and Fch (10). However, it was unknown if the protein also binds
apo-siderophores, DFO or DFch (Fig. S14). To begin our study
of YxeB, the yxeB gene in B. cereus ATCC 14579 was sequenced.
Sequencing revealed two different nucleotides in the gene com-
pared with the sequence in the National Center for Biotechnology
Information (NCBI). One nucleotide, Gsss, in the database (the
number is with respect to the first nucleotide of the yxeB trans-
lational start codon) is incorrect, and the correct nucleotide is Asss.
The other nucleotide has two variations, TTsA and TCyxsA, in
the laboratory stock. The yxeB genes with TT55A and TCyssA
encode YxeB-L142 (residue 142 is Leu) and YxeB-S142 (resi-
due 142 is Ser), respectively. Both YxeB-L.142 and YxeB-S142
were used in the following fluorescence-quenching assays to
measure the binding affinity for several substrates.
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The quenching assays of YxeB-L142-6xHis show that the pro-
tein fluorescence was quenched by FO and Fch (Fig. S1 B
and C). The data were fit to a one-to-one binding model using
Hyperquad (18) to determine Kgs. The K4s for FO and Fch were
38.8 nM and 43.0 nM, respectively (Table 1). Significantly, the
protein flnorescence increased upon addition of DFO or DFch,
the same as previously reported by Zawadzka et al. for YxeB-V5
{(epitope tag)-6xHis (10). Thus, it is possible that the increasing
fluorescence of the YxeB-L142 protein is caused by substrate
binding. To confirm this theory, nano—ESI-MS (electrospray
ionization-mass spectrometry) analysis of the protein and DFch or
Fch complexes was performed. The data show that the protein
formed complexes with DFch and Fch (Fig. S2 and Table S1).
Additionally, the YxeB-L142 protein mixed with DFO or FO was
purified and then analyzed by reverse-phase (RP)-HPLC show-
ing that the protein had bound DFO and FO (Fig. S3 B and F).
Thus, it is clear that the increasing fluorescence of the protein is
because of siderophore binding.

A fluorescence-quenching assay of the YxeB-S142 protein was
also performed. The flnorescence was quenched by DFO, FO,
DFch, and Fch (Fig. S1 D and E) and the calculated Ks for the
substrates by Hyperquad (18) were very similar (Table 1). Thus,
YxeB-S142 has similar affinity for both the apo and ferric forms
of siderophores.

YxeB Is the Sole FO/Fch-Binding Protein. B. cereus ATCC 14579
produces only PB and BB (bacillibactin), yet it possesses at least
10 genes encoding siderophore binding proteins (17) (B. cereus
ATCC 14579 gene annotation in the NCBI genome database). It
has been demonstrated that the gene products YxeB, YfiY, FeuA,
and FpuA/FatB are a DFO/Fch, schizokinen, Ent/BB, and PB
(FpuA and FatB)-binding proteins, respectively (10). FetC was
recently identified as a triferric tricitrate-binding protein (19).
The FO/Fch-binding ability of the other less characterized side-
rophore-binding proteins of B. cereus, BC 2208, BC 4363,
BC_4416, and BC_5380, was assessed, and none of these pro-
teins bind FO or Fch (Fig. S4). Thus, YxeB is the only DFO/Fch-
binding protein in vitro.

To confirm that YxeB is the only DFO/Fch-binding protein in
vivo, the yxeB markerless mutant was constructed (Materials and
Methods). Because yxeB and the downstream genes, BC 0382
and BC 0381, make an operon, only yxeB is disrupted in the
constructed strain, TC111 (yxeB™), while preserving the down-
stream genes. Fig. S5 A and B show the growth assay of TC111,
TC129 (YxeB-L142), and TC128 (YxeB-S142) strains. This assay
uses iron-limited minimum medium, but DFO can chelate Fe
(ITI) from the medium even though the iron concentration is very
low. The growth of TC129 and TC128 with DFO was better than
the growth without DFQ, indicating that both the strains can
import and use FO. On the other hand, the growth of TC111
with DFO was not better than the growth without DFO, showing
that the TC111 strain cannot use FO. This result also shows that
PB and BB-produced by B. cereus during the experiment do not
affect growth in these conditions.

To further assess whether TC111 can use FO and Fch or not,
a disc-diffusion assay was performed. In this experiment the cells
grow around a disc containing FO or Fch if the substrates can be
used. As shown in Fig. S5C, the wild-type strains, TC129 and
TC128, grew in halos around the discs containing FO and Fch.
However, TC111 did not grow around the discs with FO and Fch,
although the strain grew around a disc containing BB (the pos-
itive control substrate), indicating that it cannot use FO and Fch.
Therefore, the in vivo growth assay and disc-diffusion assay
strongly suggest that yxeB is the sole FO/Fch-binding protein.
The other SBPs including YfiY, FeuA, FpuA, FatB, and FctC
ate not associated with FO/Fch uptake. Moreover, Fe(III) co-
ordinated with FO is not transferred to BB and PB produced by
B. cereus under the iron-limited condition because the yxeB mu-
tant, TC111, did not grow well.

Cr-DFO Is a FO Analog. Because Cr(IIl) is kinetically inert and will
not exchange from one siderophore to another on the experimental

Fukushima et al.



P = °_?*
A Lo — =T
A W A Tara
3 o Y ﬁ'——"if(, ¢ ﬁ-ﬁ_% (o
A e
A ¥
ﬁ —m%— VS* ﬁ & ‘x Vg*' ‘i—.‘
1S i&vg S Qs S AR
| O © : .
woold hu‘g *"\;& cghwpcm\s\e, N E‘X\@Sy -
BOz508%-2 8.0.-5C%-31:-73

b g you  pair Ythe ”W’?Q_Q\E.C,%ns P Mhe
- M0 4 Gﬁ\ram “P—D\' Oa- “\’\\e,h \ed mou\(_\ }\m& no
| unpared &, This req vires e,he{?y L% cnchle the

Spin -p\‘\p ond over came.  Covlembic ’(ﬁpd\s‘»rm-
1€ Imao'me

- o
Q. * = Yo, u)ou]é Gcm-p\-e—\tﬂw
'*\Té* ahd 7=t orbitals ol O3. -

B0.: 5L 8-%1-0



muéw\c?w 4 muju\rwcz
19@» .2 D«

e
o LG

\"
oyidation stade =+

WCVW’.—ALN\ vy
adic al i
44 alide. - Y -

04/_ hﬁ b\f.w.? S

(

Y5
hols,t redical 3

.J%Wﬁt

49

sbstele rad: npmu‘ M-‘J‘f

prokin radicel k.

Jode= ¥4 carbon underwent g 3¢

) o vh,.th‘TOﬁ,




e

S a.

—

Gq._ﬂ' 1S ‘::“-.m]\ gr ‘\0 FEBJ’ A Jr‘irms Q"Q
QLDm“‘shﬁ.me,, c;ﬁ its c\qqs—je noah cx'nd}zihj e’n\nrmmmf}
ehic wml'-.usl and \{ew‘ '\mporﬁnﬂ\“ .Cecr(l‘.nc;hen
prederence. T is be lieved that Gu>t could
”‘W-@e){ u_)rn'\ ‘\MQOF\‘&N‘} Fe,?'* PQ-H\WQYS,

b. The ele chron m(% srehion o8 B3 ¥ G

Con glfﬁ ¥ m~9@fm on +he. re,clux d Q‘O@‘O‘\
DLH‘)@R_ ’\*uﬁu ahs-

3 A

G‘G\‘M‘j 30] lfo Ther 15 an e)ﬁhfmely \%ch ﬁnb‘ﬁ)’
'Rr’ i\cwmj e le\ n: 3 shell ‘
and \weuld be. éﬁ-pqc-u“’ Yo odd oF |
Fuoove. QN e\eic;%“un .

c. TP He Ra site of dhe class T ANR loses|
s dwe iren iohs 4 +he ‘HY’DS\{‘ r—acl;m\ will
CLU]C‘(\Y Convert e H rosine . “The¥ Cr(\ lons

would bhen be cble 4o hind Jo dhe  diiron sie
‘)U“\' bec ause 041 -Pr\e, re(lo)( 'meH’hEs: ch- G—q3+)

the 1y roSﬂ radicel wou W pever bﬁﬁ‘a‘e""“‘j’e“ and



and %ﬂf‘p&rﬁ Hhe ¢ die Site %}y'l weo b nok be jemew;i—el\;

6. . Zn 'pmse,r clgrnc{ms are. Pm—‘-e;m dornaing -LI'V‘A' Coh""q‘lh
Q Zn @'\hﬁm- strctural h:)cr-“"rD or CCHH mc-l—i«(l)wkich
Csdands P Q2 cysjre;mef? and hisHdine ¢mine acid

\\ QhC‘S- These lleﬂAS art ‘nc:*"' p"’@S@-h+ Noa See u‘&ﬂhf.i

7 or@el’ Cs|on3 dhe p&’pHAE SCi(Lv‘eme }BLA- ot é*we }T;S'hrx"f

Po,\—)rs cf-p & sheind 2" budin %%gse amibe  adds

escls in the '-Q:\—me-%an o g M inger ‘oc;p structore .

+
{ e i i + ’Z\r\(‘JL —

cys €ys His WiS

“n\e c-cx)ré\ﬂ«*io“ 3eome:ﬂ‘\'y .s ﬂpacql\y A;sb—'\td 'Rs’mhec’\hlc
,fzh 4\11\3@- f:lornqiﬁs, ke olher Sh\,c_“xrc\l Zn obmc{ms, P]qy

c\ Siﬂ\ﬁw@i cant e as '\ni-‘ér'ﬂqces—-?or maCremolec ulaqr
:iih‘\‘ﬁl‘QC'hQniT\)e.\/ SerYe a5 ‘;n*ﬁr‘céies for pmvlrﬂ\\ahut‘e\tt
acid interackons The classical Zn ﬁ.nifr cbinain is campestd
Lo Ao amhpgrallel Bosdrands Mo by an o helix,
which when zo®* Louné Qre P\mecl i close mem}}y-h— one
thﬂ.&r Qrtt\'HnS ) \\‘jdrb \\o\bic core - Th these cL-mmns’
Hhe too cy siines ak Hod W g ﬁ hairpin +urn  and
| the dve WshHdnes wn the oo helix. Thiee residoes w the
he h)( ( not Zha+_ b&uné) \plerc.& w Hh bases within
e MG jor gmc»\‘ﬁ oA dhe flup}ex 63her resides dorm
‘ Cantacks  with ‘H\e DNA hackbone -



-

To {is coss (o bmdsr\j—h calmodolin and ||
)r)tf.‘)h\{ Sio ‘ijcr‘ \mpt. P"Oﬁt ce v@ 4\\‘5 m-\trm’ﬂoh 1
14 [B=S |mpu“\-cxn¥ ‘k‘b \)HC“C‘ ! (.ubg H\&.

C - blhcmj mc"\r the “EF \rmml The

EF \'\rmfj C‘ b'hde icdop LKJ\S!S}'S A'Q 1&
Qm'hp QCI(J Wdeue) '\'\\ﬁ“&' are CL\nY\?(JﬁA ch

\DL,’H\ S (l% b‘f Qhu\‘mcx

(;3 D;)G- E’ \(?5
Cﬂi’r% 51»
F*l

3

071 66 andf1a ax highly Consered amme adids i he|

Mot ‘P‘

* The qjde chains J\- HS:(‘Uﬁ)i 3 '57.4-13 Sere

¢s 1iQands - The gde  chan Q \'—Q“ '_\Q sores 65 a biknkk \. rmJ
- The bockbuﬂé Cm—bcnyl L-L ngu&be T and %'
oither -}—\\Q ai®  chan of esidee § o Hap al o |
se~€ Qs 34 nds - “There pue dhe  coordingdion ||
nomber “QJ\ Cq (] 07 which Y.QHS a A;QDIM ]
0 o dahedron  oF P&W\nj\m\ \3 qum.d 3&(rﬂe}ry

.—The 'pu‘ﬂ(ﬁcmﬁ.\ Un‘,-‘- N Pmléih?; 1% B Pc.'u" ch EF
thd’i\’w\\'\C‘\ O 5“1&)‘.‘32@& b)/ }\e);m\ l‘an-hm-k \R)rwec-«n



19 W

“H\e, EF irmm‘s éhl&kmo\,ew&ar an%c:}s). I Sey o "-Mﬁvmcle(u\m'
Cbecquee Y s dhe  hebices From e é}-g\@ew% FF honds et
Lindera -

|| “The EF honé an‘}_ L'in‘l'mj IOQp s emp\bye.ci by*Hwe
.P\’D“')f‘m C,Q\ MGA-u"lh %r bh“""cﬁv".-b -Thi; Pm?le“ih

| consists o4 we EF -hand pais et in Hhe abaence P
;Caw qre. Mjm’ bound Do o dodul of H‘Mﬁm - The

] Mﬁax ons  os+ A}&scc}«k 4‘;;— ‘H\C 4C¢§a+;°h3 ‘S‘D bmA
| Ca i b'm&'m_(j H calmede lin e ol ike Mﬁa+ L‘md'mﬁ Y s
,‘\\’\ a MGk c.Qh'Qz:zhm ahiona C«hc\nq& "-\’}“\‘)Qa(}“‘}'q;t‘&
-‘bm‘l.‘“‘j ol “other p'm4-e'4ns s el rﬂoiu}w *-ray Shuckes
|| re veal “\"\\Cr“ Yhe dwe EF-hend peir domains  cocld

| move rﬁ\c:%we\y &GSy alona ohe  ancther oo et ﬂ‘ey
leould 6 ¢ ¢ omedale '\h%emdi%“—swﬂh ANy Seq veres 0
“D‘H’)er r\a—i—ems- ‘Th.\SlS.imP,Y";‘t’aO‘} ‘)Q C eose Cc\mcxiu‘l'.n s

Lq medoldy prdein, The Carindoced confbrm ation )

(‘.,\\ “"»j'e C:\""@'S +he Gﬁen'xﬂmn Q-@‘ %e( "\‘W& he\](@:s
..w'.irk;n an TF \’)('hc\ Brorn r-ucjh'y P_\njr‘\Pqi-q“G\ Y oo Per(ynJ;w\f,r
i Gh& in -W\Q- \)n:(ess./ EApese h\jo\mdula}c'm*lﬂ*%%ve surQ:ue'J.
TV hese & Sorduces  cap @R s reCoapihin 3ecluen<es

|| b J}-Mf‘wn;\' ;\Zrﬁ@' podeinsg . Seme . +Hhese ~¥m—3€"

I Pm?\ﬂhs are e;nzwm.’ﬂ\ese RNZyme s cbp,\q be come

| achiated  wWhen  boond 4 e C/c;w—‘b:w\ncl m ..-p c (.z,\m@;b’lih‘



% a. Oy Cac\ﬂ\!q”\‘mg enzyme

: — N e
’ _>0.5. '"ZL Q\ | |\ 057

OS -+ OH 0S¥ OH

I e Addihion ol one OXY
i inte the G- bond . 3
| Bence,a mone oxygenase .
*The_olhe oxygRn be.CaMes o weker
mo\e,o..u\e
* The. O Q*\*cms P O4 are redoced

\ xc\i ce it \é «"—-\(Q CAQ)AH‘Q \ e
b QaJ e /f:‘ {&v’)‘\ G?F)’SDKQ Ouu-&\nc\mn a’
Q-+ 3t o
Cu - pic vy f IS > -
\0
SR | - AV o%
it B e
Wtk e P T
B, AJ & 4-“7‘1
Oa.
B.o.: O

C The. g)raseme, “H\t 0-0 bOhA in H\e/ Permxe ‘jm\c
L has 4o bﬁ, Q\QC}T@’\ w\\%({raumc\) be_gqu
| TEPﬂcNA OQ € ‘lbhsl'})‘ Qhﬂm CU ulcu\A then ?‘ﬁmurﬁ e’

&%sﬂy ‘[}h)m ‘\'\%pubxa QQDLL:\'N&\Y \%m«wm E&:s @bﬁ%m



an Qﬂ'\ﬁbunqu mo\egu‘qr Oi“\m*"qi Cmc) lurehqlh&mm
bond. /

BOV\A order = Y [’“‘tﬁ Q_O bDﬂd\Y\q e - i OQ Qhk\ﬁ}ﬂémﬁ é;ﬁj

"

TR.0. , \V

| EMeckie Oa il 12 oxidabion shate is male shable by

\"\\e, D\“Dlae«ah C,h\’i\”’DnMQ,W\“ Pt;gr' On cormier ~Q Fﬁ:

cmd(r\mh stade s Fe ™ or can Muckuale between RS

éue, o CQC}Y’C\\VWG}“’IW o‘“’P" an C&’Xi@z‘ \\SQI")A w\“\'h PC\“\“WJ O

Q‘is\\\; h,;e('da;‘%ve @\(‘\@i‘&@




	Answer Key 1-8
	Answer

