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ABSTRACT. The ferric uptake regulator is a metal-dependent transcription repressor that is activated by
divalent transition metal cations. Fe(ll) is believed to be the primary functional metal in vivo; however,
the ability of other divalent cations to activate Fur brings into question the true physiological metal.
Furthermore, the role of different oxidation states of iron in activating Fur has not been determined.
Comparison of the affinity of different metals with intracellular metal concentrations would suggest which
metals activate Fur in vivo; however, no accurate determinations of the affinity of Fur for metals have
been reported. In this study, methods for reconstituting Fur with Fe(ll), Fe(lll), Co(ll), and Zn(ll) are
described. Reconstituted protein was assayed for DNA affinity by gel shift assays. Fur is activated for
DNA binding when reconstituted with Fe(lll), as well as Fe(ll), Zn(ll), Co(ll), and Mn(ll), with little
difference in DNA affinity for the different metallo forms of Fur. The affinity of Fur for the different
metals was determined and ranges over several orders of magnitude in the following order:>Zn(ll)
Co(ll) > Fe(ll) > Mn(ll). Only Fe(ll) binds with sufficient affinity to activate Fur significantly at
physiological metal concentrations, when compared to previously determined total metal concentrations
in Escherichia coli

Since the discovery of the ferric uptake regulator (Fur) The ability of various metals to activate Fur for DNA
(1), a number of studies have shown that this regulatory binding in vitro brings into question the metals that are
protein can be activated for DNA binding by various divalent functional in vivo. Since the physiological metal must bind
metal cations Z, 3). Using a cell-free transcription to and activate Fur within a physiologically relevant con-
translation system with-galactosidase as the reporter gene, centration range, knowing the affinity of Fur for different
one study showed activation of Fur by Fe(ll), Co(ll), or metals and the concentrations of those metals in vivo could
Mn(l1) (2). In another report, DNase | footprinting exper- help in |c_1e_nt|fy|ng the functional metal. Several estlmaftes
iments indicated that, in addition to the previous metals, of the affinity of Fur for metals have been reported, ranging

. from 10 to 80uM, depending on the metal and the method
iiz(cljli)r;gcg)(”), and Cd(ll) can also activate Fur for DNA used @, 4, 5). However, these estimates of metal affinity

were complicated by nonspecific binding of multiple ions
to the protein. An accurate determination of this critical
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' Abbreviations: BisTris, bis(2-hydroxyethyl)amino-tris(hydroxym- — mination of metal stoichiometry and examination of the effect

ethyl)methane; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic ¢ : F ot i
acid: Tris, tris(hydroxymethyl)aminomethane: BSA, bovine serum of iron oxidation state on Fur activity. Together, these data

albumin; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; and reported intracellular metal concentrationgscherichia
IDA, iminodiacetic acid; IPTG, isopropy-p-thiogalactopyranoside;  coli were used to address the question of which metal binds

shift assay; 6-FAM, fluorescein; EPR, electron paramagnetic resonance;

ICP-AES, inductively coupled plasma-atomic emission spectroscopy;

SDS-PAGE, sodium dodecyl sulfatgpolyacrylamide gel electro- MATERIALS AND METHODS

phoresis; Fur, ferric uptake regulator proteinzEur, Fur protein with General All reagents were from commercial suppliers and

one Zn(ll) atom bound; Zifrur, Fur with two Zn(ll) atoms bound,; : T I
MnFur, Fur with Mn(ll) and Zn(ll) bound; CoFur, Fur with Co(ll) and were u.sed without Turther purlflcatlon, e>_(cept Whe.n indicated
Zn(Il) bound: Fe(ll)Fur, Fur with Fe(ll) and Zn(ll) bound; Fe(iIl)Fur, otherwise. To avoid metal contamination, plasticware was

Fur with Fe(lll) and Zn(ll) bound; DtxR, diphtheria toxin regulator. used as much as possible. Where glassware was necessary,
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it was rinsed with concentrated HN@rior to use. Anaerobic  mercially available standards. Antibodies to Fur were a gift
procedures were performed in an anaerobic chamber (Coyfrom T. V. O’Halloran (Northwestern University, Evanston,
Laboratory Products, Inc.) with an atmosphere containing IL).

~5% H in Ar. Zinc Remoal. Zn;Fur was prepared following the proce-
Protein Expression and PurificatiodNA encoding the  dure of Althaus et al.7). Purified Fur was dialyzed overnight
E. coli fur gene in the pMON2064 plasmid was obtained against buffer consisting of 100 mM EDTA, 20 mM HEPES,
from M. Coy (University of California, Berkeley)gj. This 100 mM NacCl, and 5% glycerol (pH 7.5). EDTA was
plasmid was digested with Ncol and Hindlll to excise the removed by dialysis against the same buffer without EDTA
gene encoding Fur. Expression of the Fur protein was putfollowed by three sequential concentration and dilution cycles
under control of the T7 promoter by inserting the fur gene in an Ultrafree-0.5 centrifugal filter device (10K molecular
into pET21d (Novagen), which had been digested with the weight cutoff, Millipore).
same enzymes. The correct gene sequence and insertion sites \ ;.. raconstitutionEor all metals except Co(ll), incor-

were confirmed by DNA sequencing (DNA sequencing . - ; ;

- . . . poration of the metal was accomplished by incubating- Zn
facility, Ur_1|ver5|ty of Cal|forn_|a, Berkeley). The pET21d/ Fur (504M, 200 L) with the appropriate metal salt (260
Fur p'asm'd was tra_nsformed into BLR(DES3) cells (Novagen) 250 uM) for 20 min on ice. Excess metal was removed by
or protein expression. desalting wi )

g with a PD-10 column (Amersham). In the case of
Three 1 L cultures of the transformed BLR(DE3) cells Fe(ll), the protein sample was made anaerobic prior to metal

were grown in LB mediu_m with ZOQ‘Q”_“L ampicillin tc_’_ addition. The reconstitution was carried out in an anaerobic
an ODyo of ~0.6. Expression of Fur was induced by addition chamber, and ascorbic acid (208) was included in the

of IPTG (1 mM) to these cultures. The cultures were shaken : . :
» solution. In the case of Fe(lll), Feghas dissolved in water
for at leas 4 h after addition of IPTG before the cells were containing a 10-fold excess of citrate adjusted to pH 7.0.

halgvest_ed by_fc_:en'Frlfugatlon.f dusi hod simil The protein concentration was reduced to 28. The
rotein purification was performed using a method similar oo nstitution and desalting steps were carried out with

to that descn_bed by Wee et ab)( with several mod|f|_ca- limited light to avoid possible photoreduction of Fe(lll). For
tions. Approxmaﬁgl 8 g of wetcells was syspended in 25 Zn(ll) incorporation, 2.3 equiv of Zng(115uM) was used.
mL of 50 mM Tris buffer (pH 8.0). To this were added 3 |, rhoration of Co(ll) was accomplished by dialyzingiZn
mL of 80% glycerol, 6 mg of Pefabloc (Pentapharm), and ¢ . (2.5 mL at 80uM) against 250 mL of HEPES buffer
0.1 mg of pepstatin A. This mixture was incubated on ice containing 50uM CoCl, overnight at 4°C. Excess metal

for 30 min prior to ceI.I lysis by sonicatic_)n. Cell debris Was  \vas removed by continued dialysis against HEPES buffer
cleared by centrifugation (15098or 30 min). Streptomycin without CoC}, followed by concentration and dilution of

su]fate (1%, W/V) was added to the supernatgnt and thethe protein solution three times in an Ultrafree-0.5 centrifugal
mixture gfently inverted at 4C for 1 h beforeﬁentrlfuganon filter device (10K molecular weight cutoff, Millipore).

1500@ for 30 min) to remove DNA. To the supernatant - ' -

( Y ) P Oxidation of Fe(Il)Fur.Fe(ll)Fur (50uM) was oxidized

were added 80@L of MgCl, (1 M) and 250uL of DNase ; . .

I (5 mg/mL). This mixture was incubated on ice for 30 min bﬁ’ adding KFe(CN}) (1 mM)éoghedsqurlpn. Af.tir 20 min,

and cleared by centrifugation (100@pfbr 45 min). the KsFe(CN) was removed by desalting with a PD-10
column (Amersham) followed by two rounds of concentra-

The supernatant was diluted to 50 mL with 50 mM Tris i d dilution. Thi d ied out with limited
(pH 8.0) and loaded onto an IDAagarose (Pierce) column 1on and dilution. This procedure was carried out with imite
light to avoid photoreduction of Fe(lll).

(1.6 cmx 14 cm,~20 mL of resin), which had been loaded
with ZnCl, and equilibrated with buffer consisting of 20 mM ~ Determination of the Iron Oxidation State in Fufhe
Tris and 500 mM NaCl (pH 8.0) (buffer A). The column amount of ferrous iron in Fur was determined by the ferrozine
was washed sequentially with 50 mL of buffer A, 150 mL assay §). Ferrozine dye was added anaerobically to a Fur
of 100 mM BisTris (pH 6.5), and 150 mL of buffer A. solution without addition of reductant or denaturant. An
Nonspecifically bound protein was eluted with 100 mL of immediate color change was observed. The absorbance due
25 mM imidazole in buffer A. Fur was eluted with 250 mM  to the Fe(ll)-ferrozine complex was measured at 562 nm
imidazole in buffer A. Fractions containing Fur were (¢ = 27900 M* cm™) (9). When the solution was kept
identified by SDS-PAGE. Fur was desalted into buffer ~anaerobic, the amount of Fe(ll) in Fe(ll)Fur as determined
consisting of 20 mM HEPES and 100 mM NaCl (pH 7.5) by the ferrozine assay was consistent with the total amount
by gel filtration using a column of G-25 resin (2.5 can25 of iron as determined by ICP-AES analysis.
cm) equilibrated with the same buffer. Fractions containing The amount of ferric iron in Fur was determined by
Fur were collected and concentrated 4«40 mL using a subtracting the amount of ferrous iron, as determined by the
Vivaspin centrifugal concentrator (10K molecular weight ferrozine assay, from the amount of total iron, as determined
cutoff, Vivascience). by ICP-AES. The presence of ferric iron bound to Fur was
Protein Characterization.Protein concentrations were confirmed by EPR using a Varian E-109 system equipped
determined by the Bradford assay (Bio-Rad) using BSA as with a standard TE102 cavity and a Heli-tran liquid helium
the standard. Quantitative amino acid analysis (Protein cryostat (Air Products). Samples were placed in quartz EPR
Chemistry Laboratory, Texas A&M University, College tubes and frozen in isopentane cooled with liquid 8pectra
Station, TX) indicated that the Bradford assay overestimateswere obtained a8 K with a microwave frequency of 9.25
the Fur concentration by a factor of 1.5. This correction factor GHz, a microwave power of 2 mW, a modulation amplitude
was used for all protein concentration determinations. The of 20 G, a modulation frequency of 100 kHz, a scan range
metal content of the protein was determined by ICP-AES of 4000 G, and a scan time of 4 min. The intensity of the
using a Perkin-Elmer 3000DV spectrometer and com- EPR signal was compared to the intensity of a sample of
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FeCk (40 uM, the same concentration as the protein) syringe was filled wih a 1 mMsolution of the appropriate
dissolved in sodium citrate (4Q0M). metal salt [3 mM in the case of Mn(ll)] and inserted into
Gel Electrophoretic Mobility Shift Assay&el mobility the cuvette. Metal was titrated into the protein solution in
shift assay procedures were modified from published pro- 1.25 uL aliquots. Absorbance and emission spectra were
cedures 10, 11). The DNA probe used for this study was obtained 3 and 7 min after each metal addition, respectively.
made in the following manner. Approximately equal amounts Metal incorporation was followed by the quenching of
of complementary oligonucleotides (forward;-GAAG- tyrosine fluorescence (excitation at 276 nm and emission at
GAGATATACCATGGATAATGATAATCATTATCTCGA- 305 nm). Data were fit to a four-parameter sigmoidal dese
GCACC-6-FAM-3; reverse, 5GGTGGTGCTCGAGA- response curve (eq 1) with no parameters constrained
TAATGATTATCATTATCCATGGTATATCTCC-3, Inte-
grated DNA Technologies) containing the 19 bp Fur box Ymax — Ymin
(underlined) were mixed and annealed by heating t6®5 Y= Ymin T 1+ 10— losKoB (1)
and cooling slowly. Single-stranded DNA was separated from 1+1
double-stranded DNA by HPLC using a Zorbax Bio Series
GF-250 column (Agilent) using a mobile phase consisting
of 20 mM HEPES (pH 7.5), 150 mM NaCl, and 1 mM
MgCl,. The double-stranded oligonucleotide wé-labeled
using T4 polynucleotide kinase (Invitrogen), following the
manufacturer’s instructions.
Radiolabeled DNA and Fur were mixed in a buffer
consisting of 20 mM BisTris/borate (pH 7.0), 1 mM Mg(l
40 mM KCI, and 5% (v/v) glycerol (binding buffer). To
determine the DNA binding activity of different metallo
forms of Fur, metal-reconstituted Fur was used in the
reactions and the binding buffer was supplemented with the
chloride salt (10Q«M) of the metal in the protein (200M
in the case of Mn). After 2630 min at room temperature,
the reaction mixtures were loaded onto a 5% (29:1) nonde- prgtein Purification
naturing acrylamide gel.
The gel (14 cmx 14 cm x 0.15 cm) was prepared with Fur was purified as previously reporte@) (vith several
20 mM BisTris/borate (pH 7.0) and 5QoM EDTA. The modifications. First, the ammonium sulfate precipitation steps
EDTA was removed from the gel by prerunning the gel for were eliminated. The streptomycin sulfate precipitation was
6 h at 200 V with buffer containing 20 mM BisTris/borate found to be important as elimination of this step left a number
(pH 7.0) and no EDTA. Protein was electrophoresed at 225 of contaminating proteins in the mixture that were not
V for 80 min. After electrophoresis, the gel was transferred removed by chromatography (data not shown). From this
to filter paper and dried before being imaged by phospho- procedure, 30 mg of protein was obtained per liter of cell
rescence using a Typhoon 9410 phosphoimager (Amershanculture and determined to 5e95% pure by SDSPAGE.
Biosciences). Th&p was estimated by visual inspection Protein purified in this manner was found to contain®
from the imaged gel. equiv of Zn and no Fe. Quantitative amino acid analysis
In the case of Fe(ll), the binding reactions were carried indicated that the Bradford assay, with BSA as a standard,
out in an anaerobic chamber. The binding buffer was overestimates the protein concentration by a factor of 1.5.
supplemented with 5Q:M sodium dithionite to ensure  This factor was used to correct all protein concentration
complete reduction of the sample. The ferrozine assay wasdeterminations.
used to confirm the presence of a stoichiometric amount of )
Fe(ll) before the binding reactions were initiated. After the Preparation of ZaFur
gel polymerized, it was transferred into an anaerobic
chamber. The gel was prerun and electrophoresed in theO
anaerobic chamber using anaerobic buffers. X
Metal Titration AssaysMetal titrations were performed
following the method of Outten and O’Halloratd). Free
metal concentrations were calculated using HyS3 (vith
association constants found in the IUPAC stability constants
database, version_ 4.05 (Academic So_ftware). Absorbancepjatal Reconstitution of ZRur
spectra were obtained on a Cary 300 Bio spectrophotometer
maintained at 253C. Fluorescence spectra were obtained on  Fe(ll) ReconstitutionA general procedure for reconstitu-
a Fluoro-Max2 (Jobin Yvon Horiba) fluorimeter thermostated tion of Fur with metal is to add a 5-fold excess of the metal
to 25°C. ZnFur (5uM) in HEPES buffer was placed ina to ZmFur (50 uM). Unbound metal is removed by gel
fluorescence cuvette fitted with a ground glass joint to allow filtration after 15-20 min to isolate the metalprotein
attachment of a threaded plunger syringe (Hamilton). For complex. Using Fe(Nk)2(SQy), as the metal, this procedure
the titration with Fe(ll), the cuvette and syringe were resulted in a protein containing 1.3 equiv of Fe and 1.2 equiv
assembled in the anaerobic chamber to exclude oxygen.of Zn, Fe(ll)Fur (Table 1). The ferrozine assay indicated that
Initial absorbance and emission spectra were obtained. Theessentially all of the Fe was Fe(ll).

wherex is the log of the molar metal concentratigns the
fluorescence intensity at 305 nikp, is the binding constant
for the binding of metal to Zur, andB is the Hill
coefficient. After an initial fit of the data, th&p for Fur
from the fit was introduced back into HySS to recalculate
the concentration of the free metal. The new concentrations
were used to replot the titration curve and recalculate
This process was repeated until thkg did not change
significantly. For each metal, the total changekipn was a
factor of less than 2 [in the case of Zn(Il)] and usually closer
to 10% of the final value.

RESULTS

Dialysis against EDTA provided Fur containing between
9 and 1.2 equiv of Zn, 4kur, as reported by Althaus et
al. (7). This metal is thought to serve a structural role in
Fur. It is tightly bound and is only removed by denaturation
of the protein. Complete removal of EDTA was required to
allow reconstitution of Fur with other metals.
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Fe(lll) ReconstitutionFe(lll) was incorporated into Fur
using two different methods. In the first method, Fe(lll) was
incorporated directly into Zirur by adding the protein (25

Table 1: Metal Stoichiometry after Reconstitution

no. of metals/monomér

metal M Zn(1n uM final concentration) to a solution containing 2&M

Zn(l) 23+0.1 FeCk, which had been dissolved in a 10-fold excess of
Eg((llll)) igi 8:% Ofgi 8:% sodil_Jm c_itrate (pH 7.0). pnbound metal was removed by
Fe(ll) 1.71+ 0.1 1.01+ 0.02 gel filtration. Prepared this way, the protein was found to
Mn(ll) 0.21+£0.01 0.67+0.03 have 1.7 equiv of Fe and 1.0 equiv of Zn, Fe(ll)Fur.

aThe error is the propagated error from the standard deviations of Addition of ferrozine to this protein did not produce an
triplicate determinations of the protein and metal concentrations. The absorbance at 562 nm, indicating no Fe(ll) was present. The
protein concentrations were approximately. presence of Fe(lll) was confirmed by EPR spectroscopy.
Figure 1 shows the EPR spectrum of Fe(lll)Fur (4)
f\\ and a spectrum of Feg(40 «M) dissolved in sodium citrate
FeCl, |g=4 (400uM), for comparison. Both spectra show major signals
Wl« g=2 nearg = 4 and smaller signals gt= 2. The magnitudes of
%i the signals in both spectra are similar, indicating a similar
TN amount of Fe(lll) in each sample. A second method for
preparing Fur containing Fe(lll) is oxidation of Fe(ll)Fur
e with K3Fe(CN}. Fe(lll)Fur, prepared by this method, was
”"'”""""\;,,»..AM_W unreactive with ferrozine and had an EPR spectrum similar
- to that of the protein prepared by direct incorporation of
Fe(lll). Regardless of the method of preparation, Fe(lll)Fur
is activated for DNA binding (see below).

dA/dH

Fe(ll)Fur
Pl ,.u"\vh‘»“”"( N

50 100 150 200 250 300 350 400
Field (mT)
FicuRe 1: X-Band EPR spectra of Fe(lll)Fur and FeQThe bottom Gel Electrophoretic Mobility Shift Assays
spectrum is of Fe(lll)Fur (42M), and the top spectrum is of FeCl
et Same.amons o Siow. compaon ot o sanal 5 1 abilty of cach metallo form of Fur to bind DNA was
intensities. The spectra are offset for clarity.‘fé\pproxirrgﬂaluesg determined by gel m.Ob'“ty ‘?’h'ﬂ assays. Gel shift as_sayslw!th
are indicated. Spectrometer parameters were as follows: 9.25 GHzFUr have been used in previous studies, but DNA dissociation
microwave frequency, 2 mW power, 8 K, and 20 G modulation constants have been reported for onlyur (7). A Kp for
amplitude. MnFur can be estimated from réfl.
o _ _ Initially, the aerobactinigcA) promoter region was used
Mn(ll) Reconstitution.Using MnCl, this procedure re-  for these studies, as described previoudig)( However,
sulted in a protein containing 0.2 equiv of Mn and 0.7 equiv multiple shifts in DNA mobility have been reported with
of Zn (Table 1.).'The inability to isolate MnFur is likely due  this promoter {1) and were observed in this study (data not
to the low affinity of Fur for Mn(ll), as shown below. It shown). The nature and number of Fur binding sites in this
should be noted that although MnFur could not be isolated, promoter region are the subject of some debad {, 15—
Mn(ll) does bind to and activate Fur for DNA binding (also  17). The multiple shifts are likely due to multiple Fur binding
shown below). sites within this promoter. To avoid these problems, a
Zn(Il) ReconstitutionZn,Fur can be prepared by limiting  synthetic 45 bp oligonucleotide was used in this study.
the added Zn to a 2-fold excess over protein rather than a  Although no transition metals were detected in any of the
5-fold excess. A larger excess of zinc, in the absence of DTT, components used for the mobility shift assays by ICP-AES,
causes Fur to precipitate. After gel filtration, the protein was enough metal was present to activate;mw for DNA
found to have 2.3 equiv of Zn(ll) (Table 1). These results binding. By including EDTA in the gel and prerunning the
are consistent with a previous procedure for Zn(ll) incor- gel for 6 h, we removed the metal, and;Ear (300 nM)
poration using a 510-fold excess of Zn(ll) and a 20-fold  did not produce a mobility shift (data not shown). Using the
excess of DTT ). The observation of excess metal bound gel prepared this way, it was necessary to include the metal
to Fur (>2 equiv) is a result similar to the metal content of salt (100«M) in the binding reaction to observe a mobility
the protein as purified. The additional metal-binding site has shift with reconstituted protein (2Q@M in the case of Ma").
not been characterized, but a recent crystal structure of theThis is likely due to the dissociation of the metal from the
Fur homologue fronPseudomonas aeruginosaows three  protein at the low protein concentrations used for the mobility
Zn atoms per Fur monomer. The extra Zn atom is located in shift assays (see below for the dissociation constants for
the dimer interface and does not seem to be involved in dissociation of the metal from the protein).
protein function {4). Dithionite (50.M) was added to Fe(ll)Fur prior to diluting
Co(ll) ReconstitutionAttempts to incorporate Co(ll) into  the protein for the mobility shift assays to ensure the presence
ZmFur by incubation with 20QuM CoCl, resulted in the of Fe(ll) in Fur. The ferrozine assay confirmed the presence
precipitation of most of the protein. Decreasing the metal of a stoichiometric amount of Fe(ll).
concentration eliminated precipitation but required a greater The results of the mobility shift assays for Fur with the
volume of metal solution to provide sufficient metal to Fur. various metal ions bound are shown in Figure 2, and
Dialysis of ZnFur against buffer containing 50M CoCl, summarized in Table 2. All of the metals that were studied
resulted in Fur with 1.3 equiv of Co and 0.8 equiv of Zn, were able to activate Fur for DNA binding with similar
CoFur (Table 1). dissociation constants, ranging between 20 and 60 nM.
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Ficure 2: Electrophoretic mobility shift assay of Fur with various . PR P

. Ficure 3: Fluorescence quenching titration curve for addition of
ger:?éshtréﬁgngopgrrévgﬁ FITI\C;I(”)}EI’%I:[’E .;‘ngor(]ggngggg)nzur' eIrDeN':s M(Il) to Fur. A solution of the metal salt was titrated into a solution

. ! w o : ' : . w containing 5uM Zn;Fur and metal chelator in HEPES buffer. The
follows: lane 1, 0 nM; lane 2, 5 nM; lane 3, 10 nM; lane 4, 20 fl ission intensit itati t 276 d emissi
AM: lane 5. 30 M- lane 6. 40 nM: lane 7. 50 nM: lane 8. 60 nM: _Huorescence emission intensity (excitation a nm and emission
Iané 9 70 ’nM' anfj lane 1’0 80 rﬁM ! ' ! ' at 305 nm) was measured 7 min after each addition of metal

' ' ' ) solution. The data were fit to eq 1. The concentrations of the metal
salts were as follows: 1 mM Cog@With 1 mM sodium citrate®),
Table 2: Binding Constants for Binding of Different Metallo Forms 1 mM ZnCl with 5 mM IDA (B), 3 mM MnCk with 1 mM sodium

Zn(ll) Co(ll) Fe(ll) & Mn(ll)

of Fur to DNA citrate @), and 1 mM Fe(NH)x(SQy), with 1 mM sodium citrate
Ko (NM)2 Ko (NM)P (a).
CoFur 20 - — -
ZnoFur 40 20 Table 3: Affinity of Fur for Different Metals
MnFur 20 <2¢d Ko (M)2  Hill coefficient  [M]iota (M)?  Kp (M)°©
Eiﬂ:?)FF”Jr o Co(ll) 15x 107 33 <107 36x105°
Zn(ll) 1.4 x1071'° 2.4 104
aBinding constants determined by visual inspection of data presented Mn(ll) 2.4 x 1075 2.1 10°% 8.5x 10754
in Figure 2.° Previous estimates of the FEDNA dissociation constant. 8.0x 10°5¢
¢ Taken from ref7. ¢ Taken from refll. Fe(ll) 1.2x10°® 2.0 104 5.5x 1075
1 x 1075

; aErrors are<5%. P Taken from refl2. ¢ Previous estimates of metal
Importantly, this study shows that both Fe(ll) and Fe(lll) binding constants! Taken from ref4: six Co atoms/Fur monomer and

are capable of activating Fur for DNA binding. two Fe atoms/Fur monometTaken from ref5. f Taken from ref2.

Titration of Metals into Fur . . .
For the divalent metals that were studied, no significant

The dissociation constants for dissociation of different baseline shift was observed, nor was there a significant
metal cations from Fur may identify which cations are change in the UV-vis spectrum. The titration could not be
functional in vivo. Dissociation constants for the different performed with Fe(lll) due to the absorbance of the Feflll)
metals were measured by monitoring the quenching of citrate complex (data not shown), which caused a significant
tyrosine fluorescence as the metal was titrated into a solutionloss of fluorescence intensity and prevented completion of
of Fur (5uM). Because of the relatively high affinity of Fur  the titration with this ion. Included in Table 3 are the Hill
for metal and to accurately control the concentration of free coefficients from the curve fits. In each case, the Hill
metal in the titrations, a competition between the protein and coefficient is greater than one, suggesting cooperative binding
a chelator was used. 8 19). For most of the metals that of multiple metal ions. Since Fur is a dimer, it is likely that
were studied, it was found that using 1 mM citrate as the @ conformational change in one monomer, due to metal
chelator provided the appropriate concentration of free metal. binding, would affect the other monomer, leading to coop-
However, because thip for Zn(ll) was lower than the  erative metal binding.
values for the other metals, 5 mM IDA was used as the
chelator. HySS13) was used to calculate the concentration DISCUSSION
of free metal using constants from the IUPAC stability =~ The ability of Fur to be activated for DNA binding by
constants database, version 4.05 (Academic Software). Nongjifferent divalent cations has been shown previously. It has
of the four parameters of a sigmoidal desesponse curve  also been shown that Fe$@xtivates Fur for DNA binding
was constrained in fitting the data. Since the change in the (2, 3, 20); however, the tendency for Fe(ll) to oxidize brings
fluorescence of the protein is likely due to a conformational into question the oxidation state required for Fur activation.
change as metal binds, the midpoint of the curve was takenThis report shows that Fur is activated by both Fe(ll) and
to be theKo. Fe(lll). The ability of the same metal-binding site to bind

The titration curves obtained for Co(ll), Zn(ll), Mn(ll),  both a di- and trivalent cation is unexpected. It is possible
and Fe(ll) are shown in Figure 3, and the dissociation that Fe(lll) binds to a different site than the divalent cations.
constants determined from the fitted lines are shown in Table However, this appears to be unlikely since oxidation of
3. TheKp values were found to range from 0.14 nM to 24 Fe(ll)Fur results in Fe(lll)Fur which is active for DNA
uM, in the following order: zZn(ll)> Co(ll) > Fe(ll) > binding. Additionally, attempts to incorporate Co(ll) into Fe-
Mn(Il). The UV—vis spectrum of each titration was moni-  (lll)Fur resulted in exchange of Co(ll) for Fe(lll), suggesting
tored during metal titrations to detect protein precipitation. that they have at least one site in common. Furthermore, it
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is not obvious how the extra metal binding sites from®he
aeruginosarur crystal structure could be involved in protein
activation or that they would bind Fe(lll) rather than a
divalent cation {4).

Since Fur can be reconstituted with several different metal

Mills and Marletta

From a physiological perspective, Fur may act in a
protective fashion to prevent iron toxicity. That is, when iron
levels increase above a threshold, Fur is activated to attenuate
iron import and prevent iron overload. In this role, distin-
guishing between Fe(ll) and Fe(lll) would not be necessary,

cations and these metals are equally effective in activating as excessive concentrations of either ion can be toxic. In a

Fur for DNA binding, the identity of the metal responsible
for Fur activation in vivo is brought into question. Although
thermodynamics alone may not control insertion of metal
into Fur, the affinity of Fur for different metals, when

functionally similar protein, the diphtheria toxin repressor
(DtxR), Fe(ll), but not Fe(lll), activates the protein for DNA
binding 23). In contrast with Fur, the role of DtxR may be
to sense iron starvation and to increase iron import via

compared to the concentration of those metals in vivo, may siderophore synthesis.

be suggestive of the functional metal. If the role of Fur in
vivo is to sense the concentration of iron in the cell, a specific
metallochaperone would not be needed. It is possible,
however, that Fur competes with other proteins for loosely
bound metal. In this case, th&, of metal for Fur, relative

to the Kps of metal for other proteins, will dictate which
protein is metal-bound. A previous estimate of iron binding
to Fur (10uM) was based on the amount of cold acid-soluble
iron in a cell-free transcription/translation mix (2 iron)

and the assumption that approximately half of that iron would
be available for binding to Fugj. Equilibrium dialysis was
used to determine binding constants for Fe(ll) (3d),
Mn(ll) (85 uM), and Co(ll) (36uM) (4). However, since
multiple ions bound Fur in those studies [e.g., two Fe(ll)/
Fur and six Co(ll)/Fur], the meaning of the binding constants
is unclear. Another estimate of th& for binding of Mn to

Fur (~80 uM) was made by Mn titration, similar to the
method in this reports). However, the reported titration was
a direct titration rather than a competition experiment. A
competition experiment allows for more accurate control of
the concentration of free metal, especially at low metal
concentrations1(2), and therefore a more accurate determi-
nation of theKp.

Of the metals examined in this study, Zn(ll) has the highest
affinity for Fur (1.4 x 1071° M) and could activate Fur in
vivo; however, the concentration of free zinc i coli
(~10"% M) (12) is much lower than th&p of Zn for Fur.
Although estimates of the intracellular concentrations of free
Co(ll) and Mn(ll) are not available, the total concentrations
of these metals if. coli have been determined (see Table
3 and refl2). The constants for binding of these metals to
Fur could be physiologically relevant. In fact, previous
studies have shown that addition of Ma@b the growth
medium results in Fur activation in viv@1). However, since
thetotal concentrations of Co and Mn are at tg values
for these metals, it is unlikely that either of these metals is
free in solution at concentrations sufficient to activate Fur
in vivo.

As with Co(ll) and Mn(ll), the intracellular concentration
of free iron in E. coli is not known. However, the total
concentration of iron irk. coli, whether grown on minimal
or rich medium, is 10* M (12). This value represents the
total amount of iron irE. coliin all forms, bound and free,
and overestimates the amount of iron available to bind to
Fur. The concentration of “loosely bound” iron has been
estimated to be~10 uM (22); thus, aKp of 1.2 uM for
binding of Fe(ll) to Fur is within a physiologically relevant

concentration range. Since the estimates of total and loosely

bound iron are sufficient for activation of Fur and repress
iron uptake, it seems likely that iron is the metal that activates
Fur under physiological conditions.

The ability of Fur to be activated by metals other than
iron may have physiological implications. One possibility
is that Fur is used to sense more than one metal in bacteria
and the different metallo forms of Fur control different genes
by binding preferentially to different DNA sequences. An
examination of the affinity of different metallo forms of Fur
for different DNA sequences has not been reported. Alter-
natively, elevated levels of other metals could interfere with
normal iron regulation by activating Fur inappropriately, thus
shutting down iron import and leading to iron starvation.
This phenomenon is illustrated by the observation that Mn(Il)
is toxic tofurt, but notfur—, E. coli strains 21).

CONCLUSIONS

This report describes methods for reconstitution of Fur
with various metal cations. The ability of different metallo
forms of Fur to bind DNA was evaluated. Little difference
in DNA affinity was found for the different metal ions that
were studied. Notably, it was found that both Fe(ll) and Fe-
(Il activate Fur for DNA binding. Metal to protein
dissociation constants were also determined for each of the
metals that were studied, and found to range over several
orders of magnitude. The dissociation constant for Fe(ll) was
found to be within a physiologically relevant range, sug-
gesting that iron is the physiological metal for Fur.
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