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Abstract

Metal ion regulation is essential for living orgamis. In prokaryotes metal ion
dependent transcriptional factors, the so-callethlteeegulatory proteins play a fundamental
role in controlling the concentration of metal iofitese proteins recognize metal ions with
an outstanding selectivity. A detailed understagdintheir function may be exploited in
potential health, environmental and analytical e@aplons. Members of the MerR protein
family sense a broad range of mostly late transiéiod heavy metal ions through their
cysteine thiolates. The air sensitivity of latteogps makes the expression and purification of
such proteins challenging. Here we describe a ndditrathe purification of the copper-
regulatory CueR protein under optimized conditidnrder to avoid protein precipitation
and/or eventual aggregation and to get rid of thpwrifying Escherichia colielongation
factor, our procedure consisted of four steps smpphted by DNA digestion. Subsequent
anion exchange on Sepharose FF Q 16/10, affinitynsatography on Heparin FF 16/10,
second anion exchange on Source 30 Q 16/13 arfiltigeion on Superdex 75 26/60 resulted
in large amounts of pure CueR protein without dfipity tag. Structure and functionality
tests performed by mass spectrometry, circulamrdisin spectroscopy and electrophoretic

gel mobility shift assays approved the succesb@purification procedure.

Keywor ds. Metalloregulatory proteins, cysteine, coppefNA binding, four step
purification



I ntroduction

Metal ions bound to proteins play important rolediochemical processes either by
the stabilization of the structure of these praanby participating in enzymatic reactions.
For instance, transition metal ions are often neargsfor the optimal function of transcription
factors, however, the increased amounts of thewitbe essential metal ions may cause toxic
effects in living organisms [1,2]. Accordingly, tkencentration of these metal ions must be
under a strict metal ion sensitive and selectiverod in the cell [2—9]. Understanding the
details of bacterial metal ion regulatory mechasisnay forward the design of molecules that
selectively bind specific metal ions.

Metalloregulatory proteins represent a sub-cléssaascriptional regulators that
respond to the change of metal ion concentraticavaiability by balancing the expression
of cellular metal uptake and efflux/detoxificatisystems [6,7]. MerR proteins are one of the
ten metal ion regulatory protein families that digtinguished in bacteria [7]. Representative
examples are e.g. the Hpn binding MerR (the name of the family origingfeom this
protein) and the Ction regulatory CueR proteins [9]. A characteristié the MerR family
members is the similarity observed in the first 8 A#dnino acids of their sequences [10]. The
N-terminal DNA binding domain contains a helix-tthralix-3-hairpin motif followed by a
long dimerization helix forming an antiparallel sml-coil structure [11]. Significant
differences are, however, found in the C-termiffi@ator (metal ion) binding domains (Fig.1)
allowing dimeric MerR proteins to distinguish beamevarious metal ions.

The dimer of MerR apo-protein binds to a 19 — g(llase pair) segment of the
promoter region of DNA between the —35 and —1Gssitée regulatory mechanism is based
on the conformational change of the protein upotahien binding, which influences the
DNA structure and initiates the RNA polymerase@ttiAs a consequence, a series of
proteins are expressed, which participate in theokal of the unwanted metal ions from the
cell.

Crystal structures of CueR with EuAg'- and Au-ions reflect that all of these ions
are bound in the effector binding domain closéhto@-terminus [11]. A loop is formed
around the metal centers via the coordination of ¢ysteine thiolates, which restricts the
metal ion into a linear coordination geometry. Atliog toin vitro experiments, CueR gives
a transcriptional-activation response to singlergbd, but not to double-charged metal ions

[11]. Recently, the crystal structures of the mitalfree modified protein and the Algound



form, both cocrystallized with DNA, have been pabéd providing more insight into the
influence of metal ion binding on the structurealed DNA [12]. Based on the combination of
experimental studies with CueR model peptides amshiym chemical calculations we have
proposed the participation of a protonated Cyd thithe metal ion binding domain of CueR
and the operation of a protonation switch in themaaism of the protein [13]. However, the
potential role of the protonation/deprotonatiorCys112 in the function of CueR has not
been proved, yet. It is also unexplored how CueBusaessfully rejects soft divalent metal
ions. A further open question is whether the CClrigjinent close to the C-terminus, which
has otherwise no direct influence on the transomgaid activity of CueR [14], plays any role
in the operation of the protein. In order to bettederstand the mechanism of the selective
metal ion recognition and regulation of CueR we atrexpressing and purifying the wild
type CueR fronk. colifor subsequent structural and activity investgasi Although a
published method for the purification of CueR igigable in the literature [15], based on the
protocol applied for ZntR, a related MerR homolo{L@}, we have faced difficulties to adapt
it. Therefore, in this paper we describe an altieragrocedure for the purification of CueR
eliminating the precipitation step of the proteirich may provide general guidelines for

working with air-sensitive DNA binding proteins.

Fig. 1 — near here

M aterials and methods

Strains and media

E. coliDH10B F endAl recAl galU galK deoR nupG rpglacX74®80lacZIM15
araD1394(ara,leu)7697 mcrA(mrr-hsdRMS-mcrBL [11,17] was applied as cloning host
for recombinant DNA work ang. coliBL21(DE3) FompT gal [dcm] [lon] hsd& [18] for
the overexpression of CueR protein. Bacteria wese/g in LB medium [19] containing
ampicillin (100 pg/ml) at 37 °C.

Plasmid construction

The gene of the wild type CueR in a pET24a (Ralasmid was kindly provided by
prof. Alfonso Mondragon (Department of MoleculaoBtiences, Northwestern University,
Evanston, lllinois, USA). The DNA segment, encod@ugeR, was recloned into a pET21a



(Amp") plasmid (Novagen). The gene was amplified by RGIRg T7 sequencing primers
(T7 forward primer: 5-TAATACGACTCACTATAGGG-3' and 7 reverse primer: 5'-
GCTAGTTATTGCTCAGCGG-3) then cloned between Ndetld@amHI sites to create
pET21a-CueR. A stop codon prior to the BamHI clgasite assured the expression of the
protein without any additional amino acids encobgdhe plasmid.

Protein purification

E. coliBL21 (DE3) bacteria expressing the wild type Ciiefn the pET21a-CueR
expression vector were first grown in 50 ml LB/Ammedium (including 0.1 mg/ml
ampicillin at final concentration) at 37 °C for ~hdurs until Oy = 0.6 — 1.0 was reached.
This pre-culture was sedimented by centrifugatiof @ and 18000 x g for 10 min. The cells
were re-suspended in 50 ml fresh LB/Amp+ mediund, @& ml of this culture was used to
inoculate 650 ml LB/Amp+ medium. When @pof 0.4 — 0.6 was attained, the expression of
CueR was induced by the addition of IPTG to a fowicentration of 0.1 mM. The cultures
were incubated overnight at 20 °C to avoid aggiegaitherwise observed at 37 °C. The
cells were harvested by centrifugation at 4 °C theth suspended in 20 mM Tris/HCI buffer,
pH 7.5 to a total volume of 40 mL. b&0O,was added to the sample before and after cell
lysis to a final concentration of 2 mM. The cellere lysed by sonication and the extract was
centrifuged at 4 °C and 18000 x g for 20 min. Nigcéeids in the supernatant were digested
atRTfor 1.5 hours in the presence of DNase | (25 pg/arid MgC} (2 mM). The sample
was diluted with 20 mM Tris/HCI, pH 7.5 to a contluity of 2.3 mS/cm and filtered through
a 0.45 um GHP Acrodist GF 25 mm Syringe Filter (Life Sciences).

After the preparatory procedures, the CuerR pmoigis purified in four
chromatographic steps (Fig. 2) in the order of am®change, affinity chromatography, a
second anion exchange and a finally gel filtrati®atween each purification step the pooled
fractions were ultrafiltrated three times in a hpitire 5124 Amicon Stirred Cell Model 8400,
400 mL (N gas, PLBC 3000 membrane) with the binding bufferduduring the following
purification step.

First, the filtered solution was loaded onto a Hildlsepharose Fast Flow Q 16/10
column, which had been equilibrated with 5 columiume (CV) of 20 mM Tris/HCI, pH 7.5
(Buffer A). The bound proteins were eluted withree&r gradient of 20 mM Tris/HCI, 1M
NacCl, pH 7.5 (Buffer B) from 15 % to 60 % in 6 CVhe CueR containing fractions were
collected and diluted with 20 mM Tris/HCI, pH 7d&a conductivity of 7 mS/cm.



In the second step the sample was filtered ancetbadto a HiPerp Heparin FF 16/10
column, preequilibrated with a 20 mM Tris/HCI, 50/MNaCl, pH 7.5 buffer. The bound
protein was eluted with a linear gradient of 20 mMN&/HCI, 1 M NaCl, pH 7.5 from 0 % to
50 % in 10 CV.

Fig. 2 — near here

Following affinity chromatography, the fractionsntaining CueR were pooled and
diluted 3 times with 20 mM Tris/HCI, pH 7.5. Thearafiltered sample was loaded onto a
Source 30 Q 16/13 column, preequilibrated with 5&20 mM Tris/HCI, pH 7.5. The
bound protein was eluted with linear gradient on2@ Tris/HCI, 1M NaCl, pH 7.0 from 0 %
to 60 % in 6 CV. The CueR fractions were colleded filtered again.

Finally, the sample was loaded onto a HiLoad Supeith 26/60 column,
preequilibrated with a buffer required for the sedpsent application (Tris or HEPES
containing also 1 mM dithiothreitol (DTT) as redugiagents). Proteins were eluted with
isocratic elution and then concentrated by ultirafilon. Collection of CueR is not
recommended in NAc buffers (pH 7.0) since aggregation of the protgas observed in
this buffer.

Protein samples obtained during the purificatiomersnalyzed by standard SDS-
PAGE gel electrophoresis [19] usiAgy kD™ Mini-PROTEARTGX ™ (Bio-Rad) gels and

Coomassie staining.

Protein identification

Proteins were identified by peptide mass fingetmmalysis (see details in the
Supplementary Material), carried out with a MALDGF mass spectrometer (Bruker, Reflex
[1l) Protein bands were cut out from the SDS-PAGE gnd sliced into small pieces. The
samples were reduced with DTT, alkylated with iaokiamide and digested with trypsin at
37 °C for 4 hours. Extracted tryptic peptides wapetted onto the MALDI target plate using
2,5-Dihydroxybenzoic acid (DHB) as a matrix and swead in positive reflectron mode.
Detected peptide masses were subjected to databasz against the Swissprot protein
database on our in-house Mascot (Version: 2.2.@trikScience) search engine.

Analysis of the purified protein



Intact protein analysis were performed on an LT@®@#ap Elite (Thermo) mass
spectrometer coupled with a TriVersa NanoMate (Adyichip-based electrospray ionsource.
All the masses were measured in the Orbitrap iftigeson mode with the highest resolution
(R =240 000 at 400 m/z). For the top-down analisistrap CID fragmentation was carried
out in order to prevent multiple fragmentations atidw for the detection of the possible
disulphide bridges (see Scheme 1).

Scheme 1 — near here

Circular Dichroism spectroscopy

Circular dichroism spectra were recorded on a JasR1b spectropolarimeter.
Camphor-sulfonic acid served as a calibration netfar the instrument. All spectra were
recorded with 1 nm steps and a dwell time of 2rsspep, using a 0.2 mm quartz cell
(SUPRASIL, Hellma GmbH, Germany), in the wavelengthge of 180-260 nm. The protein
was dissolved in 5 mM HEPES, pH = 7.7 buffer yietti,oein= 2.3x10°> M concentration.

The raw spectra were baseline-corrected with thtengoectrum.

Electrophoretic gel mobility shift assay

The DNA binding capability of the CueR was evidahbg electrophoretic gel
mobility shift assay (EMSA). The volume of the mot DNA reaction mixture was o by
mixing 1 pl 50uM DNA solution (in 20 mM Tris/HCIQ, 0.1 mM NaCIQ, pH 8.0 buffer)
with 4 ul 100 uM Protein solution (in 20 mM Tris/HCI, 1 mM DTT, pH5 buffer). After 4
hours incubation at 37 °C this solution was mixetth\ pl 6 x Loading Dye (10 mM Tris-
HCI, pH 7.6, 0.03% bromophenol blue, 0.03% xylepao! FF, 60% glycerol, 60 mM
EDTA - Thermo Fischer Scientific) to load it ont#%Z2.0 g/100mL) agarose gel and then
run for 30 minutes applying 100 V. After the elegiinoresis, the gel was submerged into 1
pug/ml ethidium bromide solution for 20 min, and wadhwo times with water for 10 min. A
35 bp long Pcop promoter sequence was applied as a specific dsBNA:
AAAGGTTAAACCTTCCAGCAAGGGGAAGGTCAAGA-3', while the squence of the 35
bp non-specific DNA was 5-GCTGTACATATCGGTAGATTTCGRICGGTAGATGA-3..

Results and discussion



Difficulties encountered during the purificationgamess of CueR and their solutions

Our aim was to obtain the wild-type CueR withouy affinity tag, which is
indispensable for further experiments on the metabinding selectivity of the protein. CueR
is made up of 135 amino acids. The average molewdeyht of the apo-protein is 15235.1
Da, and the theoretical pl is 5.72. This wouldwalfor applying cation exchange at pH 3.0
being a great advantage in the purification prooéss air-sensitive protein. Th&pof
cysteine thiols is ca. 8.4 [21]. A lower pH ensgrthe protonated state of cysteines should
decelerate the oxidation leading to the formatibimwa- and/or intermolecular disulfide
bonds and thus, to the potential formation of p@yimaggregates. However, it turned out
that CueR in its highly positively charged form endcidic condition binds tightly to the
negatively charged DNA being another reason focipiation. Streptomycin sulfate, a water
soluble antibiotic binding to the bacterial ribosmrs a widely used agent to precipitate
nucleic acids. In our experiment streptomycin galfzaused not only the removal of nucleic
acids, but most of the CueR protein disappearead thee solution, too (data not shown). This
necessitated a change of the purification strategy.

In order to perform anion exchange the increagbepH was required. Taking into
account the acid-base properties of the cysteinédloups, pH = 7.5 was chosen for this
procedure. Ng5,0, was added to the samples before and after tredysiells to prevent the
oxidation of CueR. Anion exchange alone was notighdo obtain an adequately purified
CueR (see later in Fig. 6, lane 2). Therefore sdraples were loaded on a gel filtration
column, preceded by a concentration step. Howgwvecijpitation was observed during the
ultrafiltration step (data not shown). This experithwas repeated in the presence of DTT as
a reducing agent and argon-flushed buffers buptieipitation could not be avoided. The
precipitated proteins were analyzed with sodiumedgtisulfate polyacrylamide gel
electrophoresis (SDS-PAGE) showing two clear bamdthe gel: a ~ 15 kDa size protein
expected to be CueR, and an unknown protein wsiieaof ~ 45 kDa (Fig. 3). The latter
protein appeared in all fractions of the previousfration steps (even in gel filtration
experiment separating the molecules based ongizely together with the target CueR

molecule.

Fig. 3— near here

The two bands were cut from the gel and analyzéla peptide mass fingerprinting.
As a result of this procedure the 15 and 45 kDaepne were identified as the CueR



(CUER_ECOLI) and an Elongation factor®f coli(EFTU1_ECOLI), respectively. The most
intense peaks of the mass spectra obtained frofatitiem and upper protein band matched
to CueR with 44 %, and to the Elongation factoihvi8 % sequence coverage, respectively.
CueR co-precipitated with another nucleic acid iggrotein, an elongation factor,
suggesting that CueR interacted with this elongataator through DNA. Therefore, we
expected that CueR precipitation might have beexgmted by digesting DNA with DNasel
enzyme before the first chromatographic step. ldd€eieR precipitation was not observed in
further downstream anion exchange and gel filtrafiarification steps after digesting DNA
with DNasel. However, the purity of the CueR comitag fractions collected from the gel
filtration column was found to be insufficient (datot shown).

In order to achieve better separation, we starteebapurification procedure by
loading the DNasel digested mixture directly omicaaion exchange column. After this step
affinity chromatography purification by a Hepariolemn and a subsequent anion exchange
were introduced. The glycosaminoglycan heparin mentihe polyanionic structure of nucleic
acids. Consequently, nucleic acid binding protesush as CueR show a strong affinity to
heparin, too. One may notice that heparin carrgggmtive charges, and thus it can also work
as a cation exchange column. However, in our sy#tenpositively charged proteins were
removed in the flow-through fraction of the precgpanion exchange step. Anion exchange
was introduced as the third chromatographic steperprotocol. This was necessary because
a ~ 31 kDa protein contamination appeared in thleaed fractions, in addition to CueR,

when gel filtration was applied directly after affy chromatography (Fig. 4).

Fig. 4 — near here

The separation of CueR from the ~ 31 kDa proteis stwaccessful in the purification process
complemented with this second anion exchange,dotred between the affinity purification
and gel filtration steps. A Source 30 Q 16/13 calumas selected, with a higher resolution as
compared to that of Sepharose FF. The anion exehaintis step was performed at pH = 7.0
(Fig. 5C). The final gel filtration produced a siegvell separated peak (Fig. 5D).

In summary, pure CueR fractions were obtained énfolur-step chromatographic
procedure (Fig. 5), preceded by the digestion ®NA, as it was reflected by the SDS-
PAGE analysis (Table 1, Fig. 6). The average yedd 4 mg protein per 1 L culture.

Table1l — near here



Fig. 5— near here

Fig. 6 — near here

Analysis of the integrity of the purified protein

The monoisotopic molecular mass of the singly gedr(MH") intact CueR was
determined as 15225.5 Da by deconvolution of thesnspectrum. This value is in a good
agreement with the theoretically calculated protedanonoisotopic mass of 15226.6 Da. In
order to investigate the oxidation status of th&teipe residues, a collision-induced
dissociation (CID) was performed. The ion at 8z (z = 17) was chosen for fragmentation
in the ion trap. The most abundant fragment ped8at66m/z(z = 3) was further
fragmented and identified as the C-terminal PGDDERDENLSGCCHHRAG part of the
protein (Fig. 7). Analyzing the M&pectrum showed that the majority of the peaks
corresponding to sequences containing various nuofl@ys residues e.g. theyy
[LSGCCHHRAGT, y: [CCHHRAGT" and y: [CHHRAG]" display masses expected from
the reduced forms. Signals of fragments with altideibridge typically between Cys129 and
Cys130 represent only a small fraction of the Coefecules. The fact that during ion-trap
CID experiment the protein was broken between C¥siid Pro113 indicates that Cys112 is
not linked to the other Cys residue (Cys120) ofrttegal ion binding loop through an
intramolecular disulfide bridge. All in all, fronhé MS’ experiment we have a clear evidence
that all of the four Cys residues can be kept @rtreduced form in the large majority of the

protein molecules.
Fig. 7 — near here
Characterization of the purified CueR
The solution structure of the protein was teste€Byspectroscopy. The recorded
spectrum (Fig. 8) is characteristic for proteirattare rich irn-helices, in agreement with the
crystal stuctures of the metal-bound forms of C(leBB id: 1Q05, 1Q06, 1Q07 [11]). The

evaluation of the CD spectra by BeStSel prograndgot~ 43%u-helical content [22].

Fig. 8 — near here

10



The electrophoretic mobility shift assay (EMSA)arlg shows that the specific 35 bp
long DNA fragment (the €opApromoter region of the regulatedpAgene) is shifted in the
gel in the presence of the protein (Fig. 9). Simgikect was not observed with the non-
specific DNA. This undoubtedly verifies the propeliding of the CueR, which functions as a
specific DNA binding protein recognizing the promiosequence.

Fig. 9 — near here

Conclusion

In this work, we described an alternative purifica strategy for a cysteine containing
nucleic acid binding protein, the copper-effluxutgor CueR. In a previously published
method, based on the purification protocol of atexl MerR family member protein ZntR,
the proteins were precipitated before the chromraggc purification. Such steps often lead
to a significant loss of proteins, and the re-fogdmay also be problematic. Consequently,
instead of the precipitation step, we removed tidaic acids by enzymatic digestion
followed by a multi-step chromatographic procedwrachieve a proper protein separation.

This four-step purification method resulted in Ryarotein samples of high purity
(Table 1) with an the average yield of 4 mg profeam 1 L culture. It is worth mentioning
that the yield can be increased and the procesbeahortened by the elimination of the

second anion exchange step, if the very high pofithe protein is not crucial.
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Table 1: Purity of CueR after the consecutive steps of tiréfipation as estimated from
SDS-PAGE analysis.

Step Purity (%)
Crude extract 1
Nucleic acid digestion 1

Sepharose column (pooled peak) 20
Heparin column (pooled peak) 80
Source column (pooled peak) 95
Sephadex column (pooled peak) 99
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Caption of Scheme and Figures

Scheme 1: During the CID experiments, the peptides are fraigied at the amide bonds
along the backbone, generating b- and y-type fragmas [20].

Fig. 1: The crystal structure and the amino acid sequehttee Ctrbinding CueR (PDB id:
1QO05 [11]). Gray-scale coding applied for the vasidlomains: the DNA-binding domains
are marked with white, dimerization helices withli grey, metal-binding domains with dark
grey and Cliions with black spheres. (The sequence of a fragmith unresolved structure

is italicized.)
Fig. 2. Flow chart of the four-step chromatographic paafion protocol.

Fig. 3: SDS-PAGE image of the precipitated proteins whi inolecular weight standard
given in kDa.

Fig. 4: Chromatogram of gel filtration and SDS-PAGE anialyd the combined and
concentrated CueR containing fractions obtainea pnocedure without performing a second

anion exchange between the affinity chromatogragptd/gel filtration steps.

Fig. 5: Representative chromatograms of the various patitin steps (dotted lines denote
the collected fractions). The dashed lines showp#reentage of the applied, high ionic
strength buffer during the elutioA: first anion exchange on a Sepharose FF 16/10voglu
B: affinity purification on a Heparin FF 16/1Q; second anion exchange on Source 30 Q
16/13;D: gel filtration on HiLoad Superdex 75 26/600 wiglcratic elution.

Fig. 6: SDS-PAGE analysis peformed at the various stafyfee@urification.
M: molecular weight standard given in kDa; 1: suy¢ant, 2: sample after the first anion
exchange; 3: sample after affinity purification;sédmple after the second anion exchange;5:

sample after gel filtration; 6: final concentratainple.
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Fig. 7: MS® CID spectrum of CueR showing fragments of
[PGDDSADCPIIENLSGCCHHRAGT from the C-terminal part of the protein. The expdc
m/zvalues calculated by Protein Prospector prograsiaown in the table. Identified

fragments from the spectrum are highlighted in laoid italic.

Fig. 8: CD spectrum of CueR in 5 mM HEPES buffer recorntea 0.2 mm quartz cell.

Fig. 9: Gel mobility shift assay with CueR and 35 bp sfieand non-specific DNA
fragments. Lane 1 and 6 contain the 100 bp DNAdads marker. The free specific and non-

specific DNA samples are in lanes 2 and 3 respelgtivane 4 shows the effect of CueR on

the specific DNA while lane 5 represents the eftdd€ueR on the non-specific DNA.
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Highlights

- Bacteria transcription factor CueR was expressed and purified

- DNA content of the lysed cells were removed by enzymatic digestion

- The four step chromatographic procedure yielded the pure metalloregul atory protein
- CD spectrum of CueR is characteristic for proteins with high a-helical content

- Functionality of the purified protein was proven by gel mobility shift assay



