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ABSTRACT. A small metal-binding protein (SmbP) with no known similarity to other proteins in current
databases was isolated and characterized from the peripladiitrofomonas europaedhe primary
structure of this small (9.9 kDa) monomeric protein is characterized by a series of 10 repeats of a seven
amino acid motif and an unusually high number of histidine residues. The protein was isolated.from
europaeawith Cu(ll) bound but was found to be capable of binding multiple equivalents of a variety of
divalent and trivalent metals. The protein was overexpressé&sdéherichia coliand used for the study

of its metal-binding properties by UV/vis, circular dichroism (CD), and electron paramagnetic resonance
(EPR) spectroscopy and equilibrium dialysis and isothermal titration calorimetry. The protein was found
to bind up to six Cu(ll) atoms with dissociation constants of approximately®l for the first two metal

ions and approximately 10M for the next four. Binding of Cu(ll) resulted in spectroscopic features
illustrating two distinctive geometries, as determined by EPR spectroscopy. The levels of SmbP in the
periplasm were found to increase by increasing the levels of copper in the growth media. This protein is
proposed to have a role in cellular copper management in the ammonia-oxidizing badieeunopaea

Copper is an essential element in living cells and is a lithotroph. This organism derives its energy requirements
cofactor in a large number of enzymes. It is also toxic at from the oxidation of ammonia to nitrite (for a recent review,
elevated concentrations, and several systems that regulatsee Arp et al. §)). The genome ofN. europaeahas been
copper concentrations and confer copper resistance in arecently sequenced®)
variety of organisms have been characterized?). There We describe here the characterization of a novel small
are a variety of proteins that transport or facilitate copper metal binding protein (SmbP)solated from the periplasm
efflux. These include the CopABCD and PcoABCD ho- of N. europaegoroposed to have a role in cellular copper
mologous systems éfseudomonas syringamdEscherichia management in this ammonia-oxidizing bacterium.
coli, respectively, which confer copper resistance to Gram-
negative bacteria by sequestering copper in the periplasmMATERIALS AND METHODS
and outer membran&,(4). There are also a variety of copper

chaperones) and copper transporters, such as the copper Fisher Biotech. Ni-NTA HisBind resin was obtained from

Giverse set of proteins that ct as metal sponges” and contaif /20en- Native and SDolyacrylamide gel cectrophore:
high numbers of cysteine8,(5). Another class of proteins sis were performed using equipment and reagents from Bio-

that miaht have a role in  requlation and irati nRad. Proteins were visualized with Coomassie Brilliant Blue
that might have a role In copper regufation and sequestrationg,_, 5 (Bio-Rad). Plasmid purifications and isolations were
in plants are the metallohistins, a new class of small histidine-

. X . . done using the GenElute plasmid miniprep kit (Sigma).
rich proteins recently characterized, which are capable OfGenomic IgNA was purified Esing the DNX isglatior(l ki% for)
binding multiple metal ions7).

cells and tissues from Roche Applied Science. Y&NA
epolymerase and restriction enzymes were obtained from New
England BioLabs. Nucleotides were obtained as the PCR

Materials. Luria—Bertani (LB) broth was obtained from

number of hypothetical proteins or proteins of unknown

function fr_om a variety of organisms. Qne key criterion I\ cjeotide mix from Roche Applied Science. DNA isolations
the selection of genomes for_ sequencing projects has_ beerfrom agarose gels were done using the QIAEX Il gel ex-
to choose organisms from unique environments, establishing, - tion kit (Qiagen). Isopropyl-1-thif-b-galactopyranoside

a diverse source of genetic information, while also offering (IPTG) was obtained from Calbiochem and Benzonase
the Opportunity to uncover new a_md novel proteins. One SUChnuclease was from Novagen. All other chemicals and
organism is the ammonia-oxidizing bacterilditrosomonas

europaea which fills a specific niche as a chemoauto-

1 Abbreviations: SmbP, small metal binding protein; IPTG, isopro-
pyl-1-thio3-p-galactopyranoside; PDB, Protein Data Bank; LB, Lutia
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biochemicals were of the highest purity available, purchased EcoRl and Hindlll (present downstream o$mbPin the
from Sigma-Aldrich, and were used without further purifica- genomic sequence), and ligated into pET-30a(Novagen)
tion. Oligomer synthesis and DNA sequencing were carried digested with the same enzymes. DNA was ligated with T4
out by the DNA laboratory at Arizona State University. DNA ligase. The new plasmid pSMBP was used to transform
Bacterial Strains and Growth Conditionblitrosomonas E. coli DH5a calcium chloride competent cells by heat shock
europaea(ATCC 19718) was obtained from the American (11). After 1 h of growth in 1 mL of LB media, the cells
Type Culture CollectionEscherichia colDH5a. competent ~ were pelleted and streaked onto LB plates containing

cells were obtained from Life Technologies aid coli kanamycin (30ug/mL). Individual colonies were selected
BL21(DES3) cells were obtained from Novagéh.coli cells and analyzed by restriction digest to confirm correct plasmid
were grown on LB broth at 30C. Kanamycin (3Qug/mL) incorporation. The plasmids were purified and transformed

was added for selection and maintenance of plasmid-into E. coli BL21(DE3) calcium chloride competent cells
containing clonesN. europaeawas grown as described by heat shock. Clones were isolated in the same manner as

below. described above and used for expression. The clone selected
Purification of SmbP from N. europaea. N. europaes for further work was sequenced to confirm the sequence.
grown as previously described@). To 1.5 L of autoclaved Purification of Recombinant ProteinCells of E. coli

optimal growth media (50 mM (NpLSO4, 48 mM KHPQO,, BL21(DE3) harboring the pSMBP plasmid were grown in
2 mM NaHPQO,, 5 mM K,CO;s, 1 mg/L cresol red, pH 8.0) 1.0 L of LB media containing kanamycin (3@/mL) at 25

in a 2 L baffled flask, 10 mL of a sterile metal salts solution °C. The cells were grown to af%go of 0.5, induced with 50
was added to bring the media to 20M CaCk, 750 uM mg of IPTG, grown for an additional 4 h, and harvested at
MgCly, 875 nM of CuC}, and 16uM Fe-EDTA. The cultures ~ 700Q@ for 7 min. Recombinant SmbP was purified as
were inoculated with a frozen stock &f. europaeacells described above for the wild-type protein with some modi-
and grown at 30°C, while adding aqueous KOs to fications required for the larger cell paste obtained viith
maintain the pH above 7.0 until the culture reached stationary coli. A detailed purification protocol is included in Support-
phase ¢20 mM nitrite). Following growth, cells were ing Information. Apo-SmbP was prepared by dialyzing the
harvested at 70@Dfor 7 min. purified protein against 5 mM EDTA in 30, followed by

To prepare a periplasmic fraction, the following osmotic extensive dialysis against distilled water. It should be noted
shock protocol was used. The harvested cells were resusthat SmbP has been stored for several weeks in deionized
pended in 20 mL of sucrose solution (30 mM THEI, pH water without any noticeable degradation (as determined by
8.0, 20% sucrose) and 1.0 mM EDTA and incubated at 25 SDS-PAGE).
°C for 20 min with gentle stirring. The cells were pelleted Determination of Protein Concentratioifhe determina-
at 10 00@ for 7 min, and the supernatant was carefully tion of the protein concentration by the absorbance at 280
removed. The pellet was resuspended in 2 mL of ice-cold 5 nm is not possible because SmbP does not contain any
mM MgSQ, solution and 1QL of protease inhibitor cocktail ~ aromatic residues. Quantitative amino acid analysis of
(Sigma). The suspension was placed in 2 mL microcentrifuge purified SmbP was carried out at the Protein Laboratory
tubes and pelleted at maximum speed (14 000 rpm) for 4 Facility at Arizona State University, as described in Sup-
min, yielding the periplasmic fraction in the supernatant.  porting Information. The amount of protein, as determined

The supernatant was loaded onto a column (0.75xcm by amino acid analysis, indicated that the determination of
10 cm) of Ni-NTA His'Bind metal affinity resin (Novagen).  the concentration of SmbP by the simple ultraviolet spec-
The column was washed with one column volume of wash trophotometric analysis of WaddelllZ) resulted in an
buffer (50 mM K,HPQ,, 500 mM NaCl, 25 mM imidazole,  overestimation of the protein concentration. The modified
pH 8.0) to remove unbound proteins, and SmbP was elutedequation 90f;;5 — Azzs) Was routinely used for the deter-
with one column volume of elution buffer (50 mMMKPQ,, mination of the concentration in micrograms per milliliter
500 mM NacCl, 500 mM imidazole, pH 8.0). of SmbP in HO.

Expression of SmbP at Varied Copper Concentrations  N-Terminal Sequencin@lALDI-TOF Mass Spectrometry,
Early work in our laboratory suggested that cellular con- and Gel Filtration ChromatographyThe N-terminal se-
centrations of SmbP might fluctuate with copper concentra- quence of wild-type and recombinant SmbP was determined
tions in the growth media. In a controlled experiment, by Edman degradation. The molecular mass of SmbP was
cultures were prepared as describe above without thedetermined by MALDI-TOF mass spectrometry, and the
inclusion of Cu(ll). Copper was then added from a stock molecular mass of SmbP under native conditions was
solution of CuC]} to a final concentration of 2.62M (high determined by gel filtration chromatography (see Supporting
copper culture) or 0.87aM (normal copper culture) and  Information).
excluded from the no-copper culture. The relative amounts  Circular Dichroism (CD) of SmbPCD spectra were
of SmbP and other periplasmic proteins were determined byobtained at 25°C on a Jasco J710 spectropolarimeter.
SDS-PAGE. Experiments were carried out in water using cells of 1 mm

Construction of SmbP Expression Vector pSMBRe path length for spectra recorded in the UV region (290
region upstream of thembPgene (NCBI protein accession 260 nm) and 1 cm path length for spectra recorded in the
number NP_842452) and associated ribosomal binding sitevisible region (406-800 nm). The pH was maintained at
from N. europaeawas amplified by PCR using the oligo- 7.5 by adding small portions of 0.1 M NaOH or 0.1 M HCI.
nucleotides 5 GGAATT CCCCTG CGTATT CGCCGT  The addition of Cu(ll) to apo-SmbP was performed using
GTTG 3 and 3 GGATAA CTCCGC TTTTGG TTGGC 3 small aliquots from a stock aqueous solution of Gu@ll
and genomic DNA isolated fronN. europaea The PCR CD spectra are expressed as the difference in molar ellipticity
product was isolated from an agarose gel, digested with (Ae = ¢/ — ¢;; M~ cm™).
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Absorption SpectroscopWV —visible electronic absorp- A. SmbP Sequence (following N-terminal cleavage)
tion spectra were obtained on a Shimadzu UV 1601 double- ﬁ:mmﬁkmemﬁgggggﬁﬁzf@
. ED

beam spectrophotometer using 1 cm path-lgngth quartz VGHATKHAQEATEHLRASHEKSH

cuvettes. Measurements done in phosphate, Tris, PIPES, and

HEPES resulted in either the precipitation of copper or B. Ten Sets of Seven Residue Repeats
spectroscopic interferences due to bufferetal interactions, SG [HTAHVDE] Elgfmﬂg E:l’;HGKE} i::ig'
as determingd_ py running controls with_ puffer and metal [GNTHVGH] [GIKHLED] [ATKHGEE] GHVGH-
alone. To minimize these problems, YVisible measure- [ATKHAQE] [ATEHLRA] SHEKSH

ments were conducted in deionized water. Cu(ll) and Fe(lll) Ficure 1: SmbP primary sequence analysis: (A) illustration of
were chosen for spectroscopic absorption analysis becausghe primary sequence for the SmbP protein following the N-terminal
they exhibit distinct spectral features when added to Smbp. cleavage of the leader sequence that directs SmbP to the periplasm;

o H . __(B) depiction of the 10 sets of repeated amino acid residues from
The addition of metal ions to apo-SmbP was performed using jhe sequence, which make up the highly conserved seven residue

small aliquots from stock aqueous solutions of Guat motif.

FeCk. The pH was maintained at 7.5 by adding small

portions of 0.1 M NaOH or 0.1 M HCI. that might direct it to the periplasm. This result correlated
Equilibrium Dialysis ExperimentsCu(ll)-binding mea- well with the predicted results from the signalP sendet, (

surements by equilibrium dialysis were conducted following 15). The cellular location was confirmed by isolation of the
a modification of the method of Jensen et aB)( A detailed protein from the periplasm dfl. europaea

experimental protocol is included in Supporting Information.  The mature peptide is 93 amino acids in length. The
Isothermal Titration Calorimetry SmbP titrations with molecular mass of the protein as determined by MALDI-
Cu(ll) were performed on a MicroCal OMEGA calorimeter TOF mass spectrometry (9866 Da) is in perfect agreement
at 30°C. Solutions of 106-150 uM of SmbP in either 30  to the theoretical value of 9865.6 Da. SmbP was determined
mM MOPS (pH 7.5) or 30 mM MES (pH 7.0) were titrated to be monomeric by gel filtration chromatography. In a
with 10 mM aqueous Cuglin H,O. The reaction cell  Sephadex G-75 column, SmbP elutes after carbonic anhy-
contained 1.5 mL of the protein solution in buffer. Cu(ll) drase (29 kDa) and before aprotinin (6.5 kDa) but coelutes
was added in 1..L increments at 180 s intervals. Blank with cytochromec (12.4 kDa) (results not shown). The same
injections of metal solution in yD into corresponding buffer  elution profiles were obtained in the absence and presence
in the absence of protein were used to account for the heatsof Cu(ll) in the buffer. The formation of oligomeric forms
of mixing and dilution. The binding constants were estimated of SmbP was not detected under these conditions.
from the obtained isotherms using the calorimetric analysis  This unique protein is distinguished by 10 sequential
program Origin and were fit to two sets of independent sites rgpeats of a seven amino acid motif characterized by an
because this provided the best fit for the data. absolutely conserved histidine residue in the fourth position
Electron Paramagnetic Resonance (EPR) Spectroscopy.and conserved residues at each of the other six positions
Wild-type and recombinant SmbP were analyzed by EPR (Figure 1). Extensive searches of the current databases did
spectroscopy. Samples of apo-SmbP were titrated with not identify any proteins with significant homology. The
increasing equivalents of Cu(ll) from a stock solution of protein, as isolated fron\. europaeahad approximately
CuCk. Once the metal was bound to the protein (as indicated one copper atom bound per protein molecule.
by the change in color after several seconds), 50 MM HEPES, gmbp is characterized by an unusually high number of

pH 7.5, was added to each sample to maintain the pH. hisigine residues (17%). The apoprotein has negligible
Alternatively, samples of apo-SmbP in 50 mWethylmor- 5pgrhance between 260 and 280 nm resulting from the lack

pholine, pH 7.8, were titrated with increasing equivalents ¢ tryptophan, tyrosine, and phenylalanine residues. The
of Cu(ll). EPR spectra were recorded on a Bruker EIexsys pqain also does not contain any methionine or cysteine

580 spectrometer at 125 K. The wild-type sample spectrum yegiqyes. Besides histidine, the protein is primarily an

was obtained as an average of 30 scans over the region fro”hssembly of alanine (16%), glutamate (14%), glycine (11%),
240 t0 360 mT, using a microwave power of 1.0 mW, a 4y |ysine (9%), accounting for 67% of the amino acid

modulation amplitude of 0.8 mT, a time constant of 81.92 ., mnosition. The percentage of nonpolar amino acids is also
ms, and a microwave frequency of 9.41 GHz. Spectra of ey ow, although a nonpolar residue is the predominant
recombinant SmbP were obtained as an average of two scangming acid for the second position of the seven-unit repeat

over the region from 240 to 460 mT using the same

parameters and likely contributes to the stabilization of a hydrophobic

core. The protein is simple in design and nature, and
RESULTS secondary structure predictions suggest that the protein is a

four a-helix bundle {6—18), corresponding closely with the

SmbP is a Monomeric Periplasmic Proteih small ~ four sets of repeats depicted in part B of Figure 1.

abundant soluble protein of unknown function (NCBI ac- SmbP was cloned intd&. coli to provide the larger
cession number NP_842452) was isolated and purified from quantities of protein required for spectroscopic studies. It
N. europaeaProtein sequencing revealed that the amino- was found tha€k. coli also processes the protein, cleaving
terminal sequence of this protein (SGHTAHVDEAV) matched the leader sequence and transporting the mature protein to
a region of 24 amino acids downstream of the putative the periplasm. Osmotic shock, followed by nickel affinity
N-terminus of an unknown protein from the genome\bf chromatography, yields quantities greater than 50 mg of
europaegNCBI accession number NP_842459), (possibly highly purified recombinant SmbP per liter of cells (Figure
indicating that the gene included a cleaved leader sequencesl).
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Ficure 2: Periplasmic levels of SmbP. The level of SmbP (just 4
above 7 kDa standard) in the periplasmic fraction from cultures 32

grown with no added copper (lane 1) are noticeably lower than the

levels under normal (0.8M) and high copper (2.6M) concentra- — 24

tions (lane 2 and 3). SmbP binds tightly to metal chelating affinity ‘e 16

columns and elutes under high imidazole concentrations (250 mM) ©

(lane 7). Lane 4 is a New England Biolabs prestained protein s %8

standard with the bands labeled in kDa. w0
<

Cellular Levels of SmbP Are Affected by Copper Con- 08

centration As isolated fromN. europaeaSmbP was found
to contain bound copper. To determine whether the levels 2alb o
of copper in the growth media affect the concentration of 400 450 500 550 600 650 700 750 800
SmbP, an experiment was conducted in wHicheuropaea wavelength (nm)

was grown at varying concentrations of Cu(ll) and the Ficure 3. Panel A shows the UV CD spectra (19850 nm) of
relative amounts of SmbP in the periplasmic fraction were @P0-SmbP and SmbP (284, pH 7.5, no buffer) with 1 equiv of

. . - Cu(ll) bound. Spectra for 2 and 5 mol equiv of Cu(ll) are not shown
determined by SDSPAGE. In this experiment, cultures of because they are virtually identical to the 1 mol equiv of Cu(ll).

N. europaeawvere grown under the same conditions except panel B shows the visible CD spectra (4@D0 nm) of SmbP (250
for copper levels in the media. SBPAGE gels of the  uM, pH 7.5, no buffer) titrated with increasing equivalents of Cu(ll)
periplasmic proteins obtained at various Cu(ll) concentrations (0, 0.8, 1.4, 2.7, 3.7, 4.6, and 5.3) from an aqueous solution of
are shown in Figure 2. While protein bands above and below CuCl. Additional mole equivalents of Cu(ll) did not result in further
SmbP were found in similar concentrations, independent of changes in the CD spectra.
the copper concentration, the amount of SmbP is noticeablyhe program Selcon3 in Dichrowelq, 20) indicates an
lower in the culture grown without addition of copper. The increase in thex-helical content following Cu(ll) binding
weight of cell paste obtained for the three conditions was from approximately 65% to 76%.
approximately the same, suggesting that the absence of \jetal Binding Spectroscopic Featuref\po-SmbP is
copper in the media (besides basal levels) did not signifi- gevoid of any spectroscopic signal above 260 nm. Titration
cantly affect ceI_I growth. Furthgr studies indicated tht while of apo-SmbP with Cu(ll) resulted in an absorption feature
the concentration of SmbP in the cell was minimal at centered at 260 nm that increased linearly through ap-
concentrations of Cu(ll) below 100 nM copper, the amount proximately 6 equiv of copper (Figure S2). The addition of
of SmbP began to increase when levels above 300 nM Cu(ll) cy(il) also led to changes in the spectral features between
were added to the media (results not shown). 400 and 800 nm (Figure 4). In this region, addition of copper
Circular Dichroism of SmbP Confirms au-Helical led first to a feature centered at 550 nm for the first 2 equiv
Structure Predictions of the secondary structure of SmbP and a second feature centered near 625 nm for increasing
suggest a predominantty-helical structure. To confirm this  equivalents. The change in absorbance in this region was
prediction, circular dichroism studies in the UV region were found to also increase linearly through the same 6 equiv of
conducted on samples of SmbP in the absence and presenceetal, while addition of excess copper did not result in a
of Cu(ll) at pH 7.5. The results indicate that the protein is further significant increase. The extinction coefficient at 625
comprised primarily ofo-helices, as determined by the nm for the fully Cu(ll)-loaded protein is 420 M cm™ (with
presence of the two peak minima at 208 and 222 nm (Figurean average of 70 typical of a type Il Cu(ll)-dl transition
3A). Analysis of the CD spectrum using the program Selcon3 (21).
in Dichroweb (9, 20) suggests approximately 69% helical CD experiments in the visible region were conducted with
content, correlating well with predicted results from the SmbP at increasing concentrations of copper. When Cu(ll)
PROFsec secondary structure prediction progran&8¢o) is added to apo-SmbP, CD bands arising due tedd
(16, 17). The near-UV CD spectra of the apo- and copper- transitions and Nidazole to Cu(ll) charge transfer appear in
bound SmbP at pH 7.5 are similar (Figure 3A). The only the visible region (Figure 3B). After the addition of 1 equiv
difference observed is a small increase in the intensity of of Cu(ll), a positive CD band at 490 nm and a negative CD
the positive CD band at 192 nm, indicating that Cu(ll) band at 578 nm are observed. Addition of increasing
binding to SmbP increases the helicity of SmbP. Analysis equivalents of Cu(ll) resulted in an increase in the intensity
of the UV CD spectra of apo- and Cu(ll)-bound SmbP using of the CD band at 578 nm and the appearance of a new broad

-1.6
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Ficure 4: Absorbance changes resulting from copper(ll) titration
of SmbP. Absorption spectra of recombinant SmbP (467 ' ' ' ' ' ' '
titrated with increasing equivalents of Cu(ll) are shown. A plot of ez 4 & 8 0 24 16 18
the absorbance at 550 and 650 nm versus increasing equivalents Molar Ratio

of Cu(ll) is shown in the inset.

kcal/mole of injectant

Ficure 5: Calorimetric titration of SmbP with Cu(ll): (A) raw
data for 1.5uL injections of 10 mM copper chloride into the

" ; : reaction containing 1.5 mL of 100M SmbP in 30 mM MOPS,
positive CD band at 760 nm. The intensity of the band at pH 7.5; (B) integrated data after subtraction of a control experiment

490 nm does not increase with increasing equivalents of iy the absence of protein. Curve fiting was performed by a
Cu(ll), but the bands at 578 and 760 nm increase in intensity sequential iterative fit of the thermodynamic parameters to two sets
until approximately 6 equiv of Cu(ll) has been added. These of sites using the program Origin. Exclusion of the first data point
transitions become observable by CD only when Cu(ll) is resulted in an improvement in the standard errors of the iterative
in a chiral ligand environment, and thus trace amounts of i
aqueous copper ions are not detected. 0.55x 107 to 1.4 x 10’ M~ and reaction enthalpiedH;,
Fe(lll) was also selected for the characterization of the ranged from—1.3 x 10* to —1.4 x 10* cal/mol. For the
metal binding properties of SmbP by UV/vis spectroscopy. lower affinity site, values oK, ranged from 0.59% 1(° to
Titration of recombinant SmbP with Fe(lll) resulted in two 2.5 x 10° M2, and reaction enthalpieAH,, ranged from
absorption features centered at 260 and 355 nm, respectively—0.9 x 10* to —1.0 x 10* cal/mol. These values included
that increased linearly through approximately 6 equiv of iron fits where the number of metal atoms per site were forced
(results not shown). After 6 equiv, further addition of Fe(lll) to 2 (1.97 actual) and 5 (4.79 actual), while in other fits,
did not result in additional increase in the intensity of these they resulted in approximately 2.4 and 5.5 sites, allowing
peaks, indicating that at least six Fe(lll) ions are bound to for the best possible fit. The ratio of the equilibrium constants
SmbP. for the two sites is approximately 100, indicating a significant
Measurements of Cu(ll) Binding to SmiiMalysis experi- difference in the affinities of the two sites. The two sites
ments were conducted to determine the Cu(ll) to protein display negative cooperativity based on the biphasic features
binding ratio under equilibrium conditions. Under these of data.
conditions, SmbP reached a binding capacity of two to three EPR Characterization of Metal Binding SitéBhe EPR
Cu(ll) ions per SmbP molecule. This value is smaller than spectrum of wild-typeN. europaes&BmbP required 30 scans
that determined by UV/vis spectroscopy and did not allow to refine the spectra from background noise. By comparison,
a precise determination of the binding constant (results notthe spectrum of recombinant SmbP dialyzed against copper
shown). only required two scans because the concentration of Cu(ll)
To further examine the nature of Cu(ll) binding and to in this sample was much higher. However, the spectra
determine the binding constants of the various metal-binding obtained for the two proteins did not overlay well. The origin
sites on SmbP for Cu(ll), isothermal titration calorimetry of this difference was determined by preparing samples of
studies were conducted (Figure 5). These experiments wereapo-SmbP titrated with increasing equivalents of Cu(ll)
performed in MES (pH 7.0) and MOPS buffer (pH 7.5) (Figure 6). A good match between the spectra of wild-type
because both buffers have been shown to have negligibleand recombinant protein was found when only one or two
interference with copper. Samples of buffer alone were also copper ions were bound per molecule of SmbP. The results
titrated to subtract the background difference related to the also indicate a clear difference between at least two separate
buffer. The resulting isotherms were fit to a model for two and distinct copper binding sites.
sets of sites using the program Origin. Data were fit by  Spin integration of the EPR spectra versus equivalents of
several suggested methods, either forcing the values for Cu(ll) added, shown as an inset in Figure 6B, shows that
(number of metals per site) to whole numbers (2 for the first the signal intensity increases linearly up te® equiv of
site) or by using the protein concentration determined Cu(ll), confirming the binding stoichiometry of Cu(ll) to
spectrophotometrically. In each case, significant differences SmbP. The addition of further mole equivalents results in
were found between the binding constants of the two sets ofno further increase in the intensity of the EPR spectra. Cu(ll)
sites. For the high-affinity site, values &% ranged from ions in HO at pH> 7 give a largely EPR silent signa2?)
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T T T T T DISCUSSION
N. europaea SmbP A

30 Scans A small periplasmic metal binding protein (SmbP) was
isolated from Nitrosomonas europaedy metal affinity
chromatography. This protein was sequenced and determined
3.5x to be the mature form of a small protein with an unusually

M high percentage of histidine residues (17%). The protein has
M a unique sequence with no homology to any other protein
1.5x in current databases. In addition to the large number of

7 eq Cu(ll 1.0x histidines, it contains a high number of acidic residues, as
well as alanine and glycine, but lacks any aromatic or sulfur-
containing residues. A deeper investigation of the primary
sequence of the protein revealed a repeating motif of seven

! ! ! ! . amino acids with histidine as the absolutely conserved fourth
260 280 300 320 340 360 residue. Secondary structure predictions indicated that SmbP

Magnetic Field (mT) likely consists of foura-helical bundles, most likely corre-

sponding to the four regions of the repeated motif shown in
part B of Figure 1.

The protein was of particular interest because it is unique
to this organism. A protein BLAST searcB1) of the more
than 140 bacterial genomes currently available did not
identify any protein with significant similarity. Analysis of
the periplasmic fraction oN. europaearevealed that this
protein is produced in high quantities (one of the four
strongest bands in lanes 2 and 3 of Figure 2), and additional
experiments withN. europaearevealed that the levels of
SmbP decreased when low concentrations of copper were

used in the growth media. Concentrations of SmbP in the
0 3 6 9 12 . . . .
mol eq Cu(ll) ‘ periplasmic fraction drop dramatically when only background
! L ! ! ! levels of Cu(ll) (below 300 nM) are added to the media
260 280 300 320 340 360 during growth of the organism.
Magnetic Field (mT) . . . "
SmbP was cloned intB. colito provide larger quantities

Ficure 6: EPR analysis of copper(HjSmbP: (A) EPR spectra : : : :
of N. europaedSmbP as isolated (top spectrum) and recombinant of protein. E. coli also processes the protein, cleaving the

apo-SmbP (30Q:M) from E. coli titrated with different mole  leader sequence and transporting the mature protein to the
equivalents of Cu(ll) (1, 2, 4, and 7); (B) SmbP (3GBI) in 50 periplasm. Osmotic shock, followed by nickel affinity
mM N-ethylmorpholine, pH 7.8, titrated with increasing equivalents chromatography, yields quantities greater than 50 mg of
gt(%ﬁgtli)ogoéfoé;Rlé?)é gtr7a ;i?tfe?jll\l/é?sﬁé %1%[9&' ::]nu(jivzliISéggé (I?fogl?éﬁ) highly purified recombinant SmbP per liter of cells. The
to SmbP (inset) indicates that saturation occurs at approximately pro_teln had to b? dialyzed ggalnst EDTA to. _rem.ove any
6—8 mol equiv of Cu(ll). residual metals picked up during growth or purification from

the metal affinity step. EPR and CD spectra of apo-SmbP
and Cu(ll) ions inN-ethylmorpholine buffer at pH 7.8 result  show no Cu(ll)-associated signals, confirming that all
in dramatically attenuated EPR signals relative to Cu(ll) @ssociated Cu(ll) can be removed by dialysis with EDTA.
bound to SmbP, as has been previously reported for theRecombinant SmbP was used in spectroscopic and calori-
binding of Cu(ll) to the amyloig3 peptide 23). metric studies to characterize the metal binding properties
of the protein.
Spectroscopic investigation of the metal binding properties
of SmbP revealed that the protein is able to bind multiple

Recombinant SmbP
1 eq Cu(ll)

Relative Intensity

Relative Intensity

Signal Intensity

[y
1

To further define the electronic features of the two types
of metal binding sites, simulations of the EPR spectra were
done using the updated version of t_he program QPQW( metal atoms including M, Niz*, MgZ*, and Zi*, in
26). The EPR spectrum of SmbP with only 1 equiv of bound oy ition to cd* and F&*, while it seemed to be nonspecific
copper was used for the first simulation. The simulation of ¢, copalt (results not shown). The metal binding stoichi-
this spectrum yielded values for a rhombic center itk ometry of SmbP was determined by a number of techniques.
2.062,g = 2.025,g; = 2.195A0 = 2.5 mT, andy = 21.4  ypon addition of Cu(ll) and Fe(lll), an absorption band in
mT (Figure S3). These spectral features are similar to thosetne 250-260 nm region is observed, as well as ones in the
of model square-planar 4N geometri@s,(28) and related  450-800 and 316-500 nm region for Cu(ll) and Fe(lll),
to a biuret form of copper29), indicating a square-planar  respectively, increasing linearly through 6 equiv of metal,
geometry with four nitrogen ligands. The simulation of the indicating that the protein is able to bind a minimum of six
second site was done using the difference spectra betweemetal ions per protein molecule. CD bands in the visible
4 and 2 equiv of copper bound. This spectra yielded valuesregion due to d&d transitions and Migazole to Cu(ll) charge
for axial centers ofjp = 2.06,9, = 2.32,A5 = 0.5 mT, and transfer are also observed upon addition of Cu(ll) to SmbP.
Ay =17.1 mT (Figure S3). These parameters are indicative Isothermal titration calorimetry experiments of SmbP with
of three nitrogen/one oxygen or two nitrogen/two oxygen Cu(ll) in several buffer systems yielded isotherms with two
ligands with tetragonal symmetrB(@). phases. These results indicate negative cooperativity for the
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binding of metal to two different sites. The results were fit Enterococcus hirag35), and Pseudomonas syringa@).
to a model yielding dissociation constants of G-@72 uM These include a copper ion transport ATPase (NE1019), three
for the first 2 equiv and 416 uM for the next 4-5 equiv copper resistance proteins A, B, and C (NE0279, NE0280,
of metal. In addition, equilibrium dialysis experiments and NE2058), a copper binding protein CopC (NE1491), and
corroborated that SmbP contains a high-affinity binding site an inner membrane copper tolerance protein (NE238P) (
with a dissociation constant in the low micromolar range. Unlike in E. coli, these genes do not appear in clusters. SmbP
The inability to observe the binding of the additional four may prove to be an addition to the assortment of periplasmic
to five copper ions to SmbP by equilibrium dialysis might proteins known to be important in the trafficking and
be related to a competition between these low-affinity binding sequestering of metal atoms such as copperThe failure
sites and Chelex 100, which has been shown to deplete theio find a homologous protein in other organisms might
sample of copper given sufficient time. indicate a specialized role for the protein in the cell and might
Spectroscopic studies have shown that the observed metabe related to the unique and specialized niche filled by the
binding sites have different geometries. SmbP binds the firstobligate chemolithotropiN. europaea which obtains its
2 equiv of copper selectively and with high affinity to a energy for growth from the oxidation of ammonia to nitrite
rhombic site with parameters g@fi and A, suggesting four  through the copper-containing ammonia monooxygerfjse (
nitrogen ligands based on the Peisa&tumberg plot 80) With regards to protein design, four-helix bundles have
and studies of model compound®’). The observed absorp-  been extensively used as models for understanding protein
tion peak near 550 nm is indicative of nitrogen ligand field folding and function and have been used as templates for de
(d—d) transitions and theoretical shifts in energy of d orbital novo design of metal binding site3§, 37). SmbP, proposed
states related to square-planar geomet3& Subsequent  to fold as a four-helix bundle, is capable of binding a large
copper atoms bind with lower affinity to an axial site number of metal ions. We expect that further structural
indicative of three nitrogen/one oxygen or two nitrogen/two studies with this protein should provide important insight
oxygen ligands with tetragonal symmetry based on the into the field of protein folding and metalloprotein design,
Peisach-Blumberg plot 80). The absorption at higher and the determination of the solution structure and protein
wavelengths, centered near 625 nm, is also indicative of folding experiments are currently underway.
mixed ligands 82). While this protein is not classified as a The high amounts of SmbP found in the periplasm of the
blue-copper protein, due to the lack of a cysteine residue asce|| indicate an important role for the protein, while the
a ligand, SmbP exhibits a weak blue absorbance value duesimple framework of repeating motifs, relative stability over
to ligand field (d-d) transitions ¢e2s = 420 M™* cm™* for a broad range of conditions, and specificity of the binding
the fully loaded protein), which is weaker than the charge- make it an interesting protein for further study. Based on
transfer transition absorption feature seen in the UV region the findings from these studies, SmbP is proposed to be a

(€260 = 13 700 M+ cm™). o _ ~metal scavenging protein iN. europaeainduced to deal
Mature SmbP is devoid of sulfur-containing amino acids \yith high concentrations of copper.

but has an unusually high percentage of alanine. In addition,
SmbP contains a large number of histidines (16) and acidic ACKNOWLEDGMENT
residues (3 aspartates and 16 glutamates) that could serve i , . ,
as ligands for the multiple atoms of copper that bind to the W€ thank Jeremy Lewis for assistance with protein
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