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ABSTRACT. We have determined the crystal structure of apo-CusF, a periplasmic protein involved in copper
and silver resistance iBscherichia coli The protein forms a five-strand¢tdbarrel, classified as an OB-

fold, which is a unique topology for a copper-binding protein. NMR chemical shift mapping experiments
suggest that Cu(l) is bound by conserved residues H36, M47, and M49 locafedtiands 2 and 3.
These residues are clustered at one end offtharrel, and their side chains are oriented toward the
interior of the barrel. Cu(l) can be modeled into the apo-CusF structure with only minimal structural
changes using H36, M47, and M49 as ligands. The unique structure and metal binding site of CusF are
distinct from those of previously characterized copper-binding proteins.

Metal levels must be carefully regulated within all organ- system CusRS6j. The CusCFBA system is expected to
isms to balance cellular requirements with potentially serve as a proton-substrate antiporter to remove excess copper
deleterious effects. Copper, in particular, because of its redoxfrom the periplasm ). Three of the components of this
properties, can cause cellular damage when present in arsystem, CusCBA, bear homology to the multidrug resistance
only slight excess. Therefore, almost every organism containssystems, as exemplified by the Tol@crAB system 8).
mechanisms for controlling copper homeostasis. In addition, The fourth component, CusF, is found exclusively in putative
resistance systems, which are either chromosomally encode@opper/silver resistance systems. CusF is located in the
or encoded by a plasmid, have developed, allowing microbesperiplasm and is likely to interact with the membrane fusion
to survive in the presence of amounts of copper that would protein CusB and the outer membrane-spanning protein CusC
otherwise overwhelm the intrinsic copper homeostasis sys-(7) perhaps as a copper chaperone.
tems (). Because of the widespread use of copper in The deletion of CusF results in a more copper-sensitive
antibiotics, algaecides, and pesticides, the presence of such . :

. . . phenotype 7). Its importance is also underscored by recent
copper resistance determinants appears to be on the rise. | . . )
o o . microarray experiments. In response to increased amounts

Escherichia colimainly controls excess copper using two of Cu(ll) (9) or Zn(ll) (10), microarray analyses have shown
differently regulated systems encoded by the chromosometh t th F : - i h'b>t/ th y test |
(2). The first of these is controlled by CueR, which regulates at thecusi-gene transcript exnibits the greatest increase
expression of two genescopA encoding a Cu(l) translo- of any transcript irE. coli
cating P-type ATPase), andcueQ which encodes a Cu- Initial characterization demonstrated that CusF expressed
()-oxidizing multicopper oxidase2( 4, 5). The second  With aStreptag Il (IBA, Gottingen, Germany) sequence for
system, CusCFBA, is controlled by the two-component affinity purification could bind one Cu(ll) per polypeptide
(7). Characterization of this CusF construct bound to Cu(ll)
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Table 1: Crystallographic Parameters and Data Collection Statistics

selenomethionine-CusF

peak inflection remote apo-CusF

unit cell dimensions a=39.05Ab=40.43A,c=44.03A a=39.30 A,

b=39.33A,

c=43.69 A
wavelength (A) 0.9791 0.9788 0.96 0.985
resolution range (A) 50.002.10 50.06-2.10 50.00-2.16 50.06-1.50
total no. of observations 26306 27069 27001 121256
no. of unique reflections 4291 4301 4036 11226
completeness (%) 97.9 (81.6) 97.8 (80.9) 99.9 (99.5) 98.9 (93.1)
multiplicity 6.1(3.2) 6.3 (3.5) 6.7 (5.8) 10.8 (5.0)
Io(l) 31.8(2.3) 33.7 (2.6) 46.2 (7.3) 74.94 (5.16)
Rierge(%0) 9.3(48.2) 7.4 (43.0) 6.8 (29.3) 3.9(39.8)
figure of merit 0.53

aData in Earentheses refer to the highest-resolution shell, for peak and inflectior-22108A), for remote (2.242.16 A), and for apo-CusF
(1.55-1.50 A).

NMR?! spectroscopy to map regions that are involved in Cu- Table 2: Refinement Statistics

(I) binding. These s_tudies _have shown_that CusF has a resolution range (A) 29-21.50
topology and metal binding site that are unique among copper no. of reflections used in refinement 11184
proteins and provide insight into its function. Reacto/Rired® 0.185/0.207
no. of protein atoms/solvent atoms 661/80
EXPERIMENTAL PROCEDURES rmsd for bond lengths (A)/rmsd for bond angles (deg) 0.019/1.728

2 Ryee Was calculated using 538 reflections (4.8%).

Preparation of CusF for Crystallization. E. coBL21-
DE3 cells containing the pASK-IBA3 (IBA) plasmid with
the gene encoding CusF residues88, plus an N-terminal
methionine, Cuskgs, were grown in LB media. After
reaching an Oy, of 0.6—1.0, cells were induced with 200
ug/L anhydrotetracycline (AHT). After growing for-46 h,
cells were harvested by centrifugation and frozen-80
°C. Cell pellets were resuspended in approximately 50 mL
of 100 mM Tris (pH 8.0) and 150 mM NacCl, per liter of
cell culture. Cells were lysed using a French press, and the
insoluble material was removed by centrifugatiorf Gland
3100®). The soluble fraction was dialyzed versus 60 mM
lactate (pH 4.0), which removed a large number of contami-
nating proteins through precipitation, leaving Cgsk in : )
solution. Following centrifugation at 31090the supernatant asymmetric unit. R
was loaded onto a HighPrep 16/10 Sepharose Fast Flow, Crys?al .StF“C‘We Determlnat'lonCrystaIs were flash-
(Amersham) ion exchange column equilibrated with lactate frozen in liquid nitrogen after being transferred to a crystal-

. lization solution enriched to 35% PEG 4000. Data were
buffer. The column was washed with lactate buffer, and then .
X X . measured on crystals cooled at 100 K at NSLS beamline
Cusks_gg was eluted from the column with a linear gradient

. X-26C using an ADSC Q4 detector and an ENRAF-Nonius
from_ 100 to 500 mM NaCl in 60 mM lactate .(pH 4.0). The CAD4 diffractometer. All data were processed and scaled
fractions were run on an SDolyacrylamide gel and using the HKL packagel@). The structure was determined
stained with Coomassie to determine purity. The GugF 9 P AN

containing fractions were pooled and dialyzed against 10 mM using MAD phasing 14) and the selenomethionine-labeled

) rotein. Three of four expected selenium positions were
Tris (pH 8.0) and 10 mM NaCl and then concentrated to 70 b .
mg/mL for crystallization. From visualization on a Coo- found by SOLVE, version 2.086). Phases were computed

. : ' : . to 2.0 A, and solvent flattening rounds were performed (30%
massie-stained SDS gel, the final material was judged to be U i
greater than 95% pure. solvent) using RESOLVE1p). The quality of the maps

) . . - allowed autotracing and refinement of 65 residues by
To obtain Cusk-gs enrlched with s_e!enomethu_)nlne, BLZl RESOLVE. This structure was used as a starting model for
DE3 cells were grown in M9 minimal medium. Fifteen : . ;
; i . . the native data set. The structure was refined using Refmac5
minutes before induction with AHT (when cells reached an

ODgoo Of approximately 0.3), 100 mg af-lysine, 100 mg (17) with manua_l rebuilding using COO'IlQ_. Data mea-
: . surement, phasing, and refinement statistics are given in
of L-phenylalanine, 100 mg of-threonine, 50 mg of

. . . : Tables 1 and 2.
9 P IBA3 described by Franke et al7)(was used for the NMR

experiments (CusFigs, hereafter). This construct encodes

1 Abbreviations: AHT, anhydrotetracycline; MAD, multivavelength the full-length CusF, including the periplasmic leader
anomalous dispersion; NMR, nuclear magnetic resonance; PDB, Protein ’

Data Bank; PEG, polyethylene glycol; RND, resistance, nodulation, S€quence _(residuesZZ to —1). This periplasmic _Ieader_
division; SDS, sodium dodecyl! sulfate. sequence is subsequently cleaved from the protein, leaving

(12). Growth was continued for approximateb h after
induction. Protein purification followed as described above.
Crystallization Crystals of apo-CusFss and apo-
selenomethionine-Cuskss were obtained by the hanging-
drop vapor diffusion method. Drops were set up by mixing
2 uL of protein solution with 2uL of reservoir solution [100
mM Hepes (pH 7.5), 20% (w/v) polyethylene glycol (PEG)
4000, and 10% 2-propanol] and equilibrated against 1 mL
of reservoir solution at room temperature. Crystals grew as
long rods or as clusters of rods, with dimensions up to 0.4
mm x 0.4 mmx 1 mm. The crystals are orthorhombic, in
space grou2,2;2;, and contain one Cugkg molecule per
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residue N1 as the natural N-terminus, as verified by parallel arrangement. This arrangement is distinct from that
N-terminal amino acid sequencing (data not shown). After of other previously characterized copper chaperones, which
the natural C-terminus of CusF (residue L88), this construct have either an “open-facgtdsandwich” faspap) fold (24—

has a seven-residue cloning artifact, LQGDHGL, followed 26), a “cupredoxin-like”s-barrel fold 7—29), or a helical

by theStreptag Il epitope, SAWSHPNFEK, which was used hairpin motif 30). Thus, if CusF does serve as a chaperone,
for affinity purification. M9 minimal medium containing it presents a new folding motif for a copper chaperone.

[5NJammonium chloride and!{C]glucoseds as the sole The topology of CusF is typical of a domain having an
nitrogen and carbon sources, respectively, were used for theOB-fold (31). The OB-fold is a common fold for a variety
prepara‘[ion of isotopica”y labeled CL!.SEJS for NMR of funCtiOI’lS, but is partiCU|aI’|y well represented for 0|igO'

(7). Samples of FC 15N]CusF._10s Were dialyzed against 50 ~ There are at present 10 OB-fold superfamilies in the SCOP
mM sodium phosphate (pH 7.5) and 20 mM NaCl (buffer database32), though none of these include proteins with a
A) and concentrated to approximately 3 mM. copper binding function. One of these superfamilies, “MOP-

) i like”, contains molybdate binding proteins; however, the
@le _ i i o S . .
All solutions used for the preparatlgn of th&q,™N] . metal-binding positions within the domains of these proteins
Cush-105-Cu(l) complex were made in a Coy anaerobic hoar ng relation to the site identified for CusF (see below).
chamber to ensure the exclusion of oxygen. After the samplep s, the structure of CusF may represent a new superfamily
had been purged with argon, the purified protein solution ,t oB-fold proteins.

was dialyzed into_buffer A. A stock solution of 500 mM_ The seven N-terminal amino acids of Cysds (residues
sodium ascorbate in buffer A was added to the 3 mM protein g—12) extend away from the rest of the protein. In both the
sample to a final concentration of 50 mM. Cu@ buffer apo- and Cu(l)-bound CusFos NMR samples (discussed
A was added to the protein solution to yield a 2-fold molar pelow), these residues show chemical shifts consistent with
excess of copper to protein. After dialysis against buffer A 3 random coil conformation. In the crystal, they are packed
with 0.02% (w/v) NaN, the sample was placed in a NMR  petween two other CusF molecules, and thus, their position
tube and 10% (v/v) BD was added. The tube was sealed is likely stabilized by crystal lattice contacts.
with a rubber septum and then removed from the anaerobic Comparison of the Structure with Other ProteiriEo
chamber for NMR data collection. identify structures similar to CusF, a comparison of the CusF
NMR Data CollectionSpectra were collected at 2& structure with structures in the Protein Data Bank (PDB) was
on a Varian Inova 600 MHz NMR instrument equipped with carried out using the Dali server, version 28B) The
a 5 mm triple-resonance-axis gradient probe. For apo- Structures identified as being most similar to CuEFsicores
CusF_105 backbone resonance assignments were determined@nging from 8.7 to 7.0) are a DNA repair protein [PDB
using HNCACB (9) and CBCA(CO)NH 20) spectra. For entry 1ubk 84)], a primosomal Dl_\IA_ rephcaﬂo_n protein
backbone assignments of the Cusbs—Cu(l) complex, an ~ [PDB entry 1vlq 89)], a DNA-binding protein called
HNCA (21) spectrum was collected. Spectra were processed'€Plication protein A, Rpal4 [PDB entry 1quéf], a protein

with NMRPipe €2) and analvzed with NMRView3). called YgiW of unknpwn function [PDB entry 1nnx (Leh-
pe €2) y 23 mann et al., unpublished results)], and an aspartyl tRNA
RESULTS AND DISCUSSION ligase [PDB entry law73{)]. Farther down the list of

proteins is a molybdatetungstate binding protein, ModG,

Protein Sequences Similar to Cuskmultiple-sequence  [PDB entry 1h9j 88)]. However, no other proteins which
alignment of proteins homologous to CusF shows that CusFbind copper or other metals were identified.
homologues are found in a variety of Gram-negative organ- _ Though none of the structurally similar proteins bear any
isms, as well as in a number of environmental sequencesSignificant sequence similarity to CusF, a BLAST sea3) (
from unidentified organisms in the Sargasso Sea (Figure 1).With the protein of unknown function, YgiW, identifies a
Homologues of CusF are also occasionally found as part of 900d degree of similarity (32.7% identical over approxi-
a gene encoding a single polypeptide fusion of CusF with a mately 110 residues) to NirD dﬁleb.5|ella oxytqc:@GenBank
homologue of the membrane fusion protein, CusB. However, Ntry AAR82966; Park and Lee, direct submission) and NerY
in all these instances, the only three conserved residues aré?’o'_S% identical over approximately 60 rgmdues)—led_fma
a histidine (H36 using CusF numbering) and two methionines alvel 5-5 (GenBank entry AAL377248.1; Park, Rhie, and

(M47 and M49 using CusF numbering). The conservation Lee, direct submission). Both proteins are described as parts

of these residues and their potential role as ligands to copperOf nickel resistance systems in these organistts-42) but

: . .~ with a NreB-like member of the major facilitator superfamily
?:Li?s?:eSt that they may play an important functional role in (MFS; 2.A.1.3143) and not an RND protein as a transporter.

This suggests that proteins similar in structure to CusF could
Structure of CusF.The crystal structure of CusF was pe playing roles in resistance to a variety of metals in
determined to a resolution of 1.5 A to help unravel its role divergent systems.
in copper and silver resistance. The overall fold of CusF, 1H, 15N, and!3C Nuclear Magnetic Resonance Assignmentg
shown in Figure 2a, is that of a small barrel formed by five for Apo-CusF Crystallization conditions for CugFsg have
p-strands. This barrel structure is formed from two three- only been found in the absence of copper or silver, and
stranded antiparallgs-sheets, with the firsp-strand as a  therefore, NMR experiments were performed to gain insight
component of both sheets. The strands, nafteds5, are into its metal binding mode. Essentially complete NMR
arranged in §1—[52—[3—[5—[4—[1 topology (Figure 2b).  resonance assignments for the apo-Gugkprotein, required
The barrel is closed by interactions betwgkhandfs in a for the analysis of its complex with Cu(l) by NMR, have



10536 Biochemistry, Vol. 44, No. 31, 2005 Loftin et al.

1 KKITIHHDPIAA

2 KKITIHHDP

3 KITIHHDPIZ

4 KKITIHHDPI? ISE

5 - PLNDIKAGSKVA
&6 JATNALEKIGNHV

7 \ IDAINALKTGNHVDE
8 AMTMRFTFVNAD- - - DAINALKTGNHVDE
9 ) 4 K PAMTMRFTE - - -DAINALKTGNHVDE
10 v EATI TMRFTF !

11 . : : :

12 :

13 KKITIS AMTMEFT \ xLVTGW HVDE
14 (GTGVVK KITISHEATL DAMTMRET \LLKIGNHVDE
15 GTGVVKDIDMNSKKITISHEAIPAVGWPAMTMRFTFVNAD- - - DAINALKIGNHVDI
16 TGV SKIKINHEFP SMEMYFRY o VLEGIATGDEWV
19 TGIVK VTLESHAPVADLKWPAMTMAFT EITPLEVNTSV
18 s

19
20
21 I GEIR KITIKHGET
22  DAPLTEGQVKKI IV IQHGOLD PMTMAFGVAD ————PLk/LL,G KIRE
23 - THEANGTIKKI ATITHGPVNSLS MTMS JKS- - - - LLDKLTVGKKVDI
24 [ A KLTLEHGDIF TMVE" K MLDELKAGDEI
25 KATVK TLMHEDLKELEMPGMTMUE! - - --LLSKLKEGDQ
26  AQPLIDGEVR “VTTL7H1_I' PMSMVFQVE LLAKVEAGDKVRE
27  KDSMSHGEIR ARGK GMEAMTMVFKVKDPA- - - -MLSQVKVGDKIDE
28 ‘GK AHADPVESLNWPAMTMG D - -VLDKLTVGKTVDFE
59 : . :

30

31

32

33

34

35

: *

Ficure 1: Partial multiple-sequence alignment of proteins homologous to CusF. Homologous proteins were identified via BRAST (
The sequences were aligned with CLUSTAL-B6). Residue numbering refers to the sequence of CusF Eoooli K12 excluding the
leader sequence. Highly conserved residues are in boldface and indicated with an asterisk at the bottom. Shown in the alignment are the
sequences of the following proteins: &) coli K12 (NP_415105, residues +88), (2) Shigella flexneriNP_706420, residues 3@®8),

(3) Shigella sonneb3G (unfinished genomic sequence NC_004511, translated, residu@®8)364) Citrobactersp. MY-5 (AAW63704,
residues 3684), (5) environmental sequence Saragossa Sea (EAG98293, residu®5),1(6) environmental sequence Saragossa Sea
(EAK71014, residues 41117), (7)Klebsiella pneumoniapLVPK (NP_943485, residues 41.20), (8) environmental sequence Saragossa
Sea (EAH18343, residues 187), (9) Salmonella typhimuriunpMG101 (AAD11747, resequenced unpublished, residuesl48), (10)
Serratia marcescernR478 (NP_941215, residues-4016), (11)E. coli pAPEC-0O2-R (YP_190197, residues4016), (12)K. pneumoniae
pKT2044 (translated, residues 4019), (13) environmental sequence Saragossa Sea (EAK75469 residt@s),1(14) environmental
sequence Saragossa Sea (EAH82772, residue87)1 (15) environmental sequence Saragossa Sea (EAG53487, residt@3),1(116)
Thiobacillus denitrificanATCC 25259 (ZP_00335534, residues-280), (17)Erwinia carotaora ssp.atrosepticaSCRI1043 (YP_049492,
residues 42 115), (18)Magnetospirillum magnetotacticuMS-1 (ZP_00053024, residues-5125), (19)Pseudomonas putid€T2440
(NP_747489, residues 4213), (20)Magnetococcusp. MC1 (ZP_00290488, residues5R7), (21)Polaromonassp. JS666 (ZP_00361053,
residues 16:118), (22)Dechloromonas aromaticRCB (ZP_00151476, residues-3105), (23)Polaromonassp. JS666 (ZP_00361052,
residues 26-90), (24)Rubrivivax gelatinosu$M1 (ZP_00241818, residues-80), (25)Sinorhizobium meliloti021 (NP_384694, residues
26—94), (26)R. gelatinosu$M1 (ZP_00244536, residues-189), (27)Burkholderia cepaciadR1808 (ZP_00225042, residues-3806),

(28) Thiobacillus denitrificandATCC 25259 (ZP_00335529, residues@9), (29)Ralstonia metalliduran€H34 (ZP_00274193, residues
27-98), (30)B. cepaciaR18194 (ZP_00217851, residues-336), (31)Azoarcussp. EbN1 (YP_158224, residues 12201), (32)Erwinia
carotovora ssp.atrosepticaSCRI1043 (YP_049490, residues 4085), (33)D. aromaticaRCB (ZP_00151316, residues 44521), (34)
Azoarcussp. EbN1 (YP_158226, residues 4306), (35) andPhotobacterium profundur8S9 (YP_129217, residues 43410).

been determined. In all, a total of 95 of 100 assignaHie- Binding of Cu(ll) to CusF.To understand the effects of
15N sites were assigned via intraresidue and/or sequentialbinding of Cu(ll) to CusF, CuGlwas added to ad®N-
connectivities. The missing resonances are from the five enriched CusE 105 sample (1:1 concentration ratio), and an
N-terminal amino acids. HSQC spectrum was collected (data not shown). Since Cu-
The HN—-15N HSQC spectrum fortN-enriched apo-  (Il) is paramagnetic, peaks from residues near the copper
Cush-105 at pH 6.5 is shown in Figure 3. Overall, the species broaden and can no longer be detected in the spectra.
spectrum displays good chemical shift dispersion, although Twenty-eight peaks disappear from the Cushs—Cu(ll)
there are a few degenerateN—1°N cross-peaks that are  HSQC spectrum, which are primarily from the N-terminal
primarily associated with the N-terminal region and also from and C-terminal regions, residues 52 and 88-105, respec-
the cloning artifact and affinity purification tag at the tively, plus only a few peaks from residues within the folded
C-terminus (residues 89105). domain of CusF. The disappearance of so many peaks from
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Ficure 2: (a) Ribbon diagram of Cugkgs. This figure was
prepared with PyMOL §7). (b) Cartoon of the topology of
Cusks-gs.
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Ficure 3: HN—15N HSQC spectra fofC- and!®N-enriched apo-
Cush-;05 (black) and the CusF;0s—Cu(l) complex (red). Peaks
showing significant chemical shifts in the presence of Cu(l) as
compared to the apo-Cushgs spectrum are labeled with the
corresponding residue numbers.

the C-terminal region, which is a cloning artifact and affinity
purification tag, and so few from the actual protein sequence,
suggests that binding of Cu(ll) to Cushpsis a consequence

of this construct and not a property of the native protein.
When a 2-fold molar excess of Cu(ll) is added to a NMR
sample of Cusg=gg, Which is the construct used for crystal-

Biochemistry, Vol. 44, No. 31, 2003.0537

protein due to Cu(l) binding, &HN—*N HSQC spectrum

of Cusk-105 was collected in the presence of Cu(l) (Figure
3). The chemical shifts of bottd and**N nuclei are sensitive

to their local electronic environment and therefore report the
effects of metal binding to all assigned residues in the protein.
Presumably, the strongest perturbation of the electronic
environment will be observed for the residues that either
come into direct contact with Cu(l) or are involved in major
conformational changes upon binding to Cu(l).

By comparison with the spectrum of apo-Cusfs, it is
clear that the addition of Cu(l) causes changes throughout
the spectrum, indicating that effects of binding of copper to
CusF are propagated at least to a small extent throughout
the protein. To determine the magnitude of the chemical shift
changes caused by Cu(l) binding, the backbone assignments
of the Cusk-10s—Cu(l) complex were determined using
sequential connectivities observed in HNCA spectra of the
13C- and™N-enriched CusE 10s—Cu(l) complex. From these
data, 91 of 100 assignabl&HN—'5N resonances were
determined. The residues that are unassigned are 139, G76,
N77, and D95, as well as the five N-terminal residues, which
were also unassigned in apo-Cusigs.

Changes in chemical shifts caused by Cu(l) binding as a
function of CusF sequence are plotted in Figure 4a. Chemical
shifts were considered significant if the weighted average
IHN—-15N chemical shift, given by\ay = [(Adnk? + AdnY
25)/2]V2 (44), was greater than 0.15 ppm. This analysis shows
that the residues most greatly affected by the addition of
Cu(l) to Cusk-jgsare, in descending order, T48, M47, M49,
R50, D37, H36, E46, Q74, W44, and Q75. These residues
are found primarily in32, in 53, and at the C-terminal end
of 54 (Figure 4b).

Several lines of evidence strongly suggest that residues
H36 (in 52), M47 (in53), and M49 (ins3) are forming the
Cu(l) binding site. First, these residues have the potential to
bind copper through the sulfur atoms of the methionines and
a nitrogen in the imidazole ring of the histidine, and are
clustered nearby in the structure (Figure 4b). As indicated
above, the backbone amides of these residues undergo
significant chemical shifts in the presence of Cu(l), indicating
a nearby environmental perturbation. These three residues
are the only three absolutely conserved residues in all putative
CusF homologues (Figure 1). Additionally, the mutation of
the two methionines to isoleucines results in an in vivo
copper-sensitive phenotype, suggesting they are important
in CusF function 7).

Modeling of Binding of Cu(l) to CusHResidues H36,
M47, and M49 are clustered in the apo-CusF structure and
could provide ligands for coordinating copper. To determine
whether it is plausible that these residues form the Cu(l)
binding site, Cu(l) was modeled into the apo-CusF structure.
The region around H36, M47, and M49 is well-ordered in
the apo-CusF structure (Figure 5a). The orientation of the
imidazole ring of H36 is constrained by a hydrogen bond

lization, no changes in the spectrum are detected (data notbetween N1 of the imidazole ring and the backbone

shown). However, in both cases, binding of Cu(ll) to the
five natural N-terminal residues cannot be excluded, since
these peaks are not detected in the spectra of CugfFand

carbonyl oxygen of D37. As a resulteR of the imidazole
ring of H36 is pointed toward M47 and M49. By rotating
the side chains and adjusting the backbone of M47 and M49

are not present as part of the protein sequence in the shorteto move the thioethers toward the imidazole, we can create

construct.
Identification of the CusF Residuesutiived in Cu(l)
Interactions.To investigate the local perturbations to the

a reasonable binding site for Cu(l). In this model, the Cu(l)
ion has trigonal planar geometry, with the bond distances
from copper to the thioethers of M47 and M49 ane2Nof
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a. 18 b.
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Ficure 4. (a) CombinedHN and?®N chemical shifts in parts per million between apo-Cusfs and the CusE 10s—Cu(l) complex as a

function of CusF residue number. (b) Ribbon diagram of GugFshowing residues undergoing a significant chemical shift upon addition
of Cu(l). The side chains of residues H36, M47, and M49 are shown.

Ficure 5: (a) Electron density @&, — F.) in the region of H36, M47, and M49. (b) Model of Cu(l) bound to CusF. Minor changes were
made to the conformations of M47 and M49 of the apo-CusF structure to accommodate Cu(l).

H36 being between 2 and 2.6 A (Figure 5b). This modeling HSQC spectrum does not undergo an extensive chemical
shows that with relatively minor conformational changes Cu- shift in the presence of Cu(l) (Figure 3). AxNis facing
(I) can be accommodated by the CusF structure. In addition, the solvent in the apo structure, it would take a significant
these movements disrupt key lattice contacts in the crystal,rotation of this side chain, which would be accompanied by
suggesting a reason metal binding disrupts existing crystalsbackbone movements, to put it into the appropriate geometry
and new crystal formation. for Cu(l) binding. Additionally, there are no examples of
With small perturbations of the model described above, it protein structures in which a tryptophan side chain serves
is also possible that the Cu(l) ion could be tetrahedrally as a copper ligand in the metalloprotein database (http://
coordinated. However, if there is a fourth ligand, it is most metallo.scripps.edu/).
likely to be a water molecule and not another amino acid The backbone amide chemical shift changes noted for Q74
side chain, since there are no other appropriately positionedand Q75 upon Cu(l) binding present an interesting observa-
side chains with the potential to serve as a ligand. Of the tion of long-range perturbations due to Cu(l) binding. Though
other methionines and histidine, the closest methionine (M59) Q74 and Q75 are distant from the proposed Cu(l) binding
is at least 15 A from the proposed Cu(l) binding site, and site, Q74 is in van der Waals contact with W44, which in
the side chain of H35 is inappropriately positioned on the turn is in van der Waals contact with M47 and M49.
opposite side ofs2. Of the other residues which show a Therefore, conformational changes in M47 and M49 which
backbone amide chemical shift upon Cu(l) binding, only the may occur upon Cu(l) binding may be propagated to Q74
side chain of W44 is in the proximity of the side chains of and its neighboring residues.
H36, M47, and M49. This tryptophan is unlikely to be a Implications for Biological FunctionThough the functions
fourth ligand, since it is expected to be protonated at of proteins with OB-folds can be quite divergent, these
physiological pH, and the &l resonance in théHN—15N proteins commonly use the face of tfebarrel formed by
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strands31—/3 as a ligand binding regio$—47). As the 9.

Cu(l) binding site of CusF identified by chemical shift
perturbations is at the top and facing the inside of the barrel,
conformational changes A2 and 3 upon Cu(l) binding
could be used to regulate interactions with other proteins,
such as CusB or CusC. In this way, the common functional
face of the OB-fold could be used for proteiprotein
interactions.

Methionine-rich sequences involved in copper binding are
emerging as more copper transport and homeostasis systems
are being uncovered. Numerous other proteins which are
involved in copper transport utilize this motif, such as the
proteins from the prokaryoticop, cug andpcosystemsZ27,
48-50), which are involved in copper resistance, the bacterial
copper chaperone DR18829), and the eukaryotic CTR
permease copper transport proteidg, 62). In the reducing

cytoplasmic environment, copper chaperones, such as yeastg

Atx1 or Cox17, utilize cysteines as copper ligané§)( In

contrast, periplasmic proteins involved in copper binding and 16.

trafficking often utilize methionines and histidines to coor-
dinate copper, as cysteines would be quickly oxidized. For
example, in CueO, the methionine-rich sequence has been g
shown to span a helical region and form a specific copper-
binding motif 63). Models exist for copper transfer from
copper chaperones such as yeast Atx1 to the P-type ATPase
Ccc? involving thiolate chemistnbé, 55). However, copper

metabolism and transfer in the periplasm must occur by a oq.

different mechanism.

This report serves as a starting point for understanding
this process. CusF binds Cu(l) under anaerobic conditions,
probably exclusively. Most likely, metal is passed directly
to the CusCBA transport apparatus.(Taken together with
the aerobic oxidation of Cu(l) by Cue@)( the toxicity of
Cu(l) is greatly reduced. The role of silver in this system is
less clear, but probably displays a similar mechanism. With

the widespread use of copper and silver as antibiotics, further 23,

investigation into these metal resistance systems and their
relation to other antibiotic resistance systems is needed to
address the growing health concern of antibiotic-resistant
microorganisms.
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