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Abstract: CopC from Pseudomonas syringae was found to be a protein capable of binding both Cu(l) and
Cu(ll) at two different sites. The solution structure of the apo protein is available, and structural information
has been obtained on the Cu(l) bound form. We attempt here to set the limits for the determination of the
solution structure of a Cu(ll) protein, such as the Cu(ll) bound form of CopC, in which the Cu(ll) ion takes
a type Il coordination. The electron relaxation time is estimated from NMRD measurements to be 3 ns
which leads to a correlation time for the nuclear spin—electron spin dipolar interaction of 2 ns. This information
allowed us to tailor the NMR experiments and to fully exploit purely heteronuclear spectroscopy to assign
as many signals as possible. In this way, 37 *3C and 11 %N signals that completely escape detection with
conventional approaches were assigned. Paramagnetic based structural constraints were obtained by
measuring paramagnetic longitudinal relaxation enhancements (pP2?) which allowed us to precisely locate
the copper ion within the protein frame. Pseudocontact shifts (pcs’s) were also used as constraints for 83
1H and 18 3C nuclei. With them, together with other standard structural constraints, a structure is obtained
(and submitted to PDB) where information is only missing in a sphere with a 6 A radius from the copper
ion. If we borrow information from EXAFS data, which show evidence of two copper coordinated histidines,
then His 1 and His 91 are unambiguously identified as copper ligands. EXAFS data indicate two more light
donor atoms (O/N) which could be from Asp 27 and Glu 89, whereas the NMRD data indicate the presence
of a semicoordinated water molecule at 2.8 A (Cu—0 distance) roughly orthogonal to the plane identified
by the other four ligands. This represents the most extensively characterized structure of a type Il Cu(ll)
protein obtained employing the most advanced NMR methods and with the aid of EXAFS data. The
knowledge of the location of the Cu(ll) in the protein is important for the copper transfer mechanism.

Introduction Among copper proteins, a distinction should be made between

Copper proteins are quite common, as copper is an essentiafhro,te"Nqagonta'n'n? typg Itapd t)t/)pe !I ccipperlwnh respTct to
and abundant elemeht3 Often copper is present in the cellular eir properties. Froteins bearing type 1 copper always

media as Cu(l), although Cu(ll) is also present. The NMR contain a cysteine and are characterized by a low coordination
characterization of Cu(ll) proteins represents a challenge, as Cu-"Umber, that is, three- or four-coordinated. Both features are
(II) has long electron relaxation times and the NMR signals of respon&ble for the electronic relaxation times of Cu(ll) being
nuclei in the vicinity of the metal ion may be broadened beyond in the low range (0.20.8 ns) of the values found for Cu(ll)

detectiort5 complexe$: 7 The study of type | copper-containing proteins
by NMR was pioneered by Canters et%dnd our lab succeeded
T CERM, University of Florence. in solving the first solution structure for one such protein where

* Department of Chemistry, University of Florence. ; ;
§ Department of Agricultural Biotechnology, University of Florence. all the protons of all _the Ilga_nds were assigned and used as
(1) Bertini, I.; Sigel, A.; Sigel, H.Handbook on MetalloproteinsMarcel sources of structural informatich.
Dekker: New York, 2001; pp +1800.
(2) Handbook of MetalloproteinViley: Chichester, U.K., 2001; pp-11248.

(3) Frausto da Silva, J. J. R.; Williams, R. J. Fhe biological chemistry of (6) Koenig, S. H.; Brown, R. D., llIProg. Nucl. Magn. Reson. Spectrosc.
the elements: the inorganic chemistry of jifexford University Press: 1991, 22, 487-567.
New York, 2001. (7) Kroes, S. J.; Salgado, J.; Parigi, G.; Luchinat, C.; Canters, GBIC, J.
(4) Banci, L.; Bertini, I.; Luchinat, CNuclear and electron relaxation. The Biol. Inorg. Chem1996 1, 551—559.
magnetic nucleus-unpaired electron coupling in solutid@H: Weinheim, (8) Canters, G. W.; Hill, H. A. O.; Kitchen, N. A.; Adman, E. Eur. J.
Germany, 1991. Biochem.1984 138 141-152.
(5) Bertini, I.; Luchinat, C.; Parigi, GSolution NMR of Paramagnetic (9) Bertini, I.; Ciurli, S.; Dikiy, A.; Ferdadez, C. O.; Luchinat, C.; Safarov,
Molecules Elsevier: Amsterdam, 2001. N.; Shumilin, S.; Vila, A. J.J. Am. Chem. SoQ001, 123 2405-2413.
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In proteins containing type Il copper, the electronic relaxation
times of the metal ion are about 1 order of magnitude larger,
with dramatic effects on line broadening. Therefore, the detec-
tion and assignment of signals in the vicinity of the metal ion
is unexplored and likely impossible. For completeness, one
should mention type Il copper proteins, where two Cu(ll) ions
are antiferromagnetically coupled. Such coupling decreases th

TXI probehead. All experiments were performed at 298 KOR10%)
was added for the lock signal.

Saturation recovery (SR)-1D experiments were performed by saturat-
ing the3C signals using adiabatic chirp puld&% (total sweep width
of 60 kHz, 1.5 ms lengthyB,/27 = 1.5 kHz) in the p5m4 supercycle
for 100 ms, with thé=C carrier at 110 ppm. Several experiments, with
different recovery delays were recorded. An appropriate linear com-

Sination of two experiments recorded with different recovery delays

overall magnetic susceptibility and decreases the electronic see the following) was then used to identify fast relaxing signals. The

relaxation timeg%-12 both effects leading to a decrease in line
widths and to a much better detectability of the NMR lidg&!

In this paper, we want to report the strategy we have
developed for the NMR characterization of a type Il Cu(ll)
protein. The pool of most suitable experiments and their
optimization as well as their synergistic information are
discussed with respect to the information which can be obtained.
These experiments were applied to Cu(ll)-CopC fileseudomo-
nas syringaga periplasmic protein involved in copper traffick-
ing and homeostasis in Gram-negative bact&if Bacteria
exert resistance upon exposure to high copper [&vélthrough
a pool of proteins encoded in the cop operon, originally
discovered in strains oPseudomonas syringagrown in
Californian tomato fields exposed to high levels of copper
compoundg? Later the cop operon has been located in a number
of other bacteria? The Cop proteins are able to sequester copper
ions in the periplasm and to export the excess without preventing
the amount of copper essential for cellular function from
reaching the cytoplasm. Key to this ability is the bifunctional
protein CopC, having the intriguing property of binding Cu(l)
and Cu(ll) at two different sites that are 30 A apgrthe apd®
and Cu(I¥° structures of CopC froniPseudomonas syringae
have already been solved, but no structural information is
available for Cu(ll)-CopC, due to broadening of NMR signals
of an extensive region of the protein around the Cu(ll) binding
site which prevents the use of standard techniques.

A detailed analysis of the electronic relaxation time has now
allowed us to appropriately exploit the NMR technology with
the aim of obtaining the best structural characterization in
solution of Cu(ll)-CopC.

Experimental Section

Sample Preparation.CopC was overexpressed and purified from
the construct pAT2 in thi. colistrain BL21 (DE3) pLysS as previously
described? NMR samples were prepared in 100 mM sodium phosphate
buffer, pH 7, containing 10% 4D, with a protein concentration of about
2—3 mM. Binding of Cu(ll) to apoCopC was followed through
electronic and NMR spectroscopy as previously described.

NMR Experiments. NMR experiments were carried out on a Bruker
Avance spectrometer operating at a 700 M#ifrequency, using a

(10) Banci, L.; Bertini, I.; Luchinat, CStruct. Bondingl99Q 72, 113-135.

(11) Clementi, V.; Luchinat, CAcc. Chem. Red.998 31, 351-361.

(12) Murthy, N. N.; Karlin, K. D.; Bertini, I.; Luchinat, CJ. Am. Chem. Soc.
1997 119 2156-2162.

(13) Holz, R. C.; Bennet, B.; Chen, G. J.; Ming, L.JJ.Am. Chem. S0od.998
120, 6329-6335.

(14) Salgado, J.; Warmerdam, G.; Bubacco, L.; Canters, GBMthemistry
1998 37, 7378-7389.

(15) Cooksey, D. AFEMS Microbiol. Re. 1994 14, 381-386.

(16) Silver, S.Gene1996 179 9-19.

(17) Odermatt, A.; Suter, H.; Krapf, R.; Solioz, Mnn. N.Y. Acad. Scl992
671, 484-486.

(18) Cha, J. S.; Cooksey, D. Rroc. Natl. Acad. Sci. U.S.A991, 88, 8915~
8919

(19) Arnesano, F.; Banci, L.; Bertini, I.; Thompsett, A. &ructure2002 10,
1337-1347.

(20) Arnesano, F.; Banci, L.; Bertini, |.; Mangani, S.; Thompsett, APRoc.
Natl. Acad. Sci. U.S.A2003 100, 3814-3819.

remaining parameters were a 211 ms acquisition time with 16k points
and 8, 16, 32, and 128 ms recovery delays. The number of scans was
increased with decreasing recovery delay to ensure the detectability of
weak signals (64k, 32k, 8k, and 2k scans for the experiments with
recovery delays of 8, 16, 32, and 128 ms, respectively). Decoupling
during acquisition was applied 81 (Waltz16, yBi/27r = 3.3 kHz,
carrier at 4.7 ppm) anéPN (garp64,yB:/27 = 1 kHz, carrier at 120
ppm).

13C—13C constant time (CT)-COSY experimefits* were acquired
with the following parameters: 4096 320 data points, 320 scans per
increment, 220 ppm spectral width in both dimensions, 52.9 ms
acquisition time. The constant time (CT) delay was set to 8.3 ms. The
180 pulse present in the CT-COSY experiment was applied with an
adiabatic chirp shape (total sweep width of 60 kHz, 0.5 ms length,
yB4/27r = 10 kHz). The remaining pulses were hard pulses. The carrier
was set to 110 ppm. The remaining parameters were the same as
previously mentioned. An additional experiment was acquired centered
on the G—C;p region with a spectral width of 80 ppm (2048 128
data points, 256 scans, 72 ms acquisition time) and a CT delay of 14.3
ms. The carrier was set to 50 ppm. In this case, the MBlse was
selective on the aliphatic region (Q3 shape, 258ength) in order to
refocus the @CO coupling.

13C—15N correlation experiments were acquired using carbon detec-
tion with the following parameters: recycle delay of 600 ms, acquisition
of 100 ms using 512 data points and 113 increments, 1024 scans. The
INEPT transfer delay was set to 25 ms.

13C—13C andC—**N 2D spectra of apoCopC analogous to those
described for Cu(ll)-CopC were also recorded and were assigned by
comparison with the 3D backbone tracing experiments and 3D HCCH-
TOCSY??

13C—13C CT-COSY experiments were used to determif@ T's
by inserting a saturatiorrz building block prior to the CT COSY pulse
scheme. The parameters used to saturaté@llsignals are those
described previously for 1D experiments. Two series of experiments
were acquired, one optimized to deteat @nd @ signals of AMX
side chains and one to detectt@nd CO backbone signals. In the
Ca/Cp series, the recovery delays were 0.1, 0.15, 0.2, 0.3, 0.5, and 1
s. In the @/CO series, they were 0.1, 0.2,0.3,0.4,0.5,1,and 2 s. The
intensities of cross-peaks versus recovery delaysvere fit to the
following relationship:

I() = A(1 — exp(—1/Ty))

whereA andT; are the fitting parameters.
IH—15N HSQC experiments and NOESY maps (2D and'3Dand
5N edited) were acquired and processed as described for the ap&form.
Structure Calculations. Structure calculations were performed
through iterative cycles of PSEUDODYANAwhich uses a routine
implemented to include pseudocontact shift (pcs) constraints in the
structure calculations. The 35 conformers with the lowest target function

(21) Basus, V. J.; Ellis, P. D.; Hill, H. D. W.; Waugh, J. & Magn. Reson.
1979 35, 19-37.

(22) Rigiang, F.; Bodenhausen, Ghem. Phys. Lettl995 245 415-420.

(23) Bax, A.; Freeman, Rl. Magn. Reson1981, 44, 542—-561.

(24) Rance, M.; Wagner, G.; Sorensen, O. W.;tivich, K.; Ernst, R. RJ.

Magn. Reson1984 59, 250-261.

(25) Banci, L.; Bertini, I.; Cremonini, M. A.; Gori Savellini, G.; Luchinat, C.;
Wiithrich, K.; Gintert, P.J. Biomol. NMR1998 12, 553-557.
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constituted the final family. Structure calculations were run on a Linux
processor cluster. Structure analysis was performed with the PROCHECK
NMR programz®

NMRD Experiments. Longitudinal water proton relaxation rates
were measured with a Koeni@®rown field cycling relaxometer (0.01
50 MHz proton Larmor frequency range) and a Stelar fast field cycling
relaxometer (0.0£20 MHz proton Larmor frequency range) as a
function of the magnetic field. Both instruments provide water proton
R values with an error of about 1%.

From the experimental relaxation rates, the diamagnetic contribution
to these rates, as evaluated from the apo form, was subtracted and the
resulting values scaled to the mM concentration of copper. These latter
values are called relaxivity and were fitted according to the reported

analysis>?7:28
Type I A1

Results / .

[
Electronic Relaxation Time of Cu(ll)-CopC. Nuclear 0 u‘]’g
longitudinal R;) and transversd=) relaxation rates, due to the e (8)

101
coupling with a paramagnetip center, are strongly dependent ig.re 1. Plot of the theoretical electremucleus dipole-dipole contribu-
on the electronic relaxation time according to the Solomon tion to longitudinal (dotted line) and transverse (continuous line) relaxation

Type I1

=
N
1

=y
<
I
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I

Nuclear relaxation rates (arbitrary scale)

Bloembergen equations: rates as a function of.
7 T T .
2.2 2
o _2[k 2\ Ge g S(S+ 1)[ 7 N 6 L2IBK ]
M 15|47 r® |1+ (@, — 092 S5
g
3 67 = 4
< = | +29s+1) z?
1+ o7 1+ (0 +wdT, 3 2 34
]
2 T, < 2/
Al @ =
1+ wdt, g 1 ]
9,202, 2 & 0 ' ' ‘
1 40)\27) 0 ug S(S+ 1) 0.01 0.1 1 10
R2M = 1_5 Er - & Te + Proton Larmor Frequency (MHz)
r Figure 2. Water proton relaxivity of Cu(ll)-CopC solutions obtained at
T, 3t 67, three different temperatures. Data were fitted with two protons at 3%& A,
2 o + > o + > 2 + = 0.0177 cmil, Ap = 0 cni'l, and® = 42°. 75 ranges from 1x 10 °%s
1+ (0, — w7, 1+t 1+ (0 + w7, (278 K) to 2 x 107 s (303 K).
% 1 A) Fe ling with thel = 3 | d oft
——| + §s(s+ 1) =) |7 +———| @ coupling wi el = 3/, copper nucleus and of-tensor '
1+ wgT, W T, anisotropy2”-28 and computer programs were developed to fit

experimental data. For medium-sized proteins and in the absence
where the first term of each equation describes the contribution of very fast exchange phenomena, the correlation times for both
from the electron spirnuclear spin dipolar interaction, which ~ processes, that is, dipolar and contact, are dominated by the
depends on the reciprocal sixth power of the electioncleus electronic relaxation times. The dependence of nuclegs and
distance and the second term describes the Fermi contaciR. values on the electronic relaxation time at high magnetic
contributions, which depend on the fraction of unpaired electrons field (Figure 1) shows that, in type Il copper proteins, in addition
delocalized through chemical bonds onto the resonating nucleusto a more dramatic line broadening than in type | copper
y| is the nuclear gyromagnetic ratige is the free electron g proteins, also a decrease of the longitudinal relaxation rate
factor,Sis the quantum number associated to the electron spin, occurs, thus preventing the use of very fast recycle times. To
r is the electrornucleus distancey, and ws are the Larmor devise the best experimental strategy for high resolution NMR
frequencies of the nucleus and of the electron, respectively, on a type Il copper protein, a good estimate of the electronic
is the electronic correlation time; the rotational correlation  relaxation time is obviously required. Such an estimate can be
time andz is the effective correlation time for the dipete obtained from the water proton longitudinal relaxation enhance-
dipole interaction (I, = 1l/te + 1/t), A is the constant for ment as a function of magnetic field (nuclear magnetic relaxation
the contact coupling between the electron spin and the nucleardispersion, NMRD). If the solvent molecules interact with the
spin, and the remaining symbols have their usual meaning. TheseCu(ll) ion in the protein and they exchange fast with the bulk
equations were appropriately modified for slow rotating systems, ones, the water proton nucleBi contains a contribution due
such as proteins, to account for the presence of the hyperfineto the dipolar interaction with the copper unpaired electron. The
NMRD profiles of a solution of copper(ll)-CopC at three

(26) Laskowski, R. A.; Rullmann, J. A. C.; MacArthur, M. W.; Kaptein, R.; i i H ; H
Thornton. 3. M.J. Biomol. NMRLOSE &, 477486, different temperatures are shown in Figure 2, together with their

(27) Bertini, I.; Briganti, F.; Luchinat, C.; Mancini, M.; Spina, @. Magn. best fits to eq 1 and its modificatioRg728 The relevant
Reson.1985 63, 41-55. H : H H e

(28) Bertini, |.; Galas, O.; Luchinat, C.; Parigi, &.Magn. Reson. Ser. 2995 information Obtam_ed from this a}naIyS|s_ is the _Value_wb‘nd .
113 151-158. the metat-proton distance assuming the interaction arises mainly
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from one water molecule (see later).has a value of 3 ns at
room temperature which, together with the valuer,06f 6 ns
estimated from?®N relaxation datd? yields a correlation time
7. of 2 ns for the dipolar part of the electrenucleus interaction,
while the value ofrs by itself yields the correlation time for the
Fermi contact part of the interaction.

High-Resolution NMR of CopC. As already reporte#f
binding of Cu(ll) to the protein produces dramatic effects on
the NMR spectra. From the analysis of the electron relaxation
properties of Cu(ll) in CopC and from the theoretical prediction
(Figure 1), a nucleaR,/R; ratio of about 5 is expected for all
protein nuclei experiencing dipectalipole coupling with the
unpaired electron. When standard experiments baseéHon T ! ' ' ! '

detection are performed, resonances of 18 residues are not 13C
detected, which are located within about 11 A from the potential

copper binding sité? Another set of signals from residues in sl B
the borderline region are still detectable in standard spectra Ca-

acquired on Cu(ll)-CopC, but they experience variable broaden-

ing and/or differences in chemical shift with respect to the 327

corresponding ones in the apo protein. The rest of the signals 24

of Cu(Il)-CopC have essentially the same shift as in the spectra

of apoCopC. Signal assignment and structural constraints for 36

the latter set of signals, belonging to residues far from the Cu-
(1) binding site, are obtained with the standard procedures, also ]
taking into account the results available for the apo protein. 40+
Also the set of residues that experience a shift upon Cu(ll)
binding but that are still detectable in the standard HSQC spectra _
can easily be assigned througiC- and°N-edited NOESY- 183 182 181 180 17 178 177 17%6  ppm
HSQC experiments, which provided NOE cross-peaks of about BC
10 borderline residues. A further attempt has been made usingrigure 3. Two regions of*c—13C CT-COSY spectra showing (A)G-
mixing and repetition times optimized according to R£R; Cp connectivities of serines (taken from the spectrum optimized to detect
ratio and a few additional connectivities could be detected. In C&—CS connectivities in AMX systems) and (B) side chain-CO
total, 1777 unique upper distance limits were obtained from the Sonnectvites (taken from the spectrum optimized to deteat CO

o a Pp ¢ A connectivities which also yields side chain-CO connectivities of Asp,
assigned NOE cross-peaks, involving about 80% of the protons.asn, Glu, and GIn). Blue and red contours refer to the apo and to the Cu-
Still, 5 residues remained partly undetected and 13 residues(ll) bound forms, respectively.
totally undetected. A limit for the NMR investigation of this o .
system is due to the combination of extensive line broadening Sensitivity with respect to standard proton-detected experlments
and lack of large hyperfine shifts: detectability of broad NOESY and the smaller heteronuclegieteronuclear’J couplings
cross-peaks in spectral regions crowded by sharp peaks isnvolved (Jcc 35-55 Hz, 1Jen ~15 Hz) with respect to the
intrinsically unfavorable. proton—heteronuclear counterpartslfc ~150 Hz,Jyn ~90
Hz), the paramagneti®, enhancement is so much smaller that

Detection of Fast Relaxing Heteronuclei.To extend the )
assignment in the closer proximity of the paramagnetic center, grotss-peaks should be detected at sizably closer metaleus
distances.

we have therefore chosen experiments based on heteronuclei; ] )
On our system, we decided to acquire thi€—3C CT-

because of their lower magnetogyric ratip) (compared to - ) ¢ .
protons and thus they are less affected by dipdigole COSY experiments, which detect intraresidue @ connec-
tivities, with different CT delays, one optimized to detect-€

contributions to relaxation that depend ph(egs 1 and 2). If e
only dipole—dipole relaxation is considered, the paramagnetic CO Packbone connectivities (CT delay of 8.3 ms) and one to
detect @—Cf connectivities (CT delay of 14.2 ms) of AMX

broadening with respect to protons for the same matatleus ! ! ~lc
distance is reduced about 16-fold f3€ nuclei and about 100-  SPin systems. The experiment optimized fax-€CO connec-
fold for 15N nuclei®! This means that the radius of the blind tvities takes advantage of the shorter CT delay, minimizing

sphere should decrease from about 11 A for protons to about 7relaxation losses, and the fact that all connectivities can be in
A for carbons andd 5 A for nitrogens. principle observed, although at the expense of resolution in the

Recently, direct3C—13C 29:39and13C—15N 3 experiments not indirect dimension and of sensitivity in some types of connec-

involving protons and using direct detection8€ have been tivities depenglmg on the spin topology_. F_or this reason, .the
4 . - second experiment was also acquired with improved sensitivity
proposed for paramagnetic proteins. Despite the reduced

for Co—Cp connectivities in AMX spin systems (Figure 3A).
13— 15 i

(29) Bertini, I.; Lee, Y.-M.; Luchinat, C.; Piccioli, M.; Poggi, IChemBioChem C . N HSQC SpeCtF& were used to detect Seqqentlal
2001, 2, 550-558. correlations between the backbdd€O resonance of residile

(30) Machonkin, 7. £ Westler, W. M.; Markley, J. 0. Am. Chem. S02002 and the amidé®N of residuei + 1. Also in this case, and at
(31) Koétic, M.; Pochapsky, S. S.; Pochapsky, TJCAm. Chem. So002
124, 9054-9055. (32) Bodenhausen, G.; Ruben, D.Chem. Phys. Lettl98Q 69, 185-188.
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BC Table 1. pP3@ (Hz) and Upper (UPL) and Lower (LOL) Distance
i D 1 Constraints (A) between the Listed Nuclei and the Copper lon
/? | F III Used in the Structure Calculations of Cu(ll)-CopC
X atom PP (Hz) UPL LoL

6 SER CoO 0.3 14.8 12.1

T T \ T \ T T 25 PHE Cco 11 12.0 9.8

200 180 160 140 120 100 &0 29 LEU (6{0] 0.48 13.8 11.3
30 VAL (6{0) 0.57 13.4 10.9

31 THR co 0.11 17.7 14.5

128 ms j 32 GLN co 0.28 15.1 12.4
33 PHE (6{0) 0.21 15.8 12.9

A 84 ARG co 0.34 14.6 12.0
R2ms, Al MH«MW 85 ALA co 3.70 9.8 8.0
T M 93 ILE (6{0] 1.67 11.2 9.2
16ms S\ A -~ — 94 THR co 0.27 15.2 12.4
S8ms, e 6 SER Qx 0.21 15.8 12.9

0 ms 26 SER @ 0.74 12.8 10.9

T T T T T T T T T T T 29 LEU Ca 0.88 125 10.2

200 180 160 140 120 100 80 60 40 20, ppm 30 VAL Ca 0.27 15.2 12.4

C 31 THR Gu 0.18 16.3 13.3

Figure 4. Saturation recovery (SR) 15C spectra with different recovery 32 GLN Ca 0.36 14.5 11.8
delays (0, 8, 16, 32, 128 ms) are reported in the lower part of the figure. ~ 84 ARG G 0.38 14.4 117
Experiments with shorter recovery delays were acquired with an increasing 85 ALA Ca 1.02 12.2 9.9
number of scans to maintain a good signal-to-noise ratio (64k, 32k, 8k, 88 SER @ 3.70 9.8 8.1
and 2k scans for the experiments with recovery delays of 8, 16, 32, and 93 ILE Co 4.89 9.4 7.7
128 ms, respectively). The spectra are rescaled according to the number of 93 ILE Cos 4.89 7.5 5.5
THR (€1 0.65 13.1 10.7

scans to have comparable signal intensities. A difference spectrum between 94
the experiments with 32 and 128 ms recovery delays is also shown in the
top. The broad signals that can be identified in the difference spectrum are
labeled. The simultaneous availability of3C—13C and 13C—15N
connectivities allowed the sequential assignment of most of the
variance with the previous application to a nickel(ll)-containing newly detected, paramagnetically perturbed, heteronuclear
protein3! the acquisition parameters were optimized to minimize signals. The easily available analogous data for apoCopC were
relaxation losses and still retain a suitable resolution. then used to support this assignment. Therefore, the combination
With the previous experiments, nef#iC resonances, not  of 13C—13C and3C—15N 2D connectivities appears a general
detected in standard experiments, are identified, but se¥al  tool to extend the assignment of paramagnetic proteins signifi-
signals still escape detection because their broad and weak crosszantly closer to the metal center. The nine paramagnetic signals
peaks lie underneath a crowded region of sharp and intensedetected in the SR-1D spectra did not show a recognizable cross-
cross-peaks. Therefore, several SR-#D experiments were  peak in the 2D'3C—13C experiments, and their assignment is
collected with different recovery delays with the aim of not univocal (except for one isolated signal).
identifying 13C peaks characterized by shd®f values. The Overall, 3713C and 111N new resonances that escaped
detection of these signals dramatically depends on the level ofdetection with conventional methods involvidgi, even if
13C signal saturation which with our method (see experimental optimized for fast relaxing signals, could be detected and
part) was excellent as shown by the lowest trace in Figure 4. assigned.
1D spectra obtained with increasing recovery delays (16, 32, The results of the assignment are summarized in Table 1 of
64, and 128 ms) clearly show a small number of signals that the Supporting Information. In total, about 85% of carbon atoms
recover much faster than all the others (Figure 4). The selectivity and 95% of nitrogen atoms can be assigned, representing a
of these experiments can be further improved by an appropriatesubstantial increase with respect to the standard approach (76%
linear combination of two SR-1D experiments recorded with and 83%, respectively). More importantly, extensive hetero-
different recovery delays. In this way, it is possible to further nuclear assignment is now available for 15 additional residues,
suppress slower relaxing signals, whose recovery profile should10 of which had totally escaped detection. Only three residues
be linear for short recovery delays (short compared to fheir  are still totally unassigned. These are His 1, Asp 89, and His
values), and better highlight paramagnetic signals, whose 91. These residues are thus obvious candidates as copper donors
recovery profile deviates from linearity. The appropriate linear in CopC (see later).
combination can be achieved either by using two processed Heteronuclear Paramagnetism-Based Constraints and
spectra acquired separately or by direct acquisition of difference Structure Calculations. Translating new heteronuclear assign-
experiments. In this way, nine signals close to the paramagneticments into new constraints is not, however, a trivial task.
center could be detected. These nine resonances can béleteronuclear chemical shifts can provide structural constraints
subdivided in two classes characterized by different relaxation through CSI. However, in a paramagnetic system, pseudocontact
behavior and differen®/R; ratios, one with a ratio close to 5,  shifts (pcs’s) are also present: in the case of modest magnetic
which is expected for pure dipolar contribution to relaxation, susceptibility anisotropy, such as for Cu(ll) ions, the expected
and the other with larger ratios, which can be taken as an pcs’s are of the order of the spreading of chemical shifts for a
indication of an additional Fermi contact contribution Rp. particular heteronucleus, and the two effects are therefore
Therefore, signals of the latter class (as an example signal G ofdifficult to separate as an appropriate diamagnetic blank has to
Figure 4) must be connected to the paramagnetic center throughbe available. In the present case, the apoCopC may not constitute
covalent bonds. a reliable blank as the conformational changes occurring upon
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binding of Cu(ll) can affect the diamagnetic shift of heteronuclei. 1000+
As heteronuclear CSI and/or pcs values would constitute & A
precious structural constraints, we separate them by estimating Z 800
the pseudocontact shift through their iterative fitting with the £ 600- .
structure calculation. The axial magnetic susceptibility anisot- >
ropy can be initially estimated from ttgg value measured in g 4007 '
the EPR spectit&33which do not show appreciable rhombicity, Z‘ 2001
allowing us to set an upper limit of the rhombic magnetic £
anisotropy to be about 10% of the axial term, while the tensor C o ; , . . .
orientation can be initially estimated from proton pseudocontact 1000? S00 1&(::: e (;lsso)o 2000 2500
shifts as proton shifts are less sensitive than heteronuclear shifts
to conformational changes. Furthermore, only protons relatively ‘E’ 800+ B
far from the metal can be detected, so they are less likely § 600
involved in conformational changes in passing from the apo to k=
the metal bound state. Nonnegligible pcs values for 83 protons % 400
could be confidently measured by subtracting the shift of the -
corresponding proton in apoCopC. g 2007 .
Another type of very useful structural constraint available in S . . . . .
paramagnetic systems is the relaxation rate enhancement. 0 500 1000 1500 2000 2500

Several examples have appeared in whith longitudinal time (ms)

relaxation rate enhancements’¥d were used as structural  Figure 5. Two SR p[ofiles 0F3C—_13S: CT-COSY spectra ancltheirfittings
constraint$4-37 At variance with transverse relaxation rates, ;"%fgsexamp'e of "paramagnetic” () and "diamagnetic” (B) carbonyl
longitudinal relaxation rates in a Cu(ll)-containing protein are '
only sensitive to the dipoledipole part of the interaction (first ~ structure calculations to be far from the metal site. Of the
term of eq 1) and therefore can be safely used as structuralremaining 50% relaxation rates, only those exceeding the
constraints even for those nuclei that may experience unpaireddiamagnetic average{? by more than 10% were considered
spin delocalization. Finally, better results are expected¥or affected by the paramagnetic center, and the difference taken
than®N nuclei; as for the latter, the low gyromagnetic ratio is as paramagnetic relaxation enhancemgf@ The latter has
expected to make the paramagnetic contribution to longitudinal been related to the distance from the paramagnetic center
relaxation negligible already at relatively short distances from through the following relationship:
the metal.

The most sensitivé3C experiments (1D and 2B°C CT PP =Kiry,°
COSY) have been modified to measure longitudiféC

relaxation rates. A saturation block, followed by a detawas wherek is a proportionality constant that can be deduced from

| the constants in the first term of eq 1 using theof 2 ns

inserted prior to the beginning of the experiment, and several ) ) k ¢ )
experiments were recorded with different valuesoih a SR de.:termllned as discussed preV|ou§Iy. The constraints determined
with this procedure are reported in Table 1. Onkyx @nd CO

scheme. This scheme was preferred to the inversion recovery i X
method because the long8C rates, if compared to protons pPavalues were ultimately used as structural constraints, as
would require a longer recycle delay to ensure that magnetization G #°**can be affected by local mobility in a more dramatic

has fully relaxed to equilibrium before starting the next transient. way than backbone nuclei, thus influencing the precision of the

Indeed with our approach, the complete set of experiments couldd@ta. As reported in Table 1, and based on the estimated error
be acquired in a reasonable amount of time (4.5 days on a 700/ thepP*@values, both upperi15%) and lower {15%) limits

MHz). As an example of the quality of the data, two SR profiles Were included in structure calculations. _
are shown in Figure 5, one representing a fast relaxing signal, The 2D and 3D NOESY spectra provide 1777 NOEs which

the other, a slow relaxing signal. correspond to 1276 meaningftil —'H distances, that is, about
To extract the dipoledipole paramagnetic contribution from 200 less than th? number of distance constralnt§ used in t.h N
the experimental values, the diamagnetic contribution should structure calculations of appCopC. The largest differences in
be known. To obtain an estimate of the diamagnetic contribution the nufmber of N%ES pe:jre;&due pgztween apo- an(_j Cu(ll)-Co_pC
to relaxation, all relaxation rates for each different class of nuclei are of course o se_rve_ or reS|_ ues localized in the reglon
(Ca, CO, GB) were examined, and for each class, the rates of affected by copper binding and which therefore should constitute
the half with the smallest values were pooled and averaged.the Cu(ll) binding site. Additional constraints were provided

These values correspond to nuclei which safely do not experi- byP123 d|hedr§| angles gnd 27 hydrogen bonds. ituted b
ence paramagnetic contributions, as later confirmed from aramagnetism- ase constramt; were constlt_ute_ y 23
metak-heteronucleus distances, obtained from longitudif@l

(33) Huffman, D. L.; Huyett, J.: Outten, F. W.; Doan, P. E.; Finney, L. A.; r€laxation rates, and by 83 proton pseudocontact shifts. All these

Hoffman, B. M.; O’Halloran, T. VBiochemistry2002 41, 10046-10055. i i
(34) Bertini, I.; Luchinat, C.; Rosato, A2rog. Biophys. Mol. Biol1996 66, ConStramt.s were used in the program PSEUDYANA t.o calculate
43-80. the solution structure of the Cu(ll)-CopC protein. A 35

(35) Bertini, I.; Couture, M. M. J.; Donaire, A.; Eltis, L. D.; Felli, I. C.; Luchinat, i _ i i i
o Picciol Mo Rosato, ABur. 1 Biochem1006 241 440-452. conformer family of Cu(ll)-CopC is shown in Figure 6. The

(36) Bertini, I.; Donaire, A.; Luchinat, C.; Rosato, Rroteins: Struct., Funct., target function is 0.56 0.07 A, and the RMSD values to the
Genet.1997 29, 348-358.

(37) Bertini, I.; Donaire, A.; Felli, I. C.; Luchinat, C.; Rosato, khorg. Chem. mean are 1.0% 0.27 A al‘_ld 1.58 0.32 A for backbone a“‘_j
1997, 36, 4798-4803. all heavy atoms, respectively. The RMSD of the copper ion,
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opposite sides of the His plane at a distantd d from QN

and lying on the line orthogonal to the ring and passing through
its center. Then, we have linked QN of His 1 and 91 to the
copper atom through upper and lower limits of 3.4 and 3 A,
respectively, and we have added two lower limits between
copper and 1 and H2 of His. Finally, to ensure that copper
lies in the His plane, we have imposed two lower limits of 5 A
between the copper and both QN1 and QNZ2.

Calculations give rise to a new family of structures of Cu-
(IN-CopC with slightly decreased RMSD (0.95 0.17 A for
backbone and 1.4& 0.24 A for heavy atoms) and without an
appreciable increase in the target function (046D.06 A2).

The constraints ensure a correct positioning of the metal with
respect to the histidine rings. It appears that both His 1 and 91
Figure 6. Structure family of Cu(ll)-CopC obtained using NMR derived ~are able to coordinate the copper atom either throughoN

constraints, without applying any link between the residues and the copperthrough N, without any strong preference among the four
ion, which is shown in green. The potential ligands are shown in red. Metal possible combinations.

nucleus distance constraints derived fré#& paramagnetic longitudinal
relaxation rate enhancements are shown as yellow bars. The two other ligands are probably oxygen atoms from the

carboxylate groups of Asp or Glu residues, in view of the quite
which is only determined by the paramagnetism based con-short coordination distance found through EXAFS. Besides Asp
straints, is 1.1 A. It is immediately apparent th#E longitudinal 89, from the calculated structures, it appears that another
relaxation rates are very efficient in determining the position conserved residue, that is, Glu 27, whose &d side chain
of the copper ion in the protein frame. The metal ion is located nuclei could not be detected (Figure 3B), can be very close to
in a position equidistant from the loops connecting strg®ls  the copper atom. Although unlikely, the side chain nitrogen of

and 3 and strandg6 ands7 (Figure 6). Lys 3 could also act as a ligand, because of its missing side
This structure family is the result of experimental constraints chain carbon signals, provided it is deprotonated. Lys 3 is
and is deposited in the PDB (PDB ID code 10T4). conserved, in a subgroup of proteins with high identityPto

Hints to Describe the Cu(ll) Binding Site. As mentioned  SYringaeCopC*?In the apoCopC structure, Lys 3 points toward
previously, there are three residues (His 1, Asp 89, and His 91) the interior of the protein and is very close to Glu 27, with
for which no information is available from NMR data. From ~Which can form a salt bridg€.In the present model, due to the
the structural model described previously, these residues ardack of constraints, the side chain of Lys is very disordered.
all located at the one end of the molecule which comprises the Metal coordination might in principle lower the&<pof a lysine
N-terminal domain (His 1), the loop between strayi#sand by a few units. However, lowering the pH of Cu(ll)-CopC
3, and the loop between stranfié and37 (Asp 89 and His solutions between pH 8.5 and 5.0 does not cause any chemical
91). These three residues are obvious candidates as meta$hift change around Lys 3, whereas, for example, sizable
binding residues. EXAFS data provide additional information Cchemical shift changes are seen around other imidazole residues.
in this respect® The Cu(ll) ion appears to be bound to two His If we hypothesize that Lys 3 is coordinated to Cu(ll) at pH 8.5,
at 1.99 A and two other O/N ligands at 1.97 A, probably in a it is very unlikely that it remains coordinated down to pH 5.0.
tetragonal arrangement. Addition of further semicoordinated Therefore, coordination of Lys 3 in our experimental conditions
axial O/N ligand(s) improves the fit of the spectrdmThe (pH 7) can be ruled out.
presence of two histidines is univocal, due to the clear Carboxylate groups of Glu 27 and Asp 89 were then linked
backscattering pattern from the distal ring carbons. Therefore, to the metal ion through upper and lower distance limits of 2.2
EXAFS data together with the structural model of Cu(ll)-CopC A and 1.8 A with one of the two oxygen atoms. This approach
calculated without any metaligand constraint clearly indicate  does not impose any fixed orientation of the ligands with respect
His 1 and His 91 as metal ligand4i—15N HSQC tailored for to the copper ion. The structure calculated with these four
the detection ofJ *H—15N couplings of nonexchangeable His ligands linked to the metal ion has a target function of G485
ring protons confirm that signals belonging to His 1 and 91 are 0.09 A2 and RMSD values, to the mean structure, of 088
lost, while the signals of the other two His residues of CopC 0.20 A and 1.3Gt 0.28 A for backbone and all heavy atoms,
(His 24 and 48) are present with the same chemical shift of the respectively. The agreement between the observed and calcu-
apo protein. lated™H pcs’s is also good, and the values of axial and rhombic

On this basis, we have performed structure calculations by magnetic susceptibility anisotropies converge after two cycles
linking the rings of His 1 and 91 to the copper ion. As there is Of calculations. The four donor atoms to the copper coordination
no indication of b or Ne coordination, we have linked copper  site form a roughly square planar geometry with the two His in
with respect to the center of the His ring. Actually, the system Cis positions to one another. It should be stressed that the
is so little constrained that calculations withoNor Ne resulting approximately planar geometry is not originated by
coordination do not allow us to choose between the two binding any imposed constraints for doremetat-donor angles. The
modes. To link copper to the center of the His ring, we have orientation of thez-axis of the magnetic susceptibility tensor is
created a new His residue in the PSEUDODYANA library hearly orthogonal to the ideal plane formed by the donor atoms
which contains three additional pseudoatoms, that is, one (QN)(see Figure 7), consistent with our structural model.
in the geometric center of the ring and two (QN1 and QN2) on  The tensor obtained on the last structure can then be used to
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Figure 7. Stereoview of the Cu(ll)-CopC structure family calculated using NMR constraints and information derived from EXAFS data. Pseudocontact
shifts are depicted on the protein frame as spheres (positibkie, negative= red). The radius of each sphere is proportional to the absolute value of the
pseudocontact shift. The principal axis of the magnetic susceptibility tensor is also shown (yellow).

calculate the pcs’s of the heteronuclei that are between the 11
A sphere and t 6 A sphere. These pcs’s are then subtracted
from the chemical shift values of Cu(ll)-CopC. The resulting
chemical shift values have been then compared with the
apoCopC values. A few residues very close to copper (roughly
less than 8A distance) experience significant shift differences
(0.5—1 ppm) that cannot be ascribed to errors in evaluating their
pseudocontact shift, but they most likely originate from
structural variations. Differences of this extent are also found
for other proteins between the metal bound and metal free forms |
(for example, Cu(l),Zn(11)-SOE# and Zn(1l)-SOF¥9), indicating '
that structural and/or charge changes are occurring upon metal
binding which are reflected in changes of the diamagnetic shifts.
For this reason, we only rely oC pcs’s of nuclei located
further than 8A from the metal ion. This leads to 18 further PCS  Figure 8. Detection limits through NMR are shown as concentric spheres
constraints which have been then used in structure calculations.centered on the copper ion in the Cu(ll)-CopC structure calculated applying
In the present structural model of Cu(ll)-CopC, the Cu(ll) 2 link between tht_e copper ion and its _poten_tial Iiganpls. Thg red'sphere
bincing sie lies on a Solvent exposed region of the protein. SEIESEnE e fegen muric e ave bind uigetcton whle uang
Indeed, NMRD measurements indicate that a water molecule the plue sphere.
interacts with Cu(ll) with a metatwater proton distance of 3.4
A, corresponding to a metabxygen distance of about 2.8 A.  water molecule occupies an apical position on the exposed side
Therefore, a water molecule was linked to the copper ion at a of the equatorial plane, the long metaixygen distance being
Cu—O0 distance of 2.8 A. Lys 3 might be also a candidate for nicely consistent with the typical semicoordination of axial
a second weak axial ligand on the less exposed side of theligands in tetragonal Cu(ll) complexés.
tetragonal plane. However, a weak coordination would lower )
its pK, even less than for equatorial coordination, inconsistent DIScussion
with the experimental observation. Lys 3 might still pointtoward  stryctural studies on Cu(ll) binding proteins are challenging
the metal ion, and form a hydrogen bond to one of the two dye to the paramagnetic nature of the metal ion and its effect
carboxylate donors. This would introduce a positive charge in on nuclear relaxation of neighboring nuclei. As the interaction
the metal binding region, which would be otherwise neutral. petween the nuclear spin and the unpaired electron spin on the
This positive charge might be functional in determining the paramagnetic metal ion is essentially dipolar, the effect on signal
reduction potential of the metal thus affecting the redox |ine width depends on the reciprocal of the sixth power of the
processes involved in the trafficking of copper in the periplasmic nycleus-metal ion distancé.No 'H signals can be detected
space. inside a sphere of about 11 A centered on copper, but, when
The family of structures calculated with all the constraints 13c 15N-tailored experiments are exploited, this detection limit

discussed previously is characterized by RMSD values of 0.88 js reduced to a sphere of alidaiA radius (see Figure 8).

respectively, and a final target function of 0.£20.09 A.The  proximity of the paramagnetic center allowed us to move
inclusion of the additional set of pcs's originating froffC forward and to devise novel structural constraints involving
nuclei does not affect the parameters of gheensor. heteronuclei. Out of the large pool of additional structural

In this structure, the copper site is relatively well-defined as constraints that can arise from the presence of a paramagnetic
a result of the inclusion of different types of constraints. In center (T's,34-37 pcs#-44 residual dipolar couplings arising

addition to four strong ligands located in a square plane, the

(40) Cotton, F. A.; Wilkinson, GAdvanced Inorganic ChemistryViley: New

(38) Banci, L.; Benedetto, M.; Bertini, I.; Del Conte, R.; Piccioli, M.; Viezzoli, York, 1990.
M. S. Biochemistry1998 37, 117806-11791. (41) Gochin, M.; Roder, HProtein Sci.1995 4, 296-305.

(39) Banci, L.; Bertini, I.; Cantini, F.; D’Onofrio, M.; Viezzoli, M. SProtein (42) Banci, L.; Bertini, I.; Gray, H. B.; Luchinat, C.; Reddig, T.; Rosato, A,;
Sci. 2002 11, 2479-2492. Turano, P.Biochemistryl997 36, 9867-9877.
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from self-orientatiorf?=46 Curie spin/dipole-dipole cross cor- metal ion is bound to an exposed metal binding site. In the
related relaxatiotf#?), the most suitable ones in the case of a specific case of copper trafficking proteins, crystallization was
mildly anisotropic, heavily relaxing paramagnetic metal center attempted for the copper bound form, but it did not provide
such as the type Il Cu(ll) ion are definitely longitudinal good structural models for the physiologically relevant stéte.
relaxation rate enhancements. Therefore, we focused our attenSome successful attempts used non-native metal ions (i.e., Hg-
tion mainly on this kind of structural constraint and developed (l1) and Ag(l)).5° Therefore, modeling the metal site on known

a new sequence based ¥8—13C CT-COSY to determin&C structural models might not be a general strategy.

longitudinal relaxation rates and obtain met&lC distance We have here developed an approach which allows a further

constraints. major step in the structure determination of paramagnetic
Despite the modest magnetic anisotropy of the paramagneticmetalloproteins with unfavorable relaxation properties. Not only

copper ion, pcs’s could be detected from bbthand*3C nuclei have we expanded signal detection and spectral assignment but

and also used as constraints. also translated this info in a source of structural constraints.
The structure of Cu(ll)-CopC has a global backbone RMSD Furthermore, we have analyzed and used in a strategic way these

comparable to that of the diamagnetic forms of the protef. constraints, depending on their correlation with the metal ion

The comparison between apo- and Cu(ll)-CopC forms, with the and on their sensitivity to paramagnetic effects. Finally, the
latter being relatively well-defined thanks to the new constraints inclusion of EXAFS data in the solution structure calculations
in the proximity of the Cu(ll) binding site, indicates that small  can provide complementary information on the metal site, which
structural changes are observed only in the region around coppercan constitute a general strategy in the structure determination
The solution structure of Cu(l)-CopC showed that the Cu(l) site of metalloproteins.
is constituted by a His and two/three Met residues, which are  The difficulties in solution structure determination of para-
clustered in a Met-rich regioff.Both Cu(l) and Cu(ll) binding  magnetic metalloproteins underscore the importance of the
sites represent novel coordination environments for copper in present study which represents the first example of an NMR
proteins. It was found that copper binds selectively to the two structural characterization of a protein having a type Il copper
different binding sites, depending on the copper oxidation $tate. site. The protein CopC is also the first characterized Cu(ll)
It was also proposed that the redox state of copper bound topinding protein involved in copper trafficking, which opens new
CopC acts as a switch between the possible trafficking pathwaysscenarios in the overall copper homeostasis process.
of the metal iorf®
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