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ABSTRACT. A method is presented that allows the identification and quantitative characterization of metal
binding sites in proteins using paramagnetic nuclear magnetic resonance spectroscopy. The method relies
on the nonselective longitudinal relaxation rates of the amide protons and their dependence on the
paramagnetic metal ion concentration and the pH, and on the three-dimensional structure of the protein.
The method is demonstrated usi&gcherichia colithioredoxin as a model protein and?Nias the
paramagnetic metal ion. Through a least-squares analysis of the relaxation rates, it is found*that Ni
binds to a series of specific sites on the surface of thioredoxin. The strongest binding site is found near
the N-terminus of the protein, where the metal ion is coordinated to the fregiitdp of the N-terminal

serine residue and the side chain carboxylate group of the aspartic acid residue in position 2. In addition,
Ni2* binds specifically but more weakly to the surface-exposed side chain carboxylate groups of residues
D10, D20, D47, and E85.

Metal ions are essential for the structure and function of precisely by nuclear magnetic resonance (NMépectros-
many biological proteins. Precise knowledge of the metal copy, provide detailed information about the metatotein
protein interactions is, therefore, necessary in order to interactions at the atomic level. Therefore, paramagnetic
understand the function of these proteins at the molecularNMR has been used to identify metal binding sites and
level. In many metalloproteins the metal ion is bound tightly functional regions on protein surfacds/(-23) and to obtain
to the protein, and the structure of the binding site can be structural information from the long-range electron nucleus
determined accurately by X-ray crystallography. In other interactions 24—31). Normally, paramagnetic metal ions
proteins, however, the metal ions bind only loosely and such as &, Cl#™, Ni?", Mn?*, and C48" or lanthanide ions
temporarily, as in the case of many enzymes that use metalare being used in these studies, either as the agua complex
ions as cofactors or in the case of proteins that require metalor as a small organic complex, binding either to the native
ions for temporary stabilization or storage. For such proteins, protein directly or to a metal binding tag attached to the
the specific metal binding sites are often poorly characterized protein. Also organic spin labels have been used in para-
or even unknown. Still, a precise knowledge of the metal magnetic NMR studies of protein structuré&2{35).

protein interaction, including the location of the metal binding Despite the usefulness of paramagnetic metal ions in NMR
site and its binding characteristics, may be necessary in orderstudies of metatprotein interactions, a quantitative inter-
to elucidate the function and the functional mechanism of pretation of the experimental data is, in general, less
the metal-dependent proteins. o _ straightforward. Thus, the experimental paramagnetic NMR
_ The biological importance of metaprotein interactions  data are often complicated functions of the parameters that
is emphasized by the large number of studies that have beergharacterize the metaprotein interactions, such as the
made in order to predict or identify possible metal binding dissociation constants, the ligand exchange rates, and the
sites in proteins and design new sitds-(0). Also, itis  geometric and electronic structures of the binding sites. A
emphasized by the number of reviews covering the topic detailed interpretation of the experimental data can, therefore,
(11-16). In such studies, paramagnetic metal ions are pe difficult and may require a large and versatile data set to
particularly useful because of the strong interactions betweendetermine all of the involved parameters. Consequently,
the unpaired electrons of the metal ions and the nuclei of haramagnetic NMR data are often used in a semiquantitative
the protein. These interactions, which can be determined manner, the interpretation being made on the basis of a

reduced data set using a series of approximations.
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in a protein that interact specifically with the applied The paramagnetic relaxation enhancement is giverdby (
paramagnetic metal ion. The method relies on the nonselec-

tive longitudinal relaxation rates of the amide protons as a _ 2o
function of the metal ion concentration and the pH, and on " 1P 15|47
the three-dimensional structure of the protein. Although the

method is computationally intensive, it is conceptually 7T,
2

2
S(S+ 1)giugyir®

simple. Thus, using the distance information provided by
the relaxation rates and the three-dimensional structure of
the protein determined by NMR or X-ray crystallography, . . :
the metal binding sites can be located and their occupancied 1€7€ 4o i the permeability of free spacBis the electron
can be determined through a least-squares analysis of thePIn quantum number, ande is the electrong-factor.
relaxation data. The proteifEscherichia coli (E. col)  Furthermoréye is the Bohr magnetory, is the gyromagnetic

thioredoxin (Trx) was used as the model prote6)( while ratio of the nuclear spih andr is the distance between the
Ni2* was used as the paramagnetic metal probe metal ion and the nucleus. Finalky; andws are the Larmor

frequencies of the nuclear spinand the electron spifg,
THEORY respectively. The correlation times,; andz. », can be written

as
The exchange between the metal-free, diamagnetic form
- i i _ (.1 -1
:)Sfl'éﬁgggricrpetal bound, paramagnetic form of the protein T.,= (T P+ R+ K) (6)

Kon Te2=— (Tr ! + R2e+ k) ! (7)
Trx+ M T‘Ter 1)
1 where R and R, are the longitudinal and the transverse
electron relaxation rates, respectively, white is the
correlation time for the rotational reorientation of the
complex.
Equation 5 is formally correct only if (1) the point dipole

Here, M is a paramagnetic metal ion akg is the second-
order rate constant for the complex formation, whdlg is
the first-order rate constant for the complex dissociation.

After a perturbation of the spin system, the time dependence e S 4
of the longitudinal magnetization8/u(t) and My(t), in the approximation applies, i.e., the unpaired electrons are located

diamagnetic and the paramagnetic site, respectively, is, in&t (e metalion, (2) thg-tensor is isotropic, and (3) no zero-

general, biexponential and is described by the McConnell fi€ld Splitting is present. For the paramagneti¢'Non used

fi f tWo-sit h t87 ( Thus M.(t in the study here, the effect of the anisotropy of ghtensor
?sqgs/é?]nt?yor a two-site exchange system{ ThusMq(h) (41-43) and the zero-field splitting4@, 45) on the para-

magnetic relaxation enhancement is small and can be
_ w neglected in the analysis.
My(t) = C, exp@qt) + C, explyt) + Mg 2) In the fast-exchange regime of the longitudinal relaxation

© I o Rip < k), eq 3 reduces to
where M is the equilibrium magnetization. Furthermore, (Rep ). €d

the exponents}; and,, and the preexponential constants, R,=Ry+ R (8)

C; andC,, are complex functions of the exchange rate, the it

fraction of the metal-bound protein, the magnetization, and that is, the observed longitudinal relaxation rate still depends

the relaxation rates in the two sites, as described previouslyon Rip and can thereby give information about the metal

(38, 39). However, under the experimental conditions applied nucleus distances (see eq 5). However, in the slow-exchange

here, it can be shown thdg and 4, are negative and that  regime of the longitudinal relaxatioiR(, > k) eq 3 becomes

|A1] is significantly smaller thand,|. Furthermore|C,| is

significantly larger thariC,| for all fractions of the metal- Rio= Rig T fk 9)

bound protein used here, makimdy(t) single exponential

to a good approximation39). Thus, in the presence of an leaving the observed longitudinal relaxation rate independent

exchanging metal ion, the observed longitudinal relaxation Of Rip and the metatnucleus distances. Normally, it is

rate,Ry,, of the signal corresponding to the metal-free form unknown a priori whether the fast- or the slow-exchange

is given by 88, 39) regime applies39). However, in general, nuclei spatially
close to the paramagnetic metal site will be in or close to

2R+ Ry, + Kk Ry, + K\2 the_slow-exchange regime, V\_/hile the more distant nuclei will
W= 5 AT T kf.R, (3) be in the fast-exchange regime.

Here, Ry is the relaxation rate of the nucleus in the free MATERIALS AND METHODS
diamagnetic complexRy, is the paramagnetic relaxation
enhancement of the nucleus, afyds the fraction of the
metal-bound protein. Finallyk is the rate of exchange
between the two forms of the protein which is given by

Cloning, expression, and purification of theN-labeled
E. coli Trx were performed by the research group at Unizyme
Laboratories, as described below.
Strains and Plasmids. E. cdlirain BL21 (Novagen) was
Kot used as host for plasmid construction and for protein
k=K, [M] + k= 1—t (4) production. The Trx encoding sequence of the vector pTrx
p (Invitrogen) was amplified by PCR using two primers,
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5-TTAAAAACATGTCCGATAAAATTATTCACCTGA- Samples with five different Ni- concentrations, 0.0, 0.1,
CTG and 5-GCCGAATTCGGATCCTTACTAGGCCAG- 0.3, 0.5, and 1.0 mM, were prepared and used in tie Ni
GTTAGCGTCG, thereby introducing flanking restriction titration experiments. The pH was adjusted to 7.0 (meter
sites,Pcil andBanH|I. The amplified 0.36 kb DNA fragment  reading) and the samples were sealed off under nitrogen.

was digested byrcil and BarrHI and ligated into theNcd Coordination of the paramagneticNiion was achieved by
and BanHI restriction sites of pTrcHisA (Invitrogen), adding the appropriate amounts of Ni®H,O. In the pH
resulting in the expression plasmid pCLU178-1. titration experiments the sample with 1.0 mMPNivas used.

Preparation and Purification of Tr&N-Enriched Trx was NMR experiments were recorded for the pH values 7.0, 6.4,
produced by growing BL21 harboring pCLU178-1 in a 5.7, 5.2, 4.7, 4.2, 3.7, and 3.2.
totally defined medium, usingNH,SO, (>98%°N; Martek NMR ExperimentsThe NMR experiments were carried
Biosciences Corp.) as the sole nitrogen source. The mediumout at 298 K and aH frequency of 500 and 800 MHz using
contained 2.5 g/*®NH4SOy, 9 g/L KH,POy, 6 g/L K;HPO,, Varian Unity Inova 500 and 800 spectrometers, the former
0.5 g/L sodium citrate, 1 g/L MgS05 g/L glucose, 2 mg/L  being equipped with a cold probe. In all experiments, the
thiamin, 15 mg/L CaGl 0.8 mg/L FeCJ, and 100 mg/L H carrier was placed on the HDO residual resonance at
ampicillin. Precultures of 5 mL were grown at 3¢ for 6 4.774 ppm at 298 K. ThéH—1°N HSQC spectra acquired
h in the N-enriched medium. Each 5 mL preculture was at 500 MHz were collected with 4096data points and 150
transferred to 50 mL of medium in 250 mL shaker flasks, t; slices. The sweep widths were 10 and 2.2 kHz intHe
and incubation was continued overnight. Cultures of 450 mL and**N dimension, respectively. The spectra acquired at 800
in 2 L baffled shaker flasks were started by inoculation with MHz were collected with 409&, data points and 206
overnight culture to Ok = 0.03-0.04. Cultures were slices. The sweep widths were 13 and 3.2 kHz in‘th@nd
grown at 32°C to mid-log phase, and expression of Trx was *N dimension, respectively.
induced by adding isopropyl 1-thi@-galactopyranoside The assignment of thdH—1N HSQC spectra was
(IPTG) to a final concentration of 0.06 mM. Cultures were performed on the basis of the previous assignments
grown for an additional 20 h at 32C, and cells were  of the'H and*®N nuclei of oxidized Trx at pH 5.7 and 308
harvested by centrifugation and stored-&0 °C. K (46). The assignment of the HSQC spectra at other pH

Frozen cell pellets from 900 mL of culture were thawed values was achieved by following the variation of the spectra
on ice in 65 mL of buffer A (25 mM Tris-HCI, pH 7.5, 0.3  with pH.
M NacCl). Nuclease (Benzonase, 50 units/mL; Merck) was  Measuring the Longitudinal Relaxation Rategormation
added, and the suspension was stirred for 30 min-& 4 about the metal binding sites in Trx was obtained from the
followed by homogenization (EmulsiFlex C5) at 15200 nonselective longitudinal relaxation rates of the amide
MPa. Cell debris was removed by centrifugation for 45 min protons in the protein as a function of both the paramagnetic
at 2000@ and 4°C, and the crude extract was collected (80 metal ion concentration and the pH. The nonselective
mL). Chromatographic steps were performed at 28 °C. longitudinal relaxation rates of the amide protons were
The crude extract was desalted on a Sephadex G-25 F colummbtained from a series of two-dimensional, patrtially relaxed
(50 mm x 300 mm; Amersham Biosciences) equilibrated spectra acquired using the inversion recovery (if)-15N
with buffer B (25 mM Tris-HCI, pH 8.0). The peak fraction HSQC pulse sequence. The following IR relaxation delays
was collected. The peak fraction was applied to a Q- (r) were applied: 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64,
Sepharose HP column (16 mm 100 mm; Amersham 1.2, 2.4, 4.8, and 8 s. The signal intensities were obtained
Biosciences) equilibrated with buffer B (Tris-HCI, pH 8.0). by a least-squares fitting procedure that includes all of the
Unbound material was washed out with 50 mL of buffer B. partly relaxed spectra simultaneously, as described previously
Trx was eluted using a linear gradient (450 mL) from buffer (47). The amide proton relaxation rates were obtained by a
B to buffer C (25 mM Tris-HCI, pH 8.0, 0.15 M NaCl) ata three-parameter single-exponential fit of the signal intensities,
flow rate of 1.5 mL/min. Elution fractions containing Trx  M(z), versus the delay times,
were identified by SDSPAGE analysis and pooled. The
pooled fractions were saturated (20%) with solid ammonium M(z) = M®¥ — (M*¥ — M°) exp(—R;7) (10)
sulfate, and the fractions were chromatographed on a phenyl-
Sepharose 6 FF column (10 msm 300 mm; Amersham  Here,MC is the magnetization at time= 0 s andVI®%is the
Biosciences) equilibrated with buffer D (25 mM Tris-HCI, equilibrium magnetization.
pH 8.0, 20% saturated with solid ammonium sulfate).  Impact of Fast Amide Proton Exchange on Magnetization
Unbound material was removed by washing with 50 mL of Recaseries. For the majority of the amide protons in Trx,
buffer D. Trx was eluted in one step with 100% buffer B at single-exponential relaxation recoveries were observed at pH
a flow rate of 1.5 mL/min. The peak fraction was collected 7.0. However, a minor part of the amide protons shows non-
(15 mL) and loaded at a flow rate of 1 mL/min onto a single-exponential relaxation recoveries. These amide protons
Sephacryl S-100 HR column (26 mm900 mm; Amersham  are primarily located in loop regions and in the beginning
Biosciences). The column was equilibrated with buffer E (5 of a-helical structures where the amide proton exchange is
mM NaHPO,, pH 7.0). Elution fractions containing Trx  fast and, therefore, can obscure the relaxation recoveries, as
were identified by SDSPAGE analysis and pooled. pointed out previously48, 49). This is the case here as

NMR SamplesThe purified protein was dissolved in 90% shown by the pH dependence of the relaxation recoveries.
H,0/10% DO with 50 mM sodium chloride. The protein  Thus, some of the amide protons have non-single-exponential
concentration was 1.0 mM in all samples. The oxidized form relaxation recoveries at pH 7.0, whereas at lower pH values
of the protein was obtained by adding:b of 50 mM H,O, where the amide proton exchange rates are slower, the
to each NMR sample (500L). relaxation recoveries approach a single-exponential behavior.
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125.0 Ficure 2: Fractionf,, of the metal-bound protein as a function of
_ the total N?* concentration. The fractior,, was calculated from
g125.2 the intensities of the signals corresponding to the metal-free and
= 1254 the metal-bound form, respectively, using the double signals of
g residues A39@), T54 @), V55 (*), A56 (Q), and K57 @) in the

125.6 HSQC spectra recorded at 11.74 T. The solid line corresponds to

an apparent dissociation constat{’*, of 607+ 26 uM, obtained

125.0 by a least-squares fit, assuming that the metal ion binds to only
- one binding site in the protein.
~ 1254 observed variation of the signal intensities with theé'Ni
° 1956 concentration clearly indicate that the two sets of signals

’ correspond to a metal-free and a metal-bound form of the
- protein. Also, the chemical shifts of the two signals do not
180 change when the Rii concentration is increased, indicating
§125-2 that the amide group of A39 is in or close to the slow-
2 125.4 A\ , exchange regime of the transverse relaxation.
2 1256 ) Figure 2 shows the fractiofy,, of the metal-bound protein
’ X~ 1.0 mM Ni** as a function of the total Ri concentration. The fractions

were estimated from the intensities of the double signals of
the amide groups of five residues, A39, T54, V55, A56, and

FiGURE 1: Excerpts of the 11.74 TH—15N HSQC spectra of Trx K57, all with well-resolved signals in the HSQC spectra.

showing the!H—15N resonance of residue A39 in the presence of FOF €ach of the applied Rii concentrations, the fiv ratios
Ni2+ at increasing concentrations and a constant pH of 7.0. The are almost identical. The variation of the ratios with

spectra reveal the appearance of an extfa-Nependent resonance  increasing Ni* concentration gives an apparent dissociation

of residue A§9. The intensity of the extra signal increases with ConstantKg”p= 607 & 26 1M, assuming that the metal ion

increasing Ni* concentration, indicating that the signal corresponds bind I bindi ite. Th lid line in Fi >

to a metal-bound form of the protein. inds to only one binding site. The solid line in Figure
corresponds to this dissociation constant.

Therefore, reliable longitudinal relaxation rates at neutral pH ~ The longitudinal relaxation rates of the amide protons were
can be obtained only for amide protons with slow-exchange Measured at 11.74 and 18.79 T for each of the appliéd Ni
rates. An extensive study of the amide proton exchange ratessoncentrations. For amide protons with separate signals of
in both reduced and oxidizeH. coli Trx was performed  the metal-free and the metal-bound forms, the rate of the
previously 60). Here, the results of this study were used to Metal-free signal was measured. The increase in the relax-
eliminate amide protons with relaxation rates that are affectedation rates upon addition of the paramagnetic metal ion varies
by amide proton exchange. considerably among the different amide protons. In particular,
Data AnalysisThe least-squares analyses were carried out the relaxation rates of the amide protons spatially close to
using an Apple Xserve G5 cluster with 34 processors using the N-terminal end of the protein are enhanced considerably,

740 730 720
"H (ppm)

the program Funcfit. which shows that the Ni ions interact specifically with a
binding site near the N-terminal end of the protein. The
RESULTS AND DISCUSSION precise location of this site was determined by the quantita-
tive least-squares analysis described below.
Ni2* Titration. Upon addition of the paramagnetic i However, also amide protons spatially close to D20 have

ions, several new signals appear in th¢—>N HSQC significantly enhanced relaxation rates, even though this
spectrum of Trx. The intensities of the new signals increase residue is located about 20 A from the N-terminus. This
with increasing Nit concentration. Furthermore, almost all shows that the metal ion binds also to the side chain
of the new signals appear to be close to one of the signalscarboxylate group of D20. Similarly, a series of other amide
in the metal-free sample and can easily be associated withprotons spatially close to carboxylate groups have relaxation
one of these signals; i.e., some of the amide group signalsenhancements that cannot be ascribed to the metal ion at
split into two signals upon addition of Ni. Figure 1 shows  the N-terminus only. This multiple interaction with Ni

the two resonances of residue A39 for different?Ni  results in a rather complicated pattern of relaxation rates that
concentrations. The appearance of the new signals and theequires more experimental information and a simultaneous
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18| agg™ TrxNi" + HY = TrxH" + Ni?* (11)
16} Similar single-step pH titration curves were obtained for 16
N other amide protons. TheKp values obtained from the
5 14 titration curves of these protons are almost identical within
2 2 experimental errors with a weighted average value of 6.00
4+ 0.03. The simple, single-step pH titration curves show
10 f that these amide protons are affected by only one metal
o8 b binding site, while the identicaly, values indicate that they
R I are affected by the same metal binding. Moreover, the size
30 35 40 45 50 55 60 65 70 75 of the obtained apparenKpvalue (K5 = 6.00) indicates
00 PH that the metal ion is coordinated to the free N-terminab,NH
| gagn group of residue S1.
8oy For a series of amide protons, the pH dependence of the
70f relaxation rates is more complex and does not correspond
. 60t} to a single-step titration, as illustrated in Figure 3 for the
o 50} relaxation rate of G2¥' (lower panel). This rate follows a
< a0l two-step titration curve with g, values of 6.23t 0.05 and
a0l 4.60+ 0.01. Therefore, G21! is affected by Ni* bound to
' two different binding sites with different binding character-
207 istics. As the pH is lowered from neutral pH, the binding
oe. oL site with the highest Ig, value (K. = 6.23) becomes
30 35 40 45 5-°H 55 60 65 7.0 75 protonated and the Rfi ions will be released. Thus, more
p

o _ Ni?* ions become available to the binding site with the lower
Ficure 3: pH titration curves for the amide protons ABupper pK, value (K, = 4.60). Consequently, the relaxation rate

panel) and G2¥" (lower panel). A sample of 1.0 mM Trxand 1.0 . :
mM Ni2* containing 50 mM NaCl was used. The observed increases when the pH is lowered from 7.0 to 5.5. Below

longitudinal relaxation rates were measured at 11.74 T for eight PH 5.5, also the binding site with the loweKpvalue gets
different pH values in the range from 3.2 to 7.0. The relaxation protonated and the relaxation rate decreases. The obtained
rate of the amide proton A39 follows a single-step titration (solid pKa value of 6.23 is close to the value obtained from the

line, upper panel) with alfy value of 6.10+ 0.05. The relaxation  gjngle-step titration curves, while the value of 4.60 is close
rate of the amide proton G2 follows a two-step titration (solid

line, lower panel) with K, values of 4.6Gt 0.01 and 6.23t 0.05. to the p(ava!ue expected for a side chain carboxylate group.
The curvature of the pH dependences shows that/Ag9affected Other amide protons are also affected by more than one
by only one N#* binding site, while G2 is affected by two or metal binding site, although not reflected in the titration
more metal binding sites. curves as clearly as in the case of G&21Therefore, to

unravel the pattern of relaxation rates and to identify and
analysis of all the relaxation rates to unravel the relaxation characterize the individual binding sites, a simultaneous and
pattern and to identify and characterize the individual binding quantitative analysis of all the experimental relaxation rates
sites. Therefore, the pH dependence of the relaxation rate§s necessary.

at constant Ni" and protein concentration (1.0 mM) was  Quantitatie Analysis of Relaxation Ratemitially, the
obtained at 11.74 T and included in the Ieast—squares ana'ySiSOCation of the b|nd|ng site that gives rise to the double
of the entire data set, as described below. signals in the HSQC spectra of the metal-containing protein
pH Titration. Qualitatively, the intensity of the extra was determined by a least-squares analysis. This analysis
signals that are observed for some of the amide groups ininvolved only the 16 amide protons with single-step pH
the presence of Ri at pH 7.0 (see Figure 1) decreases with titration curves and the averagkjvalue of 6.00 (see Figure
decreasing pH and disappears below pH 5.5. Thus, a pH3, upper panel). As mentioned above, these amide protons
dependence of the Ni binding is clearly observed for the are affected by only one metal binding site characterized by
residues with an extra signal corresponding to the metal- the fraction of the metal-bound protein (see Figure 2) and
bound form. For the carboxylate binding sites, where only a the rate of exchang&, between the metal-free and the metal-
single exchange-averaged signal of the metal-free and metalbound form of the protein. The relaxation rates of these amide
bound form is observed, the pH dependence of th& Ni protons are described by eq 3. On the basis of the structure
binding can be monitored through the pH dependence of theof the protein [the oxidized form of Trx; PDB 1XOA()]
relaxation rates. Therefore, the longitudinal relaxation rates and the dependence of the observed relaxation rates on the
of the amide protons were measured at 11.74 T for each pHNi?" concentration, a series of parameters were determined
value and a Ni" concentration of 1.0 mM. This is illustrated by a least-squares fit of eqs-3 to the observed longitudinal
in Figure 3 for the relaxation rate of the amide proton 89  relaxation rates. The parameters include the position of the
(upper panel). The relaxation rate of this proton follows a Ni?" ion at the binding site, the corresponding first-order
single-step titration with a K, value of 6.10+ 0.05, rate constantk.s, and the diamagnetic contributioRg, to
reflecting the pH dependence of the?Nbinding. At pH the relaxation rate of each of the 16 amide protons. The
7.0 the metal ion binds to the protein as shown by the electron relaxation rat&;e= 7.6 x 10° s %, found previously
enhanced relaxation rate. However, with decreasing pH thefor Ni?* in its complex with HHP-tagged Trd#) was used
metal coordinating group becomes protonated, and the metain the analysis. This rate is in agreement with the field
ion is released from the binding site, that is dependence of the paramagnetic relaxation enhancements of



Metal Binding Sites in Proteins Biochemistry, Vol. 44, No. 33, 2009.1019

the amide protons observed here between 11.74 and 18.79
T. Also, a rotational correlation time of 6.16 ns was used
(30), although it has little or no impact on the analysis since
the correlation time. ; is completely dominated b, (see

eq 6). Furthermore, the second term in eq 5, which involves
the electron Larmor frequency, can be neglected due to the
size of the transverse electron relaxation r&e,(44).

The least-squares analysis shows that th&" Non is
located near the N-terminal end of the protein in close
proximity to the N-terminal NH group of S1 and the side
chain carboxylate group of D2. Previously, the X-ray
structure was obtained df. coli Trx crystallized in the
presence of cupric acetat2). The structure reveals two
cupric ions bound to the protein in the asymmetric unit. Each
one of the cupric ions is six-coordinated in a distorted
octahedral geometry with the cupric ions bound to the amino-
terminal nitrogen atom, the amide nitrogen of residue D2,
and the side chain atom OD1 of residue D2 in one molecule.
In a symmetry-related molecule, the cupric ions are coor- FIGURE 4: Superposition of the backbone (residueslb8) of the
dinated to both side chain oxygen atoms of residue D10. Solution structure¥7) (red trace) and the X-ray structuisj (gray
Also, each one of the cupric ions is coordinated to a water trace) ofE. coli Trx. The blue sphere is the €uion located in the

! . ' X-ray structure of Trx, while the green sphere is thé"Non bound
molecule. The results of the analysis here show thét Ni  {o the protein in solution. The two metal ions are spatially close,
binds to the N-terminal binding site of Trx in solution in a indicating that the Ni* ion in solution coordinates to the same
similar manner. This is illustrated in Figure 4, which shows atoms in Trx as the Ct ion in the crystal phase. The figure was
a superposition of the backbone (residueslB8) of the  Prepared with the program PyMOG#).
solution structure (red trace) and the X-ray structure (gray analysis. Thus, at pH 7.0 and equivalent amounts of Trx and

trace) of Trx. o . .
) . i** (1.0 mM), the fractionfy, of the N-terminal metal-bound
Subsequently, also the pH-dependent relaxation rates atglrotein is 0.47 (see Figure 2). From this value and the

11.74 T were included in the analysis. Thus, the total number app . o .
of binding sites and their location, together with the binding 2PParent K™ value (6.00) of the N-terminal binding site,
characteristics of the sites, were determined by a simulta-th€_fraction, f, of N-terminal metal-bound protein was

neous, least-squares analysis of all the relaxation ratesc@lculated for each of the pH values in the pH fitration

obtained as a function of the Niconcentration and the pH. experiments and included as fixed parameters in the least-

In the case of multiple metal binding sites, the observed Sduares analysis. _ o
nuclear relaxation rat&o, is given by In contrast, the occupancies of the carboxylate binding sites

must be determined in the total least-squares analysis.
Therefore, two simultaneous equilibria were considered for

2Rig+ Ry, + k

R _ each carboxylate binding site;,Bn Trx
(0]
2
R+ K2 N B, + Ni*" = B,Ni*" (13)
1p
—kf R, + )T Ry, (12
2 P Z o (12) B +H =BH" (14)

Here,N + 1 is the number of metal binding sitds; is the
occupancy of théth binding site, andRyy; is the paramag-

By including these equilibria in the analysis, the dissociation
constantKp, for the N+ binding and the i, value can be

netic relaxation enhancement of the nucleus caused by thedetermined through eq 12 for each of the metal coordinating

metal ion in theith binding site. Thus, it is assumed that
each amide proton in Trx is in the intermediate-exchange

groups.
It should be noted that the relaxation rates of several

regime with respect to one binding site, i.e., the N-terminal affected amide protons must be available for each carboxylate
binding site, as indicated by the observation of the double binding site to obtain a reliable characterization of the sites.
signals, and in the fast-exchange regime with respedt to This condition was not fulfilled for one of the carboxylate
other binding sites, i.e., the carboxylate binding sites. The binding sites (E85, see below), where some of the relaxation
latter assumption is supported by the available information rates could not be determined either because of spectral
on the binding modes of Rii to proteins and peptides, which  overlap or because of fast amide proton exchange at pH 7.0.
indicate that the carboxyl groups of aspartate and glutamateTherefore, reasonable values ¢fqandKp were chosen for
residues only play a secondary role fo?Nbinding sites, this site in the least-squares analysis. Thus, tKgvalue
the imidazole groups of histidine residues and the thiol for the E85 binding site was fixed at 4.60 on the basis of
groups of cysteine residues being the preferred donor groupghe pH titration curve for the amide proton G84 This
for Ni?* binding 63). amide proton titrates with two apparer{jvalues, 6.24+
Since the occupancy of the N-terminal binding site was 0.09 and 4.6Gt 0.03, according to the pH dependence of
determined independently in the Nititration (see above its relaxation rate. The former value corresponds to the
and Figure 2), it was included as a fixed parameter in the titration of the N-terminal binding site and the latter to the
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FiGURE 5: Per-residue comparison of the experimental longitudinal Ficure 6: Comparison of the relaxation ratB§*® andRj'** The

relaxation rates®) obtained at 11.74 T, and the rates (full drawn R rates were calculated using the parameters obtained in the

line) calculated on the basis of the structure of Trx and the positions |east-squares fit by omitting 5% of the measured relaxation rates,
of the NP* ions as obtained in the least-squares analysis (see Figuregm

. ; e . 5% The data omitted in the analysis were randomly selected
7) using eq 12. The experimental longitudinal relaxation rates were 5q4 contain relaxation rates obtained at different pH values and
obtained from a 1.0 mM sample of Trx at pH 7.0 containing 1.0

. L .
MM Ni2+. different N#* concentrations.

titration of the E85 carboxylate group. Since the occupancy
of the carboxylate binding site is smal{{ is large), the pH
dependence of [Bli>*] will be controlled by the K, value
of BiH™, while it, in practice, is unaffected by th& value.
For a @K, value of 4.60, the best agreement with the
experimental data was obtained for a dissociation constant,
Kp, of 20 mM for the E85 binding site.
A total of 856 relaxation rates distributed among 88
different amide protons were included in the least-squares D10
fit. The number of variables was 112, including 4 parameters
for the N-terminal binding site, 5 parameters for each of the
carboxylate binding sites, and 88,4 values, one for each
of the included amide protons. It should be emphasized that
the pH titration data are essential for the convergence of the .
least-squares fit and, in general, for the quality of the analysis FIGURE 7: Structure of Trx showing the five different Nibinding
presented here. Not only do the pH titration experiments i:tff The Carb‘r’lxy'at‘? side Chﬁ]”s e shown in greer queﬂf]he
allow a distinction between the amide protons affected only p;ogrfr?]sp"’;,rﬁél_%vé; N gray. The figure was prepared wi €
by the N-terminal binding site and those affected by several
binding sites, the pH titration experiments also provide the The quality was evaluated through tQeparameter defined
information necessary for determining the occupancies of as £4)
the different carboxylate binding sites. Last, but not least,
the pH titration experiments provide reliable relaxation rates Q = rmsRE*— R*Y/rmsR]*% (15)
at low pH in the cases where the rates at neutral pH are
affected by fast amide proton exchange that obscure theHere, R; > are the measured relaxation rates, which were
information about the Ni —amide proton interactiong}g, omitted in the least-squares analysis, &R{f® are the
49). relaxation rates predicted from the parameters obtained in
The quality of the least-squares analysis was primarily the least-squares fit. Six least-squares analyses were per-
evaluated by comparing the experimental longitudinal re- formed each time omitting 45 randomly selected relaxation
laxation rates of the amide protons with those calculated from rates. The averag@-parameter obtained from these calcula-
the parameters obtained in the least-squares analysis (sedons was 164 2%. Figure 6 shows a comparison of the
below). Figure 5 shows a per-residue comparison of the two measured and the predicted relaxation rates from one of these
sets of rates. In general, the agreement between the experianalyses.
mental and the calculated relaxation rates is good. Thus, Charaterization of Metal Binding SiteQualitatively, the
almost all of the calculated relaxation rates are within the total least-squares fit shows that?Nbinds specifically and
error bars of the experimental rates. A similar agreement with an appreciable affinity to only four side chain car-
between the experimental and the calculated rates is foundboxylate groups, in addition to the N-terminal binding site.
for the other Ni™ concentrations and pH values. In the least-squares analysis, the number of carboxylate
A further evaluation of the quality of the fit was made by binding sites was found by increasing the number of binding
omitting a small portion (5%, i.e., 45 relaxation rates) of sites until a satisfactory agreement with the experimental data
the relaxation data and back-calculating the data from thewas obtained. The four carboxylate groups are those of
subsequent fit. The 45 relaxation rates were randomly residues D10, D20, D47, and E85, while the N-terminal
selected among the 856 observables and include relaxatiorbinding site includes the N-terminal NHroup of S1 and
rates at different pH values and differenfNconcentrations.  the side chain carboxylate group of D2. Figure 7 shows the
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Table 1: Solvent Accessibility (%) of the Aspartic and Glutamic
Acid Residues irE. coli Trx2

solvent solvent
residue accessibility (%) residue accessibility (%)

D2 21.4 D43 10.9
D9 16.5 E44 25.8
D10 475 D47 24.2
D13 21.8 E48 26.3
D15 19.1 D61 24.4
D20 56.0 E85 435
D26 0.0 E101 42.2
E30 42.0 D104 28.6

a Calculated using MOLMOL%6) and a probe size of 1.4 A.

binding sites in Trx. The occupancies were calculated using the the amide protons close to D10 (see Figure 5). However,

dissociation constants an&pvalues obtained in the least-squares
analysis (see text).

structure of Trx with the side chains of D2, D10, D20, D47,
and E85 in green and the bound?Nions in gray. As it
appears from the figure, the Niions are located in close

residues D9 and D13 also have side chain carboxylate groups.
Therefore, theKp value obtained for D10 may be affected
by interactions between Ni and residues D9 and D13. This
leads to a larger occupancy of the D10 binding site while at
the same time the distance from the side chain carboxylate

proximity to the side chain carboxylate groups, although the 970uP of D10 to the metal ion is longer than in the case of
distances of some of the metal ions from the carboxylate D20.

groups are slightly larger than expected. It should be noted,

Finally, the metal binding capability of the side chain

however, that the structure shown here is the unmodified carboxylate groups in Trx was compared with the solvent

metal-free solution structure, while in the actual metal-boun

g accessibility of the residues, as shown in Table 1. The solvent

structure some of the side chains most likely are rearranged@ccessibility was calculated for each residue using the

slightly in order to coordinate to the metal ion.
Quantitatively, the following dissociation constanks;,
were obtained for the individual carboxylate binding sites:
D10 (Kp = 2.4+ 0.7 mM), D20 Kp = 4.6+ 1.2 mM), and
D47 Kp = 13.6 + 4.8 mM). Furthermore, the following
pK, values were obtained for the carboxylate metal binding
sites: D10 (4.6+ 0.1), D20 (4.7+ 0.1), and D47 (4. 7%
0.1). Finally, for the N-terminal binding site a rate constant
kot = 7.0+ 0.3 s was obtained in the least-squares analysis.
Using theKp and K, values obtained in the least-squares
fit and the fixed parameters of the E85 binding site, the pH

program MOLMOL 66) and a probe size of 1.4 A. As it
appears from the table, D10, D20, and E85 have the highest
solvent accessibilities. Therefore, these residues are more
likely to interact with the Nt ions than the remaining
residues with side chain carboxylate groups, in agreement
with their metal binding capability found here. Also, the
metal ions are more likely to interact with carboxylate groups
that cluster close together on the protein surf&. (This
might be the case for the D47 binding site, which is
surrounded by the aspartic and glutamic acids D43, E44, and
E48.

dependence of the occupancies of the binding sites in Trx CONCLUSION

was calculated for a constantNiand protein concentration

(1.0 mM). The results are shown in Figure 8. It is seen that,

for equivalent amounts of the protein andNithe occupan-
cies at pH 7.0 are S1/D2 (47%), D10 (11%), D20 (7%), D47
(3%), and E85 (2%), respectively, leaving 30% of thé'Ni
ions unbound at these experimental conditions.

From the occupancy of 47% at pH 7.0 of the N-terminal
binding site, and its pH dependence that follows a titration
curve with an apparentiy value of 6.0 (see above), ks
value of 235uM and a X, value of 6.65 were estimated.
This K, value is somewhat lower than the value of 782
0.05 obtained previously for the N-terminal amino group,
using the pH-induced chemical shift changes of ¢heand
B-protons of residue SEE). Most likely, the lower K, value
obtained here corresponds to an averalje \mlue of the

N-terminal amino group of residue S1 and the side chain
carboxylate group of residue D2. This suggestion is supported

by the fact that both functional groups are potentiat*Ni
binding groups and that the Niion is located close to the
two groups, according to the analysis here.

It is interesting to compare th&, values obtained for the
different carboxylate binding sites. Thus, although Kie
value of D10 is smaller than that of D20, i.e., D10 binds
Ni2* more tightly than D20, the relaxation rates of the amide

protons close to D20 are significantly more enhanced than

The detailed analysis presented here demonstrates that
potential metal binding sites in proteins can be identified
and characterized using paramagnetic NMR relaxation. Thus,
for each binding site in the model protdin coli thioredoxin,
the occupancy and the<p value of the metal binding site
were determined by a least-squares analysis of the longitu-
dinal relaxation rates of the amide protons using the structure
of the protein. Although the approach is computationally
intensive, it is conceptually simple, and in general it should
be applicable in studies of proteins, where interactions with
metal ions are necessary for the function. Because of the
sensitivity of the method it should be applicable even in cases
where the metatprotein interactions are relatively weak.
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