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Abstract: The binding of Sc3+ to chicken ovotransferrin has been investigated by 45Sc and 13C NMR spectroscopy. In 
the presence of carbonate, one observes two 45Sc and 13C signals which can be assigned using the proteolytic half-
molecules of ovotransferrin to bound Sc3+ and 13C032~ in both metal ion binding sites of the protein. When the 
synergistic anion is changed to oxalate, two overlapping 45Sc resonances are again detected. Several properties of the 
transferrin-bound 45Sc signals, such as their dependence on pulse length, magnetic field, protein size, and temperature, 
are consistent with the detection of only the central (m = l/2 -*• -]/2) transition of a quadrupolar nucleus under far 
from extreme narrowing conditions. From 45Sc chemical shift and line width data for the Sc3+/carbonate form of 
ovotransferrin at four magnetic fields, we have calculated values for the quadrupole coupling constant (x) and rotational 
correlation time (rc) for the bound metal ion in each site of the protein. In addition, from chemical shift information 
at two fields, we have obtained estimates of x for the Sc3+/oxalate form of ovotransferrin, as well as for the Sc3+/ 
carbonate derivative of human serotransferrin. The results in each case are comparable to the x values we have 
determined for two octahedral Sc3+ organometallic complexes. From the x data, we have calculated values for the 
electric field gradient (|eqi0nic|) at the metal nucleus for transferrin-bound Sc3+, by taking into account the nuclear 
quadrupole moment for 45Sc and the Sternheimer antishielding factor for Sc3+. These results are compared to our 
previous 27Al NMR data for the analogous Al3+ forms of the transferrins [Aramini, J. M.; Vogel, H. J. / . Am. Chem. 
Soc. 1993,115, 245-252. Aramini, J. M.; Germann, M. W.; Vogel, H. J. J. Am. Chem. Soc. 1993,115,9750-9753]. 
This report represents the first 45Sc NMR study of a metalloprotein and is another example of the applicability of 
quadrupolar metal ion NMR to the investigation of metal ion binding sites in large proteins. 

Introduction 

Recent 27Al and 51V nuclear magnetic resonance (NMR)1 

studies of the transferrins have demonstrated the feasibility of 
using quadrupolar metal ion NMR spectroscopy to probe the 
metal ion binding sites in large proteins.2"6 The technique revolves 
around the detection of the central (m = '/2 ~* -1Zi) transition 
of a half-integer quadrupolar nucleus (i.e., / = n/2,« = 3, 5,7), 
which is facilitated by increasing nuclear resonance frequency 
and protein size (i.e., <i)0rc» 1). It was also recently shown that 
important physical information about the metal ion binding site, 
namely the symmetry of the site (i.e., x. the quadrupole coupling 
constant) and the motion of the bound metal ion (i.e., TC, the 
rotational correlation time), may be gleaned from the magnetic 
field dependence of the chemical shift and line width of the signal 
due to the bound metal ion.2'4 

In this paper, we extend this methodology to another metal, 
scandium, by using 45Sc NMR to monitor the binding of Sc3+ to 
the transferrins, a class of MW » 80 000 proteins which contain 
two high-affinity Fe3+-binding sites.7 The solution chemistry of 
scandium is based entirely on its trivalent cation, Sc3+, which 
almost exclusively forms six-coordinate complexes.8 This makes 
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• Abstract published in Advance ACS Abstracts, February 1, 1994. 
(1) Abbreviations used: NMR, nuclear magnetic resonance; OTf, ovotrans­

ferrin; sTf, serotransferrin; OTf/2N; N- (amino-) terminal half-molecule of 
ovotransferrin; OTf/2C, C- (carboxy-) terminal half-molecule of ovotrans­
ferrin; acac, 2,4-pentanedionato; hfaa, l,l,l,5,5,5-hexafluoro-2,4-pentanedi-
onato; Tris, tris(hydroxymethyl)aminomethane; TMS, tetramethylsilane; 
NOE, nuclear Overhauser enhancement; sTf/2N, N- (amino-) terminal half-
molecule of serotransferrin. 

(2) Aramini, J. M.; Vogel, H. J. / . Am. Chem. Soc. 1993, 115, 245-252. 
(3) Aramini, J. M.; Vogel, H. J. Bull. Magn. Reson. 1993, 15, 84-88. 
(4) Aramini, J. M.; Germann, M. W.; Vogel, H. J. J. Am. Chem. Soc. 

1993, 115, 9750-9753. 
(5) Butler, A.; Danzitz, M. J.; Eckert, H. / . Am. Chem. Soc. 1987, 109, 

1864-1865. 
(6) Butler, A.; Eckert, H. J. Am. Chem. Soc. 1989, 111, 2802-2809. 

Sc3+, whose ionic radius is slightly larger than that of Fe3+ (0.75 
vs 0.65 A),9 a suitable probe for the Fe3+-binding sites of 
transferrins in which the metal ion is coordinated by six ligand 
atoms, four from the side chains of four protein residues and two 
from the synergistic anion (i.e., carbonate), in a distorted 
octahedral geometry.10''' Like the two other quadrupolar nuclei 
which have been successfully applied to the study of transferrins 
thus far (i.e., 27Al and 51V), 45Sc O=1Ii) has both a high resonance 
frequency and a high receptivity, but it has a slightly larger 
quadrupole moment.12 Despite these desirable qualities, 45Sc 
NMR spectroscopy has scarcely been employed in studies of 
scandium complexes to date.13 

Experimental Section 

Materials. The apo-forms of chicken OTf and human sTf were 
purchased from Sigma Chemical Co. and used without further purification. 
The purification and characterization of the N- and C-terminal half-

(7) For recent reviews, see: (a) Baker, E. N.; Lindley, P. F. J. Inorg. 
Biochem. 1992,47,147-160. (b) Aisea,P.In Physical Bioinorgantc Chemistry; 
Loehr, T. M., Ed.; VCH Publishers: New York, 1989; Vol. 5, pp 353-371. 
(c) Brock, J. H. In Metalloproleins; Harrison, P. M., Ed.; MacMillan Press: 
London, 1985; Part 2, pp 183-262. 

(8) See, for example: (a) Constable, E. C. Coord. Chem. Rev. 1985, 62, 
131-143. (b) Horovitz, C. T., Ed. Scandium (Its Occurrence, Chemistry, 
Physics, Metallurgy, Biology and Technology); Academic Press: London, 
1975. (b) Melson, G. A.; Stotz, R. W. Coord. Chem. Rev. 1971, 7, 133-160. 

(9) Shannon, R. D. Acta Crystallogr. 1976, A32, 751-767. 
(10) Anderson, B. F.; Baker, H. M.; Norris, G. E.; Rice, D. W.; Baker, E. 

N. J. MoI. Biol. 1989, 209, 711-734. 
(11) Sarra, R.; Garratt, R.; Gorinsky, B.; Jhoti, H.; Lindley, P. Acta 

Crystallogr. 1990, B46, 763-771. 
(12) Brevard, C; Granger, P. Handbook of High Resolution Multinuclear 

NMR; J. Wiley and Sons: New York, 1981. 
(13) For reviews, see: (a) Rehder, D. In Studies in Inorganic Chemistry 

(Transition Metal Nuclear Magnetic Resonance); Pregosin, P. S., Ed.; 
Elsevier: Amsterdam, 1991; Vol. 13, pp 2-58. (b) Rehder, D. In Multinuclear 
NMR; Mason, J., Ed.; Plenum Press: New York, 1987; pp 479-519. (c) 
Drakenberg, T. Ann. Rep. NMR Spectrosc. 1986,17, 231-283. (d) Rehder, 
D. Magn. Reson. Rev. 1984, 9, 125-237. 
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molecules of OTf (OTf/2N and 0Tf/2C) were performed according to 
published methods.2,14-16 Tris(2,4-pentanedionato)scandium (Sc(acacb) 
was prepared from scandium oxide (Sigma Chemical Co.) and 2,4-
pentanedione (General Intermediates of Canada) by following published 
procedures."'18 Scandium chloride and tris(l,l,l,5,5,5-hexafluoro-2,4-
pentanedionato)scandium (Sc(hfaa)3) were obtained from Aldrich 
Chemical Co. and Strem Chemicals, respectively. The suppliers of all 
isotopically labeled compounds and solvents used in this study are listed 
elsewhere.2,4 

NMR Spectroscopy. Procedures for the preparation and titration of 
protein samples for NMR are identical to those described in our earlier 
work with Al3+.2-4'1' 45Sc NMR spectra were acquired at 5 and 25 0C 
on four instruments—Bruker ARX 300 (v0 • 72.9 MHz), AM 400 (c0 
= 97.2 MHz), AMX 500 (v0 = 121.5 MHz), and AMX 600 (i>0 = 145.8 
MHz)—each equipped with a 10-mm broadband probe, with the following 
parameters: a 30-45° flip angle, a repetition time of 11-21 ms, a sweep 
width of 50-125 kHz, a 50-jis dead time, and 2-4 K data points. All data 
was zero-filled once and processed with a 100-Hz line broadening. For 
quantitative work with Sc(H2OV+, a total time between pulses of 60 ms 
was used. The chemical shifts and line widths of overlapping 45Sc NMR 
signals were obtained by fitting each spectrum a minimum of four times 
using the LINESIM routine (P. Barron, Bruker Australia). Because of 
the large observed 45Sc line widths for the Sc3+ compounds used in this 
study, the 49Sc chemical shifts reported are to the nearest ±1 ppm; the 
uncertainty in the 45Sc line width data is ±5%. Proton-coupled 13C NMR 
spectra of the proteins used in this study were acquired on the Bruker 
AM 400 (100.6 MHz) and AMX 500 instruments (125.7 MHz) and 
processed as described elsewhere.2 13C(1HI and 43Sc NMR studies of 
0.1-0.15 M solutions of Sc(acach and Sc(hfaah in benzene-^ were 
performed at 25 0C on the Bruker AM 400 spectrometer. 13C longitudinal 
relaxation times (T\) for these complexes were determined by the 
inversion-recovery method. All45Scand 13CNMRspectraarereferenced 
to external 1.0 M ScCl3 in D2O and TMS, respectively.20 

Theory 

In general, the quadrupolar relaxation mechanism, which arises 
from the interaction of the nuclear quadrupole moment and 
fluctuating electric field gradients at the nucleus, is the most 
effective relaxation pathway for quadrupolar ( / > V2) nuclei.21 

For small molecules in solution under extreme narrowing 
conditions (i.e., W<>TC « 1), the longitudinal (1 / Tx) and transverse 
(I/Ti) relaxation rates for the single quantum transitions between 
the 21 + 1 nuclear Zeeman levels are equivalent, resulting in a 
single Lorentzian peak with a line width (Ay1/2) given by the 
following expression:22 

1 1 - A _3^r2 ( 2 7 + 3 ) 2 . . . 

Tx-T1-^n-To T&-^< (1) 

where x is defined as the quadrupole coupling constant and TC 

is the rotational correlation time of the nucleus. 

(14) Oe, H.; Doi, E.; Hirose, M. J. Biochem. (Tokyo) 1988, 103,1066-
1072. 

(15)Nakazato, K.; Enami, I.; Tanaka, Y.; Uchiyama, Y.; Tsugita, A.; 
Satake, K. Biosci. Biotechnol. Biochem. 1992, 56, 687-688. 

(16) Thornton, D. J.; Holmes, D. F.; Sheehan, J. K.; Carlstedt, I. Anal. 
Biochem. 1989, 182, 160-164. 

(17) Morgan, G. T.; Moss, H. W. /. Chem. Soc. 1914,105, 189-201. 
(18) Fernelius, W. C; Bryant, B. E. Inorg. Synth. 1957, 5, 105-113. 
(19) In the experiments with oxalate, to limit contamination of the samples 

with carbonate, the pH of the sample was lowered to 4.5 and, upon addition 
of the appropriate quantities of Sc3+ and' 3CjO4

2-, a trace amount of solid Tris 
was used to adjust the pH to the desired value. 

(20) The chemical shift of aqueous Sc3+ is dependent on a number of factors, 
such as concentration and the deuterium isotope effect (Haid, E.; Kdfanlein, 
D.; Kossler, G.; Lutz, O.; Messner, W.; Mohn, K. R.; Nothaft, G.; van Rickelen, 
B.;Schich,W.;Steinhauser,N.Z.Noturforsch. 1983,38 A,317-321. Melson, 
G. A.; Olszanski, D. J.; Rahimi, A. K. Spectrochim. Acta 1977, 33A, 301-
309). The shift of the standard employed in this study is S = -5.5 ppm with 
respect to 0.1 M Sc(H2O)6

3+, the standard most commonly used in 43Sc NMR 
spectroscopy. 

(21) (a) Abragam, A. Principles of Nuclear Magnetism; Oxford University 
Press: Oxford, U. K., 1961; pp 313-315. (b) Forsin, S.; Lindman, B. In 
Methods of Biochemical Analysis; Glick, D., Ed.; J. Wiley and Sons: New 
York, 1981; Vol. 27, pp 289-486. 

(22) The asymmetry term (1 +1?2/3) in this equation has been neglected. 

However, under far from extreme narrowing conditions (i.e., 
w 0 r c » 1), this degeneracy is lost and quadrupolar relaxation is 
multiexponential. Some time ago it was predicted that in this 
situation the central (m = • /2 -* - ' /2) transition of a half-integer 
quadrupolar nucleus (i.e., / = n/2, n • 3, 5, 7) should produce 
a relatively narrow signal.23-24 Westlund and Wennerstrdm25 

derived analytical expressions for the transverse relaxation rate 
of this transition in / = 5 /2 and 7 / 2 nuclei in the limit of slow 
isotropic molecular motion; for / = 7 / 2 nuclei like 45Sc, the line 
width of the central transition is26 

Avl/2 = 2.5 X 10-3( - £ - ) (2) 

Thus, in this window of molecular motion, the line width of the 
m = V2 -* -x/i transition is dependent on the nuclear resonance 
frequency, c0 (and hence the external magnetic field, B0), and is 
inversely proportional to TC. Furthermore, the chemical shift of 
this transition when <D0TC » 1 is also field dependent and for / 
= 7 /2 nuclei is25'27 

A5d = -2.5X103f4j (3) 

This "second-order dynamic frequency shift" is an upfield (low 
frequency) shift, whose magnitude decreases with increasing B0. 
Equations 2 and 3 are identical to analogous expressions for / = 
V2 nuclei, like 27Al, except that the leading coefficients in both 
equations are smaller for the I = 7 / 2 case. Thus, if all the other 
parameters are equivalent, both the line width and the magnitude 
of the second-order dynamic frequency shift for the signal due 
to the central transition under far from extreme narrowing 
conditions will be smaller for I = 7 / 2 nuclei compared to / = '/2 
nuclei. 

The quadrupole coupling constant, x, in eqs 1-3 is generally 
given by the expression 

g2g9ob. ,.. 
X — (4) 

where eg is the quadrupole moment of the nucleus and eqob> is 
the observed electric field gradient at the nucleus. This key 
parameter provides information about the relative symmetry of 
the electronic environment surrounding the nucleus, where a 
decrease in x reflects an increase in symmetry. The larger 
(absolute) value of Q for 45Sc compared to 27Al (0.22 vs 0.14 b)28 

(23) Hubbard, P. S. J. Chem. Phys. 1970, 53, 985-987. 
(24) Bull, T. E.; Forsen, S.; Turner, D. L. J. Chem. Phys. 1979, 70,3106-

3111. 
(25) Westlund, P.-O; Wennerstrdm, H. /. Magn. Reson. 1982, 50,451-

466. 
(26) Equation 2 was derived from the transverse relaxation matrix for / 

= 1Ji nuclei in the slow motion limit: 

K2(m = V2 — -V2) = [1(U(W) + (70 - 20V6)/(2«)]tf 
where 

'-AW - «*-{£ 
Higher-order contributions to J?2(m • V2 -» -V2) have been neglected; see 
ref 25 herein. 

(27) Werbelow, L. G. /. Chem. Phys. 1979, 70, 5381-5383. 
(28) (a) Pyykka, P.; Li, J. Report HUKI 1-92; University of Helsinki: 

Helsinki, Finland, 1992. (b) Mills, I.; Cvitas, T.; Homann, K.; Kallay, N.; 
Kuchistu, K. Quantities, Units and Symbols in Physical Chemistry, 2nd ed.; 
Blackwell Scientific Publications: Oxford, U.K., 1993; pp 98-104. 
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is somewhat of a disadvantage since an increase in Q translates 
into an increase in signal line width under either extreme or 
nonextreme narrowing conditions (i.e., see eqs 1 and 2). In order 
to meaningfully compare x data for different quadrupolar nuclei 
in analogous compounds, one must consider that, aside from the 
distribution of the juxtaposed ligands, the eq^ at the nucleus is 
also a function of deviations from spherical symmetry of the inner 
electron orbitals induced by the valence electrons, an effect termed 
Sternheimer antishielding.29-30 In general, Sternheimer anti-
shielding factors (1 - 7.) markedly increase with atomic size, 
though the uncertainties in these factors make the calculation of 
electric field gradients quite problematic. However, 1-7. values 
have been calculated for free closed shell ions and for closed shell 
ions in ionic crystals,31 and under these circumstances x is30 

X = -
^C&onicU - T - ) 

(5) 

where Clonic is the field gradient due to the ionic charges about 
the nucleus. There are examples in the literature of the use of 
Sternheimer antishielding factors in calculations of electric field 
gradients and quadrupole coupling constants for complexes of 
quadrupolar metal ions in both the liquid and solid states.32'33 

Results 

Se34 and Carbonate Binding to OTf and Its Half-Molecules. In 
general, two approaches have been used to monitor the binding 
of diamagnetic metal ions to transferrins by NMR spectroscopy: 
(1) direct detection of the metal nucleus2-*-34-34 and (2) detection 
of the bound isotopically enriched anion by 13C NMR.2-3-37"3913C 
(125.7 MHz) and 45Sc (121.5 MHz) NMR spectra of OTf and 
its half-molecules in the presence of Sc3+ and a molar excess of 
13C-labeled carbonate are shown in Figure 1. In the case of OTf, 
one observes two partially overlapping signals in both the 13C and 
45Sc NMR spectra corresponding to bound 13C032_ and Sc3+ in 
both metal ion binding sites of the protein. From titration 
experiments, we have found that both sets of signals increase 
simultaneously, indicative of a lack of site preference for this 
metal ion in the presence of carbonate (data not shown); such 
behavior may also be indicative of cooperativity. The 13C and 
45Sc NMR signals for the Sc3+/ 13CO3

2" derivative of OTf have 
been assigned by studying the proteolytic half-molecules of this 
protein. The near perfect agreement between the 45Sc and 13C 
signals due to the bound metal ion and anion in the two sites of 
OTf and the corresponding resonances in the half-molecules 
suggests that proteolytic digestion of the intact protein does not 
perturb the metal ion binding sites in each lobe of the protein. 
Notice that the 45Sc NMR signals for both 0Tf/2N and OTf/ 
2C are significantly broader than the corresponding resonances 
in the intact protein (see Table 1). 

In the analogous Sc3+/13CO3
2- form of sTf, we also observe 

two distinct 13C signals due to the bound anion in both sites of 

(29) Sternheimer, R. M. Phys. Rev. 1966, 146, 140-160 and references 
therein. 

(30) Lucken, E. A. C. Nuclear Quadrupole Coupling Constants; Academic 
Press: New York, 1969, pp 79-96. 

(31) Schmidt, P. C; Sen, K. D.; Das, T. P.; Weiss, A. Phys. Rev. B. 1980, 
22, 4167-4179. 

(32) Kowalewski, J.; Maliniak, A. / . Magn. Reson. 1985, 62, 316-318. 
(33) Han, O. H.; Oldfield, E. Inorg. Chem. 1990, 29, 3666-3669. 
(34) Bertini, I.; Luchinat, C ; Messori, L. / . Am. Chem. Soc. 1983,105, 

1347-1350. 
(35) Sola, M. Eur. J. Biochem. 1990, 194, 349-353. 
(36) Sola, M. Inorg. Chem. 1990, 29, 1113-1116. 
(37) Zweier, J. L.; Wooten, J. B.; Cohen, J. S. Biochemistry 1981, 20, 

3505-3510. 
(38) Bertini, I.; Luchinat, C ; Messori, L.; Scozzafava, A.; Pellacani, G.; 

Sola, M. Inorg. Chem. 1986, 25, 1782-1786. 
(39) Bertini, I.; Messori, L.; Pellacani, G. C; Sola, M. Inorg. Chem. 1988, 

27, 761-762. 
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Figure 1. 13C (125.7MHz) and 45Sc (121.5 MHz) NMRspectraof OTf 
(1.05 mM, 1.9 equiv of Sc3+, pH 7.6), OTf/2N (13C, 0.22 mM; 43Sc, 0.42 
mM; 0.8 equiv of Sc3+, pH 7.6), and OTf/2C (13C, 0.28 mM; 45Sc, 0.46 
mM; 0.8 equiv OfSc3+, pH 7.6) in the presence of excess 13CO3

2" (10-20 
mM) at 25 0C: 13C, 2-3 X 104 scans; 45Sc, 1-3 X 10« scans. 

Table 1. 13C and 43Sc NMR Data for the Sc3+Z13CO3
2" Forms of 

OTf, OTf/2N, and OTf/2C at 11.7 T and 25 0 C 

protein site" & 13C (ppm) S 45Sc (ppm) AIM/2 ( H Z ) 

OTf 
OTf 
OTf/2N 
OTf/2C 

N 
C 

166.74 
166.61 
166.74 
166.61 

85 
77 
86 
78 

740 
940 

1300 
1700 

' 13C and 45Sc signals for intact OTf were assigned using the N- and 
C-terminal half-molecules of OTf. 

Table 2. 13C and 43Sc NMR DaU for the Sc3+Z13C2O4
2" and 

Sc3+Z13CO3
2" Derivatives of OTf and sTf at 9.4 and 11.7 T and 25 

protein 

OTf 

OTf 

OTfZ2N 

OTfZ2C 

sTf 

anion 
13C2O4

2" 

13C2O4
2-

13C2O4
2-

13C2O4
2" 

13CO3
2" 

site* 

N 

C 

N and C 

i 13C (ppm) 

170.60« 
167.78 
170.52« 
167.00 
170.6(K 
167.78 
170.52' 
167.00 
167.19 
166.76 

« 45Sc (ppm) 

70 
(54)' 
65 

(54)« 
70 

65 

76 
(64) 

Avi/2 (Hz) 

1160 
(1900) 

1030 
(1900) 

1900 

1900 

1020 
(1320) 

« «Sc data at 9.4 T for the Sc3+Z 13C2O4
2"and Sc3+Z 13CO3

2"derivatives 
of OTf and sTf, respectively, are shown in parentheses. * 13C and 45Sc 
signals for intact OTf were assigned using the N- and C-terminal half-
molecules of OTf; the assignment of the two 13C signals for the Sc3+Z 
13CO3

2" adduct of sTf has not been determined.c V0-C * 74 Hz. ' 45Sc 
signals at this field are not resolvable but can be fit to two resonances: 
S = 58 ppm, AIM/2 = 1600 Hz; 6 = 51 ppm, A1M/2 = 1650 Hz.«1Z0-C • 
73 Hz. 

the protein, but only one 45Sc signal (spectra not shown; see Table 

2). 

Experiments with Oxalate as the Synergistic Anion. ' 3C (100.6 
MHz) and 45Sc (121.5 MHz) NMR spectra of OTf and its half-
molecules in the presence of Sc3+ and a molar excess of r e ­
labeled oxalate are shown in Figure 2. In the carbonyl region of 
the 13C spectrum, one observes two pairs of doublets (i.e., two AB 
spin systems) assigned to the carboxyl carbons of the bound anion 
in both metal ion binding sites of the protein.2-38 The 45Sc signals 
from the bound metal ion in each site are nearly degenerate and 
are slightly upfield of those for the Sc3+Z13CO3

2" form of OTf. 
Again, the 45Sc and 13C signals due to the bound metal ion and 
anion in the two sites of OTf line up exactly with the signals for 
the half-molecules of OTf, and the 45Sc line widths for OTfZ 2N 
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0Tf/2C 

0Tf/2N 
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Figure 2. 13C (100.6 MHz) and 45Sc (121.5 MHz) NMR spectra of OTf 
(1.05 mM, 1.9 equiv of Sc3+, pH 7.6), OTf/2N (0.42 mM, 0.8 equiv of 
Sc3+, pH 7.5), and OTf/2C (0.50 mM, 0.8 equiv of Sc3+, pH 7.8) in the 
presence of excess 13C2O4

2- (5-10 mM) at 25 0C: 13C, 2-6 x 104 scans; 
45Sc, 1-2.5 X 106 scans. 
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Figure 3. Pulse length dependence of the 45Sc signal areas of Sc(H2O)6
3+ 

(O) and the Sc3+Z13CO3
2" derivative of OTf (•) containing equimolar 

amounts of Sc3+ at a radio frequency pulse strength (on) of 21.7 kHz; 
1 X 10s scans per experiment. 

and OTf/2C are appreciably larger than in the intact protein 
(see Table 2). We again found no evidence for any difference 
in the affinities of the sites for Sc3+ when the anion is changed 
to oxalate (data not shown). 

Pulse Length Dependence of OTf-Bound 45Sc NMR Signals. 
The dependence Of45Sc signal area on pulse length for Sc(H2O)6

3+ 

and the Sc3+/carbonate form of OTf containing equimolar 
amounts of Sc3+ is shown in Figure 3. The total area of the 
OTf-bound 45Sc signals is appreciably less than that for the free 
metal ion and reaches a maximum at a flip angle (30-35°) that 
is significantly shorter than the 90° pulse length for Sc(H2O)6

3+. 
In addition, the maximum area of the protein-bound signals is 
only 12-15% of that for free Sc3+ at that pulse length; this is 
somewhat less than the theoretically predicted value of the 
contribution of the central component of a / = 7 /2 nucleus (19%) .M 

Similar results have been obtained when oxalate acts as the 
synergistic anion and for sTf (data not shown). As in the previous 
27Al and 51V NMR studies of transferrins,2'6 these effects are 
attributable to the near selective excitation of the central (m = 

V: /2) transition of the quadrupolar nucleus bound to a 
large molecule (i.e., w0rc » 1). 

Field Dependence of OTf-Bound 48Sc NMR Signals. The 
chemical shifts and line widths Of45Sc NMR signals due to bound 
Sc3+ in the transferrins show a marked dependence on the strength 
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V0 (MHz) 

145.8 

121.5 

97.2 

72.9 
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Figure 4. 45Sc NMR spectra of OTf (1.05 mM, 1.9 equiv of Sc3+, pH 
7.6) at four magnetic fields (25 0C): 7.0 T (i>0 - 72.9 MHz), 9.4 T (i/0 
- 97.2 MHz), 11.7 T (i/0 - 121.5 MHz), and 14.1 T (»0 - 145.8 MHz); 
1 X 10* scans each. 

Ar (MHz)"2 (X10-4) 

Figure 5. Field dependence of the chemical shifts of OTf-bound 45Sc 
signals: (Q) OTf N-site; (O) OTf C-site. 

of the external magnetic field. 45Sc NMR spectra of the Sc3+/ 
carbonate form of OTf acquired at four different magnetic fields 
at 25 0 C are shown in Figure 4. The resonances for both sites 
of this protein are shifted downfield and become appreciably 
sharper with increasing magnetic field. Such trends have also 
been observed for the Sc3V13C2O4

2" and Sc3+/13C03
2" adducts 

of OTf and sTf, respectively, at magnetic fields of 9.4 and 11.7 
T (Table 2). In addition, decreasing the temperature to 5 0 C 
causes a substantial decrease in the line widths of both signals 
at each field, while their respective resonance positions are 
unaffected (spectra not shown). From the field dependence of 
the chemical shift (Figure 5) and the line width (Figure 6) of the 
OTf-bound 45Sc NMR signals, one can obtain values for the 
quadrupole coupling constant, x. and the rotational correlation 
time, Tc, for the bound metal ion in both sites of OTf in the 
presence of carbonate using eqs 2 and 3 (see Table 3). 

Experiments with Sc(acac)3 and Sc(hfaa)3. Using 45Sc and 
13C NMR spectroscopy, we have obtained x values for two 
scandium complexes, Sc(acac)3 and Sc(hfaa)3. For these small, 
six-coordinate molecules, extreme narrowing conditions (CD0TC « 
1) apply. To calculate x using eq 1, we have obtained rc values 
for these compounds from the T\ relaxation times of their methine 
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Figure 6. Field dependence of the line widths of OTf-bound 45Sc signals 
at 5 and 25 0C: (D) OTf N-site, 25 8 C; (O) OTf C-site, 25 0C; (•) OTf 
N-site, 5 0C; ( • ) OTf C-site, 5 0C. 

Table 3. x and rc Data for the Sc3+/Carbonate Derivative of 
Ovotransferrin at 5 and 25 8 C 

site 

N 

C 

temperature (0C) 

25 
5 

25 
5 

X (MHz) 

9.2 
9.2 

11.4 
11.4 

TC (ns) 

26 
51 
28 
52 

Table 4. 13C and 45Sc NMR Data for Sc(acac)3 and Sc(hfaa)3 at 
25 8C 

a. 13C NMR" 

complex 

Sc(acac)3 
Sc(hfaa)3 

complex 

Sc(acac>3 
Sc(hfaa)3 

8 (ppm) 

103.5 
93.8 

«(ppm) 

87 
32 

v" 
2.0 
2.0 

b.«Sc NMR 

API/2 (Hz) 

935 
485 

T,DD (S) 

1.05 
1.05 

T2 (ms) 

0.34 
0.66 

Te(s) 

4.4 X 10-" 
4.4 X 10-" 

X (MHz) 

12.9 
9.3 

" The 13C data shown are for the methine carbons in each complex. 
* NOE enhancement. 

carbons using eq 6.40 On the basis of 13CJ1HJ NOE data and the 

1 / M0 V / J V H T H W ^ A 

? = U ) \ rCH« ; (6) 

fact that identical x values for the Sc3+ ion in these complexes 
were obtained at different temperatures (i.e., eliminating spin 
rotation as a possible relaxation pathway for the carbons of 
interest41), the methine carbons relax exclusively by dipole-dipole 
relaxation. The 45Sc and 13C NMR data for Sc(acac)3 and Sc-
(hfaa)3 are presented in Table 4.42 

Discussion 

In this report, we have used high-field quadrupolar NMR 
spectroscopy to monitor the binding of Sc3+ to the metal ion 
binding sites in chicken OTf. From pulse length and field 
dependence experiments, we have shown that the 45Sc signals 
resulting from the bound metal ion arise almost exclusively from 

(40) Levy, G. C; Lichter, R. L.; Nelson, G. L. Carbon-13Nuclear Magnetic 
Resonance Spectroscopy, 2nd ed.; J. Wiley and Sons: New York, 1980; pp 
211-246. Here we assume a C-H bond distance (rcH) of 1.09 A for the 
methine carbons in each complex. 

(41) Dechter, J. J.; Henricksson, U.; Kowalewski, J.; Nilsson, A.-C. / . 
Magn. Reson. 1982, 48, 503-511. 

(42) Our 45Sc NMR results for Sc(acac)3 and Sc(hfaa)3, in particular the 
line width data, are at variance with previous work on these complexes 
(Bougeard, P.; Mancini, M.; Sayer, B. G.; McGlinchey, M. J. Inorg. Chem. 
1985, 24, 93-95). 

the central (m = ' /2 -*—' /2) transition of this quadrupolar nucleus, 
a result that is predicted for quadrupolar nuclei under far from 
extreme narrowing conditions by quadrupolar relaxation 
theory .2^23-25'27 Using quadrupolar NMR under these conditions 
offers some important advantages over working with small 
molecules. For example, in the limit of slow molecular motion, 
values for both x and TC can be derived from the field dependence 
of the chemical shift and line width of the bound quadrupolar 
nucleus, whereas under extreme narrowing conditions, quadru­
polar relaxation data only can give the product of these two 
physical parameters. In the latter situation, x may only be 
calculated if a value for rc can be determined by some other 
method. Moreover, detection of a quadrupolar nucleus in a 
macromolecule is dramatically enhanced by increasing the 
magnetic field (co) and/or molecular size (rc), in contrast to the 
extreme narrowing case (i.e., compare eqs 1 and 2). 

The values of x obtained for the Sc3+/carbonate form of OTf, 
Sc(acac)3 and Sc(hfaa)3, fall in a range (x « 5-15 MHz) 
established by solution and solid-state 45Sc NMR studies of a 
handful of Sc3+ salts.43,44 From the chemical shift data for the 
Sc3+/oxalate derivative of OTf and the Sc3+/carbonate adduct 
of sTf at 9.4 and 11.7 T, one can also obtain estimates of x for 
bound Sc3+ in these molecules using eq 3 (OTf N/oxalate, 11.2; 
OTfC/oxalate, 12.1 MHz; sTf N,C/carbonate, 11.2MHz).This 
gives the following series for the symmetry of the ligand 
environment about the bound Sc3+ ion (in order of decreasing 
symmetry): 

Sc(hfaa)3 = OTf N > sTfN.C ~ OTf C > 

OTfN1C (oxalate) > Sc(acac)3 

Interestingly, a similar sequence was found for Al3+ bound to the 
same proteins by 27Al NMR, except that the value of x for Al-
(acac)3 (x = 3.1 MHz) is less than that for the bound metal ion 
in any transferrin studied (x = 3.3-4.5 MHz).2-4 By using the 
quadrupole moments of 27Al and 45Sc28 and the Sternheimer 
antishielding factors for free Al3+ and Sc3+,31 we have calculated 
values for \eq0t»\ and |e?ionic| for Al3+ and Sc3+ in M(acac)3 and 
the various M3+ forms of OTf and sTf (M = Al, Sc) from our 
X data using eqs 4 and 5 (Table 5). From X-ray crystal data for 
the acac complexes of several trivalent metal ions, it was proposed 
that the bonds between the metal ion and the ligands are largely 
ionic in character;45 because of the hard ligands which participate 
in metal ion binding, this notion can be extended to the Fe3+-
binding sites in the transferrins. Thus, it seems reasonable to 
invoke the Sternheimer antishielding factors for the free closed 
shell metal ions in calculations of |ei?iomc| for the bound metal 
nuclei in these compounds. When the Sternheimer antishielding 
effect is taken into account, the values of |e*gionic| for the central 
metal ion in the acac complexes are very comparable. This is in 
agreement with X-ray crystal data for Sc(acac)3 and Al-
(acac^,46-47 in which six oxygen atoms from the ligands are 
arranged in a slightly distorted octahedral geometry around the 
metal ion. However, from inspection of Table 5, it is obvious that 
the electric field gradients (|ê i0nicl) for all protein-bound Sc3+ 

ions are appreciably smaller than those for the analogous Al3+ 

adducts. Hence, our data suggest that the symmetry of the ligand 
environment in the transferrin metal ion binding sites is much 
higher for the larger Sc3+ ion compared to Al3+ (r = 0.75 vs 0.54 
A).' 

In addition to a means of finding x. the field dependence of 
the chemical shift of a protein-bound 45Sc NMR signal can also 

(43) Thompson, A. R.; Oldfield, E. J. Chem. Soc., Chem. Commun. 1987, 
27-29. 

(44) Tarasov, V. P.; Buslaev, Yu. A. / . Magn. Reson. 1977, 25, 197-203. 
(45) Palenik, G. J.; Dymock, K. R. Acta Crystallogr. 1980, B36, 2059-

2063. 
(46) Anderson, T. J.; Neuman, M. A.; Melson, G. A. Inorg. Chem. 1973, 

12, 927-930. 
(47) Hon, P. K.; Pfluger, C. E. / . Coord. Chem. 1973, 3, 67-76. 
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Table 5. Electric Field Gradients for M(acac)3, the M3V13CO3
2- Forms of OTf and sTf, and the M3V13C2O4

2" Form of OTf (M = Al, Sc) 

complex 

Al(acac)3 

Al3+-OTfN 
Al3+-OTfC 
Al3+-STfN1C 
Al3+-OTfN(Ox) 
Al3+-OTfC(Ox) 
Sc(acac)3 
Sc3+-OTfN 
Sc3+-OTfC 
Sc3+-STf N,C 
Sc3+-OTfN(Ox) 
Sc3+-OTfC(Ox) 

X (MHz)" 

3.1 
3.3 
3.8 
3.6 
4.1 
4.5 

12.9 
9.2 

11.4 
11.2 
11.2 
12.1 

G(IO"28 m-2)» 

0.14 
0.14 
0.14 
0.14 
0.14 
0.14 

-0.22 
-0.22 
-0.22 
-0.22 
-0.22 
-0.22 

1"7OtJ(IO20 V/m2)< 

9.2 
9.7 

11.2 
10.6 
12.1 
13.3 
24.3 
17.3 
21.4 
21.1 
21.1 
22.7 

1-7-(M3+)' ' 

3.6 
3.6 
3.6 
3.6 
3.6 
3.6 

12.4 
12.4 
12.4 
12.4 
12.4 
12.4 

Nk»k|(10MV/m2)< 

2.5 
2.7 
3.1 
3.0 
3.4 
3.7 
2.0 
1.4 
1.7 
1.7 
1.7 
1.8 

0 27Al x data for Al(acac)3 and the Al3+ adducts of OTf and sTf are taken from refs 2 and 4. * Taken from ref 28.c To convert the values for |ei?o»»l 
and |e?ionicl from SI units into atomic units (au), divide by 9.717 X 1021. d Values of 1 - 7 . given are for the free closed shell ions; taken from ref 31. 

be used to obtain its true isotropic chemical shift (5,) by 
extrapolating the curve (i.e., Figure 5) to infinite field. In the 
case of Sc3+ bound to the N- and C-sites of intact OTf in the 
presence of carbonate, the values of B1 are virtually identical (5< 
= 100 ppm). This value is toward the high-frequency end of the 
ca. 340-ppm chemical shift window obtained from compilations 
of the known 45Sc NMR data to this point.13*'48 The isotropic 
27Al chemical shifts for the Al3+/carbonate forms of OTf, sTf, 
and ITf are also practically the same.4 X-ray crystal structures 
of the Fe3+/carbonate adducts of human ITf10 and rabbit sTf/ 
2NU plus amino acid sequence information49 have established 
that in all transferrins the same four highly conserved residues 
(one Asp, two Tyr, and one His) directly participate in metal ion 
binding. Thus, our results suggest that discrepancies in the 
chemical shifts of transferrin-bound 45Sc (and 27Al) signals are 
completely due to subtle differences in the symmetry of the metal 
ion binding sites in these proteins (i.e., the second-order dynamic 
frequency shift, eq 3) rather than to differences in the chemical 
nature of the ligands involved in chelating the metal ion. Although 
the atoms in the immediate binding sites of human ITf are highly 
superimposable, X-ray data for human sTf and chicken OTf which 
could further support our data, though imminent,78 have not been 
presented to date. 

The Tc values for bound Sc3+ in the two metal ion binding sites 
of OTf are slightly lower than those obtained by 27Al NMR but 
are still in good agreement with recent perturbed angular 
correlation (PAC) data for OTf (TC « 33 ns).50 In addition, the 
vast increase in the 45Sc line widths observed for the half-molecules 
of OTf compared to the corresponding sites in the intact protein 
plus the sharp decrease in line width with decreasing temperature 
for the 45Sc signals from intact OTf are consistent with 
quadrupolar relaxation under far from extreme narrowing 
conditions (i.e., see eq 2; increasing TC causes a decrease in line 
width). 

(48) Kirakosyan, G. A.; Tarasov, V. P.; Buslaev, Yu. A. Magn. Reson. 
Chem. 1989, 27, 103-111. 

(49) Metz-Boutigue, M.-H.; Jolles, J.; Mazurier, J.; Schoentgen, F.; 
Legrand, D.; Spik, G.; Montreuil, J.; Jolles, P. Eur. J. Biochem. 1984,145, 
659-676. 

(50) Schwab, F. J.; Appel, H.; Neu, M.; Thies, W.-G. Eur. Biophys. J. 
1992,21, \ 47-154. Our results are also in good agreement with rc values for 
a variety of proteins recently determined by 13C NMR (Wang, S. X.; Stevens, 
A.; Schleich, T. Biopolymers 1993, 33, 1581-1589). 

In conclusion, this 45Sc NMR report represents another example 
of the potential of quadrupolar metal ion NMR for the study of 
large metalloproteins. We have shown in this study that x data 
from field dependent NMR measurements of different quadru­
polar metal ions bound to the same protein may be compared by 
calculation of the electric field gradient at the nucleus (|e<7ionid) 
from x using the Sternheimer antishielding factor (1 - 7.) for 
the metal ion. Taken together with our earlier 27Al NMR studies 
on the transferrins,2-4 the 45Sc NMR results presented here suggest 
that in many respects the interaction of transferrins with Sc3+ 

mirrors that with Al3+. However, in addition to the differences 
in the calculated electric field gradients (|e9ionic|) at the metal 
nucleus for OTf-bound Sc3+ and Al3+, we note two other exceptions 
to this. First, from titration experiments, we have found no site 
preference for Sc3+ binding to OTf when either carbonate or 
oxalate serves as the synergistic anion, in contrast to our 27Al 
NMR work on OTf2 and recent 1H NMR studies of Al3+ and 
Ga3+ binding to human sTf and its recombinant N-terminal 
lobe.5152 Second, from competition experiments,53 we have found 
that, in the presence of carbonate, OTf binds Sc3+ with a higher 
affinity than Al3+ and even Ga3+. Quadrupolar metal ion NMR 
plays an integral role in such experiments, which broaden our 
understanding of the metal ion binding behavior of the transferrins. 
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