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The metal-ion complexing properties of the ligand EDTAM (ethylenediamine-N,N,N',N'-tetraacetamide) are investigated
as a model for the role of amide oxygen donors in the binding sites of Ca-binding proteins. The structures of the
complexes [Ca(EDTAM)NO3]NO; (1), [La(EDTAM)(H,0)4)(NOs)s*H.0 (2), and [CA(EDTAM)(NO3)JNO; (3) are
reported: 1 monoclinic, P2;/c, a = 10.853(2) A, b = 12.893(3) A, ¢ = 13.407(3) A, B = 103.28(3)°, Z = 4,
R = 0.0281; 2 triclinic, P1, a = 8.695(2) A, b = 9.960(2) A, ¢ = 16.136(3) A, oo = 95.57(3)°, B = 94.84(3)°,
y = 98.72(3)°, Z = 2, R = 0.0394; 3 monoclinic, P2,/c, a = 10.767(2) A, b = 12.952(2) A, ¢ = 13.273(2) A,
B = 103.572(3)°, Z= 4, R = 0.0167. Compounds 1 and 3 are isostructural, and the EDTAM binds to the metal
ion through its two N-donors and four O-donors from the amide groups. Ca(ll) in 1 is 8-coordinate with a chelating
NO;~ group, while Cd(ll) in 3 may possibly be 7-coordinate, with an asymmetrically coordinated NO5~ that is best
regarded as unidentate. The La(lll) in 2 is coordinated to the EDTAM in a manner similar to that of 1 and 3, but
it is 10-coordinate with four water molecules coordinated to the La(lll). The formation constants (log K;) for complexes
of a variety of metal ions with EDTAM are reported in 0.1 M NaNO3 at 25.0 £ 0.1 °C. These are compared to the
log K; values for en (ethylenediamine) and THPED (N,N,N',N'-tetrakis(2-hydroxypropyl)-ethylenediamine). For large
metal ions, such as Ca?* or La®, log K; increases strongly when the four acetamide groups are added to en to
give EDTAM, whereas for a small metal ion, such as Mg?*, this increase is small. The log K; values for EDTAM
compared to THPED suggest that the amide oxygen is a much stronger base than the alcoholic oxygen. Structures
of binding sites in 40 Ca-binding proteins are examined. It is shown that the Ca—O=C bond angles involving
coordinated amides in these sites are large, commonly being in the 150—180° range. This is discussed in terms
of the idea that for purely ionic bonding the M—O=C bond angle will approach 180°, while for covalent bonding
the angle should be closer to 120°. How this fact might be used by the proteins to control selectivity for different
metal ions is discussed.

Introduction and control many biological processes. A few examiaes
triggering of enzyme action, cell division, vesicle formation,
apoptosis (programmed cell death), transmission of neu-
rotransmitters across synapses, and initiation of muscle
_ contraction. An important aspéatf the binding of C&" is
un;v;?ec\ilnhom correspondence should be addressed. Email: hancockr@ that it should be selective against Mgwhich is present in

T University of North Carolina at Wilmington. concentration in excess over €an the cytoplasm by a

¥ Clemson University. factor of some 18 In the resting state, Cais held outside
§ The University of Alabama.

(1) Messerschmidt, A., Cygler, M., Bode, W., Edttandbook of Metal-

loproteins Wiley: Hoboken, NJ, 2004; Vol. 3, pp 44356. (2) Dudev, T.; Lim, C.Chem. Re. 200Q 103 773.

The selective binding of C& is of importance in a wide
range of proteindwhere it may act as a “second messenger”
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type lll, and the AB site), but they all have amide donors
coordinated to Ca and differ in the sequences in the backbone
forming the loop or in the details of the coordination sphere.
Type | binding sites are the “EF-hand” sites found in proteins
such as calmodulinFalke and co-workets 4 have carried
out a series of mutagenesis studies on bacterial Ca-binding
proteins aimed at delineating the role of rigidity of the
binding site in generating selectivity for €aover M.
These studies suggested that rigidity of the binding site was
not a major factor in controlling metal-ion selectivity, which
- 1 Typical Cabinding site i AL hich s a t is not surprising considering the situation of these binding
e L ica Carindng e I annen A1 (e ieh Sa8P°  sites in exposed loops on the surfaces of the proteins. Dudev
chains of some residues have been omitted for clarity=Ooxygen of and Lin? have carried out DFT (density functional theory)
water molecule. calculations aimed at analyzing the role of the amide oxygen
donors in the Ca-binding site. These studies suggested that

the cell, or in the cytoplasmic reticulum, and its actions are the dielectric constant within proteins might have an effect
initiated by the opening of Ca-ion channels, which raises g, the binding of donor groups to the metal ion.

the C&* concentration in the cytoplasm. Functions triggered |, this work, the aim is to use ligands that can indicate
by C&* should clearly not be triggered by Mg already in  he strength of the interaction of metal ions with amide
high concentration in the cytoplasm. An examination of the yonors. One wishes to answer questions such as the follow-
structures of Ca-binding proteins in the Protein Database ing: Why does the binding site involve amide oxygen
(PDB) reveal$two recurring features in Ca-selective binding - gonors, rather than, say, alcoholic oxygens from serine
sites in proteins. First, in nearly all Ca—.selectlve binding sites, residues? Are the amide oxygens involved in generating Ca/
there are che_latmg car_boxylates derived from glutamate_ O Mg selectivity, separate from the gross geometry of the
aspartate residues, which form four-membered chelate ringsginding site? If so, what factors contribute to this selectivity?
with Ca (Figure 1). The interplay between chelate-ring sizeé ppart from their intrinsic interest, such questions can be
and metal-ion size in controlling complex stability has been important in efforts to desigh metal-ion specific binding
i —7 i VI . . . .
known for a long time,” and its relevance for selectivity  gjtes into proteins that do not normally contain them. The

for the large C&' ion over the small Mg ion in Ca-selective  3mide donor is also of tremendous interest because peptide
proteins has been discusseéd:1%In brief, the orientation of oxygen donor® bind K* in K*-ion channels and the amide

donor atoms is such that for six-membered chelate rings theyonor is probably/ also present as a donor in Nand C&*-

lone pairs focus better on small metal ions, while for five- j5n channels.

membered chelate rings, they focus better on mediumto largé  The metal-binding properties of the ligand EDTAM are
metal ions, and for four-membered chelate rings, they focus reported her (see Figure 2 for structures of ligands). Both
best on very large metal ions. This can be summarizéd as Mg?+ and C&" have low and similar affinity for the ligand
the “[decrease] of chelate ring size leads to a greater degreq, so that any marked increases in IKg (formation

of complex stabilization for larger metal ions than for smaller constant) for the EDTAM ligand, which has four amide
metal ions”. Thus, the binding sites in Ca-selective proteins gonor groups attached to an en, can be attributed to an

have carboxylates that are oriented so that they Wwill sfinity for the amide donors. In addition, the légvalues
coordinate to metal ions and form a small four-membered o EpTAM complexes can be compared with those of
chelate ring, favoring the large €aover the small M§". THPEN, which is similar, but has alcoholic donors in place
The second recurring theme is that there are usually oneof the amide donors of EDTAM, to obtain an indication of
to three amide oxygen donors coordinated to the metal ion rejative strengths of amide oxygen donors compared to
These may be derived from peptide linkages in the protein gicoholic oxygens. EDTAM has been udtih gold com-
backbone or from side chains of glutamine or asparagine plexes such as [Au(EDTAM)@JI* or [AU(EDTAMH _;)CIJ*

residues. A Ca-binding site of anne¥ims shown in Figure as models of how [AuG]~ might interact with proteins.
1 for the type Il binding site of annexin Al. Annexins

contairt! three different types of Ca binding sites (type Il, (12) Snyder, E. E.; Buoscio, B. W.; Falke, J.Blochemistry199Q 29,

3937.
(13) Falke, J. J.; Snyder, E. E.; Thatcher, K. C.; Voertler, GiSchemistry
(3) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; 1991 30, 8690.
Weissig, H.; Shindyalov, I. N.; Bourne, P. Bucleic Acids Re200Q (14) Drake, S. K.; Zimmer, M. A,; Miller, C. L.; Falke, J. Biochemistry
28, 235. 1997, 36, 9917.
(4) Thom, V. J.; Hosken, G. D.; Hancock, R. Dorg. Chem 1985 24, (15) Lu, Y.; Berry, S. M.; Pfister, T. DChem. Re. 2001, 101, 3047.
3378. (16) Jiang, Y.; Lee, A,; Chen, J.; Ruta, V.; Cadene, M.; Chait, B. T.;
(5) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875. MacKinnon, R.Nature 2003 423 33.
(6) Hancock, R. DAcc. Chem. Red.99Q 23, 253. (17) Hille, B. lon Channels of Excitable Membrane&3inauer Associates:
(7) Hancock, R. DJ. Chem. Educ1992 69, 615. Sunderland, MA, 2001.
(8) Hancock, R. D.; Martell, A. EAdv. Inorg. Chem.1995 42, 89. (18) A preliminary communication on EDTAM complexes has been
(9) Martell, A. E.; Hancock, R. DMetal Complexes in Aqueous Solutipns reported: Siddons, C. J.; Hancock, R. D. Chem. Soc., Chem.
Plenum Press: New York, 1996. Commun 2004 1632.
(10) Dudeyv, T.; Lim, CJ. Phys. ChemB 2004 108 4546. (19) Cornejo, A. A.; Castineiras, A.; Yanovsky, A. |.; Nolan, K. Borg.
(11) Luecke, H.; Rosengarth, A. Mol. Biol. 2003 326, 1317. Chim. Acta2003 349, 91.
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Figure 2. Ligands discussed in this paper.

There are report&?! of metal-ion complexes of EDTAM,
but no logK; values that would allow for estimation of how
strongly it complexes various metal ions. We report here
the protonation constant of EDTAM, its Idg values with
C&', Mg?t, S, Bat, La®t, P#t, CcPt, Ni?t, and Cd,
and the structures of its complexes with Ca(ll), La(lll), and
Cd(lly.

Experimental

Materials. EDTAM was synthesized following the method of
Przyborowsk#? The complexes, [Ca(EDTAM)NSINO; (1), [La-
(EDTAM)(H20)4)(NO3)3-H20 (2), and [CA(EDTAM)(NQ)INO;

(3), were synthesized by dissolving the metal nitrate salts in water,
adding 1 equiv of EDTAM, also in agueous solution, and allowing
the water to evaporate slowly in beakers covered with lightly
perforated Parafilm, resulting in colorless crystals being deposited.
Elemental analyses were satisfactory.

Formation Constant Determination. These were determined
in jacketed cells under Nat 25.04+ 0.1°C in 0.1 M NaNQ. The
protonation constant of EDTAM and the formation constants of
Ca&*, Sit, Bat, Cd**, Cé?, Ladt, and PB™ were determined by
glass-electrode potentiometry by conventional metiiédhe log
K; value for the M@" complex was determined from the shift of
the 3.40 ppm band of th#d NMR spectrum of EDTAM in a 10:
90 D,O/H,O mixture as a function of the Mg concentration, in
0.1 M NaNG to control the ionic strength. The Id¢,; values for
the C#*" and Cd* complexes was determined by polarograghy.
The K, value of the Cu(ll) complex of EDTAM was determined
by monitoring the band at 650 nm in the U¥is spectrum as a
function of pH. Data analysis was carried out using EXCEL.

(20) Hay, R. W.; Govan, N.; Perotti, A.; Carugo, Transition Met. Chem.
1992 17, 161.

(21) Claudio, E. S.; ter Horst, M. A,; Forde, C. E.; Stern, C. L.; Zart, M.
K.; Godwin, H. A.Inorg. Chem.200Q 39, 1391.

(22) Przyborowski, LRoznicki Chemii Ann. Soc. Chim. Polonord8vQ
44, 1883.

(23) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
Constants VCH Publishers: New York, 1989.

(24) Harrington, J. M.; Jones, S. B.; White, P. H.; Hancock, RIforg.
Chem.2004 43, 4456.

(25) Billo, E. J.EXCEL for ChemistsWiley-VCH: New York, 2001.

Table 1. Formation Constants Determined Here for Complexes of
EDTAM (L) in 0.1 M NaNQ; at 25°C?

equilibrium logkK ref

H* 4+ OH™ = H;0 13.78 28

L+ Ht=HL* 4.36(2) this work
L + C&" = Cal?" 3.29(5) this work
L + Mg?t = MgL2+ 1.6(1p this work
L + St = SrL.2t 2.30(5) this work
L + B2 = Bal?" 2.15(5) this work
L + C#t = CdL?" 7.40(5) this work
L + Pt = PbL2" 5.85(5) this work
L + La®t = LalL%" 5.19(5) this work
L + Ce*t = Col2" 6.1(1) this work
L + Ni2f = NiL2" 7.4(1) this work
L + C¥t = CulL2" 8.8(1) this work
CuLH_; + H* = CulL?* 6.12(3} this worke

aThe figures in parentheses after each ldgvalue are estimated
uncertainties in the last significant figureThis value of logK; was
determined usingH NMR and is to be preferred to the approximate value
of 0.6 reported in the preliminary communication on this w¥rkyhich
was obtained from glass-electrode potentiometry, which is less accurate
for such small log<; values.¢ This refers to protonation of the deprotonated
amide N (LH-1), which is coordinated to the Cu above pH 6.12.

Table 2. Crystal Data and Details of Structure Refinement for
[Ca(EDTAM)NG3]NO3 (1), [La(EDTAM)(H20)4](NO3)3:1.5H0 (2),
and [Cd(EDTAM)(NQ)INOs (3)

1 2 3
empirical formula GonoNsOloca Q0H31N9018,5La ClonoNsoloCd
M 452.42 704.28 524.74
T(K) 173(2) 173(2) 173(2)
cryst syst monoclinic triclinic monoclinic
space group (No.) P2;/c (14) P1(2) P2i/c (14)
unit cell (A)

a 10.853(2) 8.695(2) 10.767(2)
b 12.893(3) 9.960(2) 12.952(2)
c 13.407(3) 16.136(3) 13.273(2)
o (deg) 90 95.57(3) 90
B (deg) 103.28(3) 94.84(3) 103.572(3)
y (deg) 90 98.72(3) 90
V (A3) 1825.9(6) 1367.6(5) 1799.2(5)
Z 4 2 4
Pealed (g CMT3) 1.646 1.710 1.937
radiation ¢ (A))  0.71073 0.71073 0.71073
u (mm™2) 0.416 1.654 1.287
[I > 20(1)] R12 0.0281 0.0394 0.0167
WR20 0.1133 0.1091 0.0426

2R1= 3 |[Fol — IFell/ZIFol. "WR2= {3 [W(Fo* — FA)/ 3 [W(Fe?)T} 2

Formation constants determined here for EDTAM complexes are
given in Table 1.

Molecular Structure Determination. Rigaku Mercury (struc-
tures of 1 and 2) and Bruker SMART 1K (structure of)
diffractometers, using the-scan mode were employed for crystal
screening, unit cell determination, and data collection. The structures
were solved by direct methods, and refined to convergé&ngeme
details of the structure determinations are given in Table 2, and
the crystal coordinates and details of the structure determinations
of 1, 2, and 3 have been deposited with the CSD (Cambridge
Structural Databasé).A selection of bond lengths and angles for
complexesl, 2, and3 are given in Tables 3, 4, and 5.

Results and Discussion

The logK; values for complexes of EDTAM measured
here, and reported in Table 1, show that with many metal

(26) Gabe, E. J.; Le Page, Y.; Charland, J.-P.; Lee, F. L.; White, P. S.
Appl. Crystallogr.1989 22, 384.

(27) Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, United Kingdom.
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contributed to logK; per amide group present. The very

([Ca(EDTAM)NOSNO3) positive effect that amide donors have on the binding 3f Ca
Cagl)):0219g 2.3680511; Caggogﬂg 2.3830E11; suggests a reason for their presence in the binding sites of
Ca(1)-0(24 2.4387(12 Ca(H0(20 2.4388(12 i : ; ;
Ca(1)-0(18) 24417(11) Ca(bo@2) 2'5352(12) Ca-binding protens, ratht_er than alternatlve_s :_such as alcoholic
Ca(1)-N(7) 2.5443(14) Ca(BN(4) 2.5901(13) oxygens from serine residues. The selectivity of‘Caver

O9)-Ca(l)-O17) 100.804) O(YCA()}-O@24) 83.824) Mg?* for EDTAM also bears commenting on, although the

0(19)-Ca(1}-0(20)  77.75(4) O(17yCa(1}-0(20) 170.52(4) origin Qf this may be more complex than a_S|mpIe preference

O(19)-Ca(1>-0(18) 154.05(4) N(4yCa—N(7) 70.10(4) for amide donors on the part of €a as discussed below.

82?8)&%2&)&“8 gg-gggg 8&%%2&)&%2 gg-gzg; The high affinity of L&* for EDTAM is also of interest in

Ca(l}-O(17y-C(2) 120.48(9) Ca(lO(18)-C(9) 117.10(9) that lanthanide(ll) ions have high affiniy*¢ for the binding

Ca(1)-0(19-C(12) 122.03(9) Ca(BHO(20)}-C(15) 118.70(9) sites of Ca-selective proteins and are used as probes of

binding to these sites. A general pattern present in Table 6
is that large metal ions show strong increases inde@®n
passing from the en to the EDTAM complex. This would
include C&", SP*, Bat, La®", and also the borderline €d

(r =0.95 A29). The large P¥ ion (r* = 1.19 A2 shows

an increase in log(; in passing from the en to the EDTAM

Table 4. Significant Bond Lengths (A) and Angles (deg) @r
(ILa(EDTAM)(H20)4)(NO3)s-1.5H,0)

La(1)-0@3) 2.520(3) La(1}O(8) 2.542(3) La(1}O(2) 2.545(3)
La(1)-O(4) 2.579(3) La(1}O(1) 2.583(4) La(1}O(5) 2.586(4)
La(1)-O(7) 2.586(4) La(1}O(6) 2.602(4) La(1yN(4) 2.838(4)
La(1)-N(2) 2.877(4)

O(3)-La(1)-0(8)  78.73(11) O(3yLa(1)-O(1) 71.97(11) complex, although it is a little surprising that the EDTAM
8%—::323—88 1%-83((3)) gggtagg—gg 12;-;’;83 complex is not more stable than the THPED complex. This
—La(l)— . a(l)— . s
O(1)-La(1)-0(5)  65.69(12) O(B}La(1)-0(7) 68.56(12) may be caused by the lower _baS|C|ty of the N donors_ of
O(4)-La(1)-0(7)  65.83(11) O(yLa(1)-0O(7)  129.65(12) EDTAM than THPED, as evidenced by the respective
82237::618;*8% gg.gggg 8%32;::618373((2)) gg.gf((ﬁ; protonation constants K of 4.36 and 8.67% Nitrogen
—La(l)- : a(l)- . o . .
O)-La(1)-N(4)  59.87(11) O@yLa(1)-N(2) 50.25(11) basicity will be much less important for. rr_1eta| ions such as
O(1)-La(l)-N(2)  59.06(12) N(4¥La(1)-N(2) 62.28(12) C&" and L&' that have very little affinity for nitrogen
C(L-O(1)-La(1)  127.2(3) C(40@)-La(l)  122.0(3) donors in the first placg An additional factor for PH" may
C(8-0O(3)-La(l) 121.7(3) C(10yO(4)y-La(l)  126.8(3)

be the importance of the steric effects of the lone pair, which

Table 5. Significant Bond Lengths (A) and Angles (deg) far lead typically to short strong bonds to the N donors, and

([CA(EDTAM)NO;]NO3) long weak bonds to the oxygen donors, which are nearer to
Cd(1)-0(10) 2.3193(14) cd(BO(@3) 2.3390(14) the lone paif! The contributions of the amide oxygens to
838)):881; gi%éggg ggggggg 3-47141‘-23?1(%;1) the stability of the Pb(ll) complex of EDTAM may be

: : diminished by proximity to the lone pair. Evidence for this
Cd(1)-N(1 2.3798(16 Cd(BN(4 2.4444(16
WN® (0 BN 0 is seen in the structuteof the Pb/EDTAM complex, where

O(1)-Cd(1}-0(2) ~ 108.65(5)  O(1}Cd(1)-O(4)  161.26(5) the two Pb-N bonds are fairly short, averaging 2.61 A. In

88:828)):882)) ;gigg((‘?) 8((?}838)):8&2)) 123:?88 contrast, the PbO bonds to the amide donors of EDTAM

O(4)—-Cd(1)-N(4) 69.23(5)  N(1>Cd(1)-N(4) 75.08(5) are as long as 2.69 A, whereas typically1® bonds are

O(1)—Cd(1)-N(1) 69.46(5)  O(2)Cd(1)-N(1) 68.97(5) 1

Cd(1-O(1)-C(2)  113.44(13) Cd(HO()-C(4)  112.90(12) tsr? mewhgfc srt\o(;ter_tth?n M;: br? r_1d§ Thtf] Pb:{o tﬁo?d to

Cd(1-0(3)-C(8) 117.85(12) Cd(BO(4)-C(10) 116.56(12) € coorainatea nitrate, wnicn Is over tne site that appears

to be where the lone pair is situated, is very long, at 3.08 A.

ions, the presence of the amide groups greatly enhanceslhis type of distortion of the coordination geometry of Pb-
complex stability. This can be seen in Table 6, where the (1) is typicaP*3?of the presence of a stereochemically active
log K; valueg8 for complexes of a selection of metal ions lone pair and is shown schematically for the Pb(ll)/EDTAM
with en, EDTAM, and THPED are reported, together with complex in Scheme 1.

the ionic radi#® (r*) for the metal ions. A pattern that is The small metal ionsr{ < 0.8 A) Cl?*, Ni2*, Ce?*, and
apparent is that large metal ions (those With > 1.0 A) Mg?* all show negligible to small increases in 164 on

such as CH or La*" show moderate increases in lig on passing from the en to the EDTAM complex, and Cu(ll)
addition of donor groups with alcoholic oxygen donors to actually shows a decrease. There may be a component to
en to give THPED and much larger increases in kagon this of the low basicity of the N donors noted above, since
passing to the EDTAM complexes. The greater stability of Mg?", which has a low affinit§*®for N donors, has a better
the EDTAM as compared to the THPED complexes supports affinity for EDTAM compared to en than the other small
the general contention that amide donors are stronger base§1etal ions. In contrast, Cu(ll) has by far the highest affinity
than alcoholic (and also ether) oxygen donors. One notesfor N donors of all the metal ions considered here, and it is
that C&* experiences a stabilization of about three log units Probably the low basicity of the N donors of EDTAM that

in passing from the en complex to the EDTAM complex, leads to a decrease in ldg for the EDTAM complex of
suggesting that a contribution of a little under a log unit is

(30) Hancock, R. D.; Bhavan, R.; Shaikjee, M. S.; Wade, P. W.; Hearn,
A. Inorg. Chim. Actal986 112, L23.
(31) Hancock, R. D.; Reibenspies, J. H.; Maumelalrtdrg. Chem2004

(28) Martell, A. E.; Smith, R. M.Critical Stability Constant Database

46; National Institute of Science and Technology (NIST): Gaithers- 43, 2981.
burg, MD, 2003. (32) Shimoni-Livny, L.; Glusker, J. P.; Bock, C. horg. Chem.1998
(29) Shannon, R. DActa Crystallogr., Sect. A976 32, 751. 37, 1853.
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Table 6. log K; Values for en, EDTAM, and THPED Complexes of a Selection of Metal lons, Together with Their lonic Radii

ca* Mg?+ St Ba?" La3t (ofe 2 PP+ Co?t Ni2* Cwt
rt ()2 1.0 0.74 1.19 1.34 1.03 0.95 1.18 0.74 0.67 0.57
log K1
en 0.11 0.37 ~0 ~0 (L.4y 5.4 1.6 5.5 7.30 10.49
THPED 1.63 ~0.3 0.8 ~0 2.90 7.98 7.51 6.1 7.45 9.78
EDTAM 3.29 1.6 2.30 2.15 5.19 7.4 5.85 6.1 7.4 8.8

a Jonic radius for C.N.= 6, except Cu(ll) for which C.N= 4, from ref 29.° Estimated in ref 30.

Figure 4. Structure of the complex cation [La(EDTAM)ED)4]3" from

2, showing the numbering scheme of the donor atoms coordinated to La. H
Figure 3. Structure of the [Ca(EDTAM)Ng)* complex cation ofl, atoms (except on coordinated waters) omitted for clarity.
showing the numbering scheme of the donor atoms coordinated to the Ca.
H atoms omitted for clarity.

Scheme 1. Coordination Sphere of [Pb(EDTAM)(N$]2*

Figure 5. Complex cation [Cd(EDTAM)NG™ from 3, showing the

numbering scheme of atoms coordinated to the Cd. The broken line between
the Cd atom and O(9) suggests that this rather long contact may not be a
bond, and as discussed in the text, the coordinated nitrate may be effectively

unidentate. H atoms omitted for clarity.
Cu(ll) as compared to that for the en complex. The same y

fact should also contribute to the weakening of the Co(ll)
and Ni(ll) complexes of EDTAM. However, it seems likely
that factors associated with coordination of amides to small
metal ions are also involved, as discussed below.
Structures of the EDTAM Complexes. These are seen

completing the coordination sphere in both cases. The
distortion of the Pb(Il) complex because of the lone pair
(Scheme 1) is shown by the comparison of this struéture
with the structures of the EDTAM complexes reported here.
L Thus, for C&", the Ca-N bonds average 2.57 A, longer than
N Figures 3-5. The Ca and Cd structures appear to_ be the average CaO bonds to the amide O-donors of EDTAM,
|sostructqral, and each structure has a coordinated ”',tratewhich average 2.408 A. Similarly, the €8 bonds average
The details of the structures do, however, appear to differ. 241 A with the Ca-O bonds to the amide O-donors
For the Qa cqmplex, the coordination of the nitrate is fairly averagi,ng 2.40 A. For 134, the La-N bonds average 2.858
symmetric, with CaO bonds of 2.439_and 2.'535 A, so tha_t A, while the La—O bonds to the amides of EDTAM average
this might best be regarded as chelating, with the Ca havmgonly 2.404 A. One notes here that the-™ bond lengths

a C.N. of 8. In contrast, the CeD bonds to the coordinated are much longer compared to the-Md bond lengths for
nitrate are less symmetric, at 2.319 and 2.717 A, so that it isthe “hard” (in the HSAB sense of Peardgmetal ions C&"
possibly better to regard the nitrate as unidentate, with a C'N'and L&*. By comparison, the “soft” G ion shows a much

of 7 for_ th_e Cd. These results would then agree with the smaller difference between the -MN and M—O bond
rather similar structures of the EDTA complexes, where the

Ca(ll) has C.N= 8% and Cd(ll) has C.N= 7 3*with waters

(34) Solans, X.; Gali, S.; Font-Altaba, M.; Oliva, J.; Herrera,Atta
Crystallogr., Sect. 1983 39, 438.

(33) Antsyshkina, A. S.; Sadikov, G. G.; Poznyak, A. L.; Sergienko, V. S. (35) Pearson, R. GChemical HardnesdViley-VCH: Weinheim, Germany,
Zh. Neorg. Khim2002 47, 43. 1997.
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lengths. It may be possible in the future to use such bond Table 7. Ideal M—O=C Bond Angles from MM Studie?8 and

length differences to draw up a scale of hardness of metal ©Pserved M-O=C Angles in EDTAM Complexes (this work)

ions. cat Cdkt  Ladt Mg2*
The La(lll))EDTAM complex has a C.N. of 10 (Figure  ideal M—O=Cangle (ded¥  140.5 1286 1448  135.1

4), with four waters coordinated to the La(lll). This is higher ~MeanM-O=Cangle (deg) ~ 119.6 1155 1244  (118.6)

than the C.N. of 9 in the La(lll)/EDTA compleX.It seems aCalculated for [Mg(EDTAM)(HO)J?* using the default MM force field

possible that the higher C.N. of La(lll) in its EDTAM N HyperChent

complex compared to its EDTA analogue reflects the lesser

reduction in positive charge on the La(lll) caused by the

neutral EDTAM ligand as compared to the negatively

charged EDTA. This ability to bind more waters in the La-

(I/EDTAM complex as compared to the La(lll)/EDTA

complex may point to the reason for the differences in

numbers of charged groups present in different Ca-binding

proteins. Some Ca-binding sites, such as annexins,*have

mainly neutral amide donors, whereas other sites, such as

calmodulins, have several negatively charged carboxylates

and only one or two neutral amide donors. The action of

annexins appears to involve binding of the?C#o phos-

pholipid groups on the surface of lipid bilayers; therefore, a

reduced number of charged carboxylates bound to té Ca

may promote this process. In contrast, the action of calm-

odulin does not involve binding of external donors to the

C&*, so that having several charged groups bound to the

C&" is not a problem. The present structure adds to the

growing number of structures of La(lll) complexes with

neutral saturated amine ligands already known, of which Figure 6. Ranges of CaO=C bond angles for coordinated amides derived
' from the protein backbone, in structures of forty Ca-binding proteins in the

some recent examples are gi\ﬁérﬁo PDB23 PDB codes for structures used in constructing this chart are 1smd,
An important factor in controlling ligand selectivity for iaccvllalv, ;alui, 11b88v ialzlvy 11b285r, is&'x Ei%hyy 3‘1igby 1%{1)/, 11§1|§1, 11dgiy,
H H H : P _ H ctr, Imcex, 3cin, 1Imxe, la2t, 1a25, mo, an, aqg, 1Y, VI, X9,
_metal ions is the directionalityof the M_ L bonds, by which ledm, 1hqv, 1tcf, 1pex, 2bbm, 2pf2, 3pal, 8tin, 966¢, laru, 1boi, 1bfd,
is meant the M-L-C bond angles (k& ligand donor atom).  ocgt, 1ajj, and 1a2q.
In approaches to ligand design, too often total emphasis is _ _ _
placed on obtaining appropriate-M. bond lengths, without ~ Proteins suggests that the ©@=C bond angles involving
paying attention to the correct orientation of the donor atoms, @mide groups from the protein backbone are rather larger
as would be evidenced by correctM-C bond angles. The than the ideal angles noted above. A survey of 40 representa-
role of correct M-L-C bond angles has already been nétéd  tive structures of Ca-binding proteins in the PD®/hich
as a cause of the chelate ring-size preferences of metal iondnvolve 160 Ca-O=C angles from backbone amides, shows
as a function of size. Hay et @lhave, in a MM (molecular  that these are generally rather different from the ideat-Ca
mechanics) study of amide complexes, obtained ideal O=C angles obtained by Hay et & The ranges of Ca
M—O=C bond angles for a variety of metal ions coordinated O=C bond angles for the Ca-binding proteins are shown in
to amide oxygens. Thus, we may note that the observedFigure 6. Figure 6 suggests that a majority of-@=C
M—0O=C bond angles in EDTAM complexes are somewhat amide donor bond angles in Ca-binding proteins tend to be
smaller than the ideal angles (Table 7), suggesting a certainmuch larger than the ideal angle of T4fnost falling in the
amount of steric strain in coordinating the amide groups to fange 156-180°. This fact suggests the possibility that€a
the metal ions. This raises the question of how well the O=C bond angles involving amide O donors from the protein
amides in Ca-selective proteins coordinate t8'Cas faras ~ backbone in the binding sites of Ca-binding proteins achieve
Ca—O=C bond angles involving amide O-donors are Ca/Mg selectivity via the en_forcement of very large1@—=
concerned. General inspection of%an binding sites in ~ C angles on metals that bind to the proteins. Two aspects
could be important here. In the first place, the force constants
(36) Nakamura, K.; Kurisaki, T.; Wakita, H.; Yamaguchi, Acta Crys- obtained for the Mg-O=C bond angles afé nearl_y twice
tallogr., Sect. C1995 51, 1559. as large as those for the €8=C bond angle$? which fact

@7 gggmegf']g}#;C'\gegéi”atc'jo'\g';zggéea“' C.. Hill, C.; Pecaut].Chem. alone would produce more steric strain for Mg than Ca in

(38) Thompson, M. K.; Lough, A. J.; White, A. J. P.; Williams, D. J.; the binding site of the protein. The second point is that one
Kahwa, I. A.Inorg. Chem 2003 42, 4828. has to consider the nature of bonding of metal ions to the

(39) Morss, L. R.; Rogers, R. Dnorg. Chim. Actal997 255 193. .
(40) Liu, Y.-C.; Ma, J.-F.; Kan, Y.-H.; Yang, J.; Liu, J.-F.; Hu, N.-H.: Jia, 0Xygen donor of the amide. For more covalent-M

@) |:|Q éctpa C|_f|1im- SiEZSaO?ﬁ:el' Eélﬁ?lc-h Re 2001 212 61 bonding, the M-O=C angle wilf? be close to 120 the angle

ay, b. P.; Hancock, K. oord. em. . . .
(42) Hay, B. P.; Clement, O.; Sandrone, G.; Dixon Jitorg. Chem1998 expectgd from a simple VSEPR ap.pro‘&db the bonding.
37, 5887. For an ionic approach to the bonding, the-Kd=C angle
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the protein backbone. In line with the much more flexible
situation of these amide donor groups, derived as they are
from side chains, the Ca0=C bond angles are smaller than
those involving donors from the protein backbone and give
an average CaO=C angle of 144.

A referee has made the helpful suggestion that structures
of Ca-binding proteins with Mg in the binding site might be
informative. Four such structures were found in the PDB.
These showed that the M@=C bond angles involving
amide carbonyl groups from the protein backbone were

Figure 7. Examples of (a) ionic bonding of acetamide to the metal ion generally large, 153.1 and 158.%or PDB codes 1B8C
Li* and (b) covalent bonding of acetamide to Bi$tructures generated  (parvalbumin), 161.2for 4PAL (parvalbumin), 147.1 and
using HyperGauss function in HyperCh&mwith the 6-31G** basis set? 168.4 for 1SBJ (troponin C), and 16 .Zor 1G5 (calbi-

should be closer to 180possibly® 154, although structures ~ ndin). In addition, there is a MgO=C angle of 118.2to
examined here suggest a larger value for the most ionic metalthe amide side-chain of an asparagine residue in 1SBJ1. A
ions. One can illustrate these two bonding extremes in Figurerecurring feature in these structures is that the carboxylates
7, where the structures of the highly ionic [Li(acetamide)] coordinated to the Mg(ll) are not chelating. These structural
cation and highly covalent [Biacetamide] complex, cal-  features support the idétnat Ca(ll) selectivity over Mg(ll)
culated using the HyperGauss module of HyperCHeanh involves the ability of Ca(ll) to form stable 4-membered
the 6-31G** level’s are shown. In support of these calcula- chelate rings. The fact that the M@=C angles to backbone
tions, which suggest that with very covalenti® bonding ~ peptide carbonyls are large can be interpreted as being the
the M—O=C angle should be small, the-MD=C angles in result of the protein backbone forcing large1@=C angles
complexes of the very séft(~ covalent) metal ions Pd- on any metal that binds in the Ca-selective binding site,
(146 and Hg(I1#” with unidentate amide ligands are 122.5 Wwhich Mg(ll) is less able to tolerate than Ca(ll). It is
and 108.5, respectively. In contrast, as noted below, with interesting that the MgO=C angle to the side-chain amide
the ionically bound Ca(ll), the GaO=C angles in unidentate  donor from the asparagines residue is small in 1SBJ1. This
acetamide-like complexes average 181.5 can be interpreted as the M@=C angles being much

In line with the idea that MO=C angles to amide Smaller when not constrained out to a larger value by the
O-donors might be involved in selectivity patterns in Ca- protein backbone.
binding proteins, a search of the C8@or Ca complexes A further important point is the ability, or lack of ability,
involving amide ligands with the unidentate-C=0—NH of the amide group to transfer charge from the metal ion to
fragment coordinated to Ca via the amide oxygen revealsthe solvent. In the case of aquo ions, transfer of charge to
six structures (CSD codes: DURSEOQ, NMaliD, QESGEA, the solvent involves the metal ion inducing large positive
QOGGEY, VEBGUE, ZOWKIF) that have GaO=C bond charges on the H atoms of inner-sphere water molecules.
angles of 161.5+ 4.5°. By contrast, a similar search for These inner sphere waters in turn H bond to outer-sphere
Mg?* reveals 4 structures (DURSAK, MGSACA10, NMaliE, water molecules which have increased, but by a smaller
YEMNOT) with Mg—O=C bond angles averaging 1462 amount, positive charges on their H atoms, until in successive
4.9°. These results suggest that Ca(ll) may prefer, or at leastlayers of water the charge distributions on the waters is that
better tolerate, larger MO=C bond angles than does Mg- of bulk water. For metal ions of equal charges, this would
(I). It may therefore be able to better tolerate the very large be more important for small metal ions than for large metal
M—0O=C bond angles found in binding sites of Ca-binding ions, since small metal ions are more strongly solvated. In
proteins than Mg(ll). One anomaly here is that a search of the binding site of Ca-selective proteins, contact with the
dimethyl formamide complexésyields somewhat smaller ~ solvent via H bonding is much less than that for a nonbound
Ca—0O=C bond angles. At this point, it seems possible that metal ion. The small Mg(ll) ion would be less able to tolerate
the large M-O=C bond angles involving coordination to this lack of H bonding with the solvent. Thus, a relatively
amide O donors, produced by Ca-binding sites, are involved poor ability of coordinated amide groups to transfer charge
in generating selectivity for Ca(ll) over Mg(ll). This is the (i.e., H bond) to the solvent might be involved in the
subject of ongoing DFT calculations aimed at resolving the preference of larger metal ions for coordination to amide
role of M—O=C bond angles in generating metal-ion groups seenin EDTAM and in Ca-selective binding sites in
selectivity in Ca-selective proteins. It should be noted that proteins.
amide donors bound to €3 derived from glutamine or Conclusions. (1) The amide donors of EDTAM bind
asparagine residues, are less common than those derived froratrongly to large metal ions such as 2Ceor L&, as
evidenced by large increases in &g for the EDTAM

(43) Gillespie, R. J.; Popelier, P. L. &hemical Bonding and Molecular i i
Geometry Oxiord University Press: Oxford, 2001 complexes relative to the en complexes. This resembles the

(44) HyperChemversion 7.5; Hypercube, Inc.: Waterloo, Canada. mew—l_'ion affinity pattem_s of binding sitgs in Ca-selective
(45) ZHZehre, W. J.; Ditchfield, R.; Pople, J. &. Chem. Phys1972 56, proteins for large metal ions, where amide oxygen donors
(46) Brgz'nstem P.: Frison. C.: Morise, K. R. Chim 2002 5, 131. are present. Referees have questioned whether one can extend

(47) Jogun, K. H.; Stezowskil. Am. Chem. Sod.976 98, 6018. this observation to the preferences of the binding sites of
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Ca-binding proteins for large metal ions. The main objection ethereal oxygen donors. (2) The selectivity of Ca over Mg
is the very different geometries of the EDTAM complexes in Ca-binding proteins may involve the enforcement of large
compared to those of the Ca-binding sites in proteins, M—O=C bond angles involving the amide O donor, which
particularly with regard to the MO=C angles involving Ca(ll) may be better able to tolerate than Mg(ll). In relation
amides. Certainly, this is a reasonable observation, and theto referees queries about the appropriateness of comparing
factors governing the selectivity of protein binding sites for EDTAM to Ca-binding sites in proteins, the selectivity of
metal ions are bound to be complex. However, we would EDTAM and of these binding sites toward large metal ions
argue that the resemblance of the selectivity pattern of log such as C& or La®* may be, at least partly, due to the
K, for EDTAM complexes to the metal-ion affinities of Ca- greater tolerance of these more ionically bound metal ions
binding sites in proteins suggests that at least some commorto the distortion of the M-O=C bond angles of the amide
factors are operating. The most important one, which is donors. In the case of EDTAM complexes, the distortion is
demonstrated by this study of EDTAM complexes, is that toward M—O=C bond angles that are smaller than ideal,
amide donors are much stronger donors than alcoholic donorswhile in the protein-binding site the distortion is toward
or water itself. The same conclusion can be drawn from an M—0O=C bond angles that are too large.

earlier stud§® of DOTAM as compared to THE-cyclen,
where the amide donors of DOTAM produce a similar
increase in complex stability for large metal ions as compared
to the alcoholic oxygen donors of THE-cyclen. In addition,
studies in the gas-phase have shtitinat amide donors are Supporting Information Available: Crystallographic data files

stronger bases toward metal ions than are alcoholic orin CIF format. This material is available free of charge via the
Internet at http://pubs.acs.org.
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