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The interaction of N-(phenylsulfonyl)glycine and N-(toly1sulfonyl)glycine (L) with Cd2+ and Zn2+ was investigated through dc 
polarography, pH-metric titrations, and 'H NMR spectroscopy. 2,2'-Bipyridine as additional ligand lowers the pK, of Cd2+- 
promoted deprotonation of the sulfonamide nitrogen (from 8 in the binary system to 7.6 in  the presence of the heteroaromatic 
base), as previously observed for the Cu2+ ion, and, most of all, enables the Zn2+ ion to substitute for the sulfonamide nitrogen 
bound hydrogen of these ligands. It is known that Zn2+ is ineffective in  such a substitution in binary Zn2+-L systems. 

Introduction 
The ability of Cu2+,  Pd2+, a n d  CdZ+ ions to  subst i tute  for a 

sulfonamide nitrogen bound hydrogen in amino acids N-protected 
by a sulfonic group a t  acidic or slightly alkaline pH is well doc- 
~ m e n t e d . ' - ~  It has  been previously shown tha t  2,2'-bipyridine 
fur ther  decreases the pK, value of metal-promoted sulfonamide 
nitrogen deprotonation in the corresponding ternary Cu2+ systems? 
while it exerts an opposite effect on amide  deprotonation in  
analogous ternary complexes with peptides.$ Our aim is to  
investigate whether  2,2'-bipyridine maintains  this property also 
in the presence of Cd2+ and Zn2+. We here report the pH-metric, 
polarographic, and 'H NMR investigation of the  ternary systems 
M-bpy-L, where M = Zn2+ or Cd2+ and L = N-(phenyl- 
sulfony1)glycine or  N-( tolylsulfonyl)glycine (N-tosylglycine). Zn2+ 
normally does not promote either peptide or sulfonamide nitrogen 
deprotonation;6 the  species [Zn(Gly-His)] ,  in  which t h e  ligand 
acts  as a t r identate  through t h e  terminal amino group, t h e  de- 
protonated peptide nitrogen, a n d  one imidazole nitrogen of t h e  
histidine side chain,' is t h e  only known complex in which a de- 
protonated amide nitrogen is involved in Zn2+ coordination. 
Moreover, it is a fact  tha t  several deprotonated amides bind to  
the ZnZ+ ion in carbonic anhydrase, where three histidine residues 
coordinate the  metal.8 Even if  additional protein-ligand inter- 
actions play a key role in t h e  mechanism of binding, the  present 
ternary systems, involving a n  amide  a n d  an aromat ic  N-donor 
ligand such as 2,2'-bipyridine, m a y  be  useful t o  obtain fur ther  
insight into this kind of interaction. 

Experimental Section 
Materials. N-(Phenylsulfony1)glycine and N-tosylglycine (bsgly and 

tsgly hereafter) were twice recrystallized before use. 
pH-Metric Analysis. Potentiometric titrations of the binary systems 

M-L were carried out by dissolving the [M(L0)2(H20)4]  crystalline 
complex obtained as in refs 3 and 6, up to a 1 X M metal ion 
concentration, and by adding amounts of concentrated ligand solution in 
order to obtain ligand-to-metal molar ratios from 2:l to 8 : l .  Stoichio- 
metric amounts of HClO, were then added to neutralize the starting 
metal-bound ligand, and the ionic strength was adjusted to 0.1 M with 
NaC104. Carbonate-free sodium hydroxide standardized against 
phthalate was used as a titrant. Measurements were performed on a fully 
automatic Orion 960 Autochemistry system having a Ross 8102 c com- 
bination electrode and operating under nitrogen atmosphere at 25 f 0.1 
OC. This procedure was followed for both metal ions and both ligands. 
The same experimental conditions were used for the pH-metric analysis 
of the ternary systems M-bpy-L. A bpymetal ratio of 1 : l  was used 
throughout. 

Polarographic Analysis. Investigation of the binary systems M-bsgly 
( M  = Cd2+, Zn2+) was carried out on aqueous solutions prepared as 
described above with a I X IO-' M metal ion concentration and ligand- 
to-metal molar ratios ranging from 2:l to 20:l. The same metal ion 
concentration was used for the ternary systems, with meta1:bpy:ligand 
molar ratios from l:l:2 to I:1:20. The pH of the solutions was adjusted 
by adding small amounts of concentrated aqueous NaOH. NaCIO, was 
used as base electrolyte. and the ionic strength was kept constant (I = 
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0.1 M). Polarographic and voltammetric measurements were carried out 
with an Amel 472 Multipolarograph at  25 & 0.1 O C .  A saturated cal- 
omel electrode (SCE) was used as the reference electrode, and a platinum 
sheet, as the counter electrode. All the E I l 2  values are referred to the 
SCE. An Amel 337 pH meter equipped with an lngold HA 405-60-KI 
pH combination electrode was used for pH measurements. Analysis of 
the electronic transfer processes was performed by using metal ion con- 
centrations from 5 X IOv5 to 5 X lo-" M (with the same metal:L and 
meta1:bpy:L molar ratios) and dropping times of 1, 2, 3, 4, and 5 s. The 
reversibility of the processes was determined by semilogarithmic analysis 
of the polarographic waves and by voltammetric measurements carried 
out at 100 mV/s with a hanging mercury drop electrode. Reversible and 
quasi-reversible reduction processes characterize the binary systems M-L 
and the ternary systems M-bpy-L, respectively. The reversible E , / 2  
values for quasi-reversible processes were determined according to 
Matsuda and A ~ a b e . ~  The semilogarithmic analysis of the quasi-re- 
versible processes shows two slopes: one reversible relative to the lower 
part of the polarographic wave and the other irreversible for the upper 
part; the reversible E I l 2  value is determined by extrapolation of the 
reversible slope to log (i/(id - i ) )  = O.'O 

'H  NMR A ~ l y s k .  Proton N M R  spectra were obtained on a Varian 
XL-200 spectrometer operating at  200.057 MHz. Typical parameters 
were as follows: spectral bandwidth, 2.4 kHz; pulse width, 9 ps (50' 
pulse); pulse delay, 2 s; collected number of scans, 15-50. Spectra were 
run in D 2 0  (the residual water signal was suppressed by a presaturation 
pulse from the decoupler) and are referenced to tetramethylsilane. 

Results and Discussion 
pH-Metric Data. The pH-metr ic  titrations of N-(phenyl- 

sulfony1)glycine and N-tosylglycine in aqueous solution in t h e  
presence of M Cd2+ ion carr ied out  with different ligand- 
to-metal molar ratios invariably show two titration s teps  with 
apparent  pK,'s of 3.6 f 0.2 a n d  8.0 f 0.2 (Figure l a ,  curve I). 
T h e  low metal ion concentration allowed us to obtain a complete 
titration curve, with no metal hydroxide p r e ~ i p i t a t i o n . ~  The first 
step corresponds to  the dissociation of the carboxylic group, while 
t h e  second s tep  can be at t r ibuted to  t h e  Cd2+-promoted depro- 
tonation of the sulfonamide nitrogen of the  ligands, as previously 
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Fipre 1. Neutralization curves for bsgly in the presence of Cd2+ (a) and 
Zn2+ (b). In both cases, curves I and I I  refer to the binary system 
M2+-bsgly and to the corresponding ternary system with 2,2'-bipyridine, 
respectively; curve 111 refers to free ligand. manly = 2 X IO-', mMz+ = 
1 O-', mb, = 1 O-' ( m  = number of moles); cNaOH = 0.097 M, cM2+ = lo-' 
M; Vi = 0.1 dm3. The dashed line in curve I of part b refers to the 
beginning of zinc hydroxide prccipitation. 

demonstrated by Il3Cd NMR ~pectroscopy.~ Since the number 
of moles of NaOH needed to obtain the second equivalent point 
coincides with that of the Cd2+ ion, only one bidentate amino acid 
molecule appears to bind the metal ion. In the presence of Zn2+ 
ion, for all the ligand-to-metal molar ratios investigated, only one 
step appears with an apparent pK, of 3.3 f 0.2, relative to the 
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Figure 2. Plots of AE;Iz vs pH at increasing bsgly concentration. [Cd2+] 
= 1 X IO4 M. Bsgly concentrations ([L], M): ( (A)  2 X IO-'; (0) 4 X 

(0) 6 X IO-'; (A) 8 X IO-'; (0) IO-'; (m) 2 X IO-'. A q , ,  = 
E;,,(M) - E l j 2 ( C ) ,  where E;,,(M) is the reversible half-wave potential 
of the free metal ion and E ; / 2 ( C )  that of the complexed metal ion. 
Dropping time = 1 s. 

dissociation of the carboxylic group. This is invariably followed 
by zinc hydroxide precipitation at pH about 7.5 (Figure Ib, curve 
1). 

The presence of 2,2'-bipyridine in a 1 : 1 molar ratio with the 
metal ion induces some changes in the above pH-metric behavior, 
particularly as far as the Zn2+ systems are concerned. Indeed, 
the pH-metric curves of the ternary systems Zn2+-L-bpy show 
two titration steps (pK,, = 3.4 f 0.2; pKa2 = 7.8 i 0.2) (Figure 
lb, curve 11). The first one nearly coincides with the single step 
observed in the binary systems corresponding to the titration of 
the carboxylic group of the amino acid ligand; the additional step, 
which requires a number of moles of NaOH corresponding to that 
of the metal ion, may be attributed to the formation of the 
[Zn(bpy)(LNO)] species. The titration curves of the ternary 
systems Cd2+-L-bpy (Figure la ,  curve 11) are similar to those 
of the corresponding binary systems, except for the pKa2 values 
that each turn out to be 0.4 unit lower. 

Polarographic Data. The polarographic behavior of the binary 
system Cd2+-bsgly is similar to that previously reported for the 
Cd2+ ion interacting with t ~ g l y . ~  A single polarographic wave, 
reversible, bielectronic, and diffusion-controlled, is observed in 
the pH range 3-1 1. The pH dependence of the reversible AE:[2 
values is shown in Figure 2. Up to pH 4, the E l l 2  value is 
independent of ligand concentration and coincides with that 
relative to the reduction of the solvated Cd2+ ion. Upon an increase 
in pH, the half-wave potential becomes concentration-dependent 
and shifts toward more negative values by following two titration 
steps. The diffusion current (id) remains nearly constant from 
acidic pH up to pH 10: the decrease observed at higher pH values 
is due to metal hydroxide precipitation. This polarographic be- 
havior is fully consistent with the above pH-metric titration, so 
the first and the second polarographic step may be assigned to 
the reduction of  complexes resulting from the ligand acting as 
a simple carboxylate and N,O-bidentate, respectively. The overall 
stability constants (6) calculated by the method of Shaap and 
McMasters" are reported in Table 1. The Lingane plots12 (Figure 
3) show that the [Cd(LNO)] species prevails for most ligand- 

( I  I )  Shaap, W. B McMLters, D. L. J .  Am. Chem. Sot. 1961,83, 4699. 
( 12) Crow, D. R. Polarography of Metal Complexes; Academic Press: New 

York, 1969; Chapter IV and references therein. 
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Table I. lop B of Comdexes Prevailing at Different DH's" 

>8  '9.90' '5.65' [Cd(LNO)I 8-9.5 5.06 

[Cd(LN0),l2- >9.5 7.66 
[Cd( LNO)(OH)]- >9.5 8.95 

(9.79) (5.54) 

[Cd(LNO)2(OH)]3- >9.5 12.02 

"Overall stability constants (b)  are relative to the equilibrium M2+ + bpy + nLO- (or LN02-)  e [M(bpy)(L0),,I2-" (or [M(bpy)(LNO),]2-2"}. 
bValues refer to bsgly species; those in parentheses, to tsgly species. eThe b values for [Zn(bpy)12' and [Cd(bpy)12+ species are 5.3 and 4.25, 
respectivcly.l6 dThe 6 values of the Cd2+-tsgly system are reported in ref 3. 'See text. 

- 5  
w 4  
Q 

2 

1 ' 1  * " " " " ' J  
3.6 3 4  3.2 3.0 2.8 2.6 

Figure 3. Plots of AEl j l  vs -log [bsgly] for the binary system Cd2+-bsgly 
at different pH values: ( A )  pH 8.5; (e) pH 9; (m) pH IO. 

to-metal ratios and pH values. The presence of the [Cd(LN0),l2- 
species is observed only at pH values higher than 9.5 and for 
ligand-to-metal ratios greater than 1O: l .  No stability constants 
are reported for the carboxylate complexes: due to the small AE;,, 
values of the first polarographic step (AE{,,(max) = 10 mV), we 
can only roughly estimate these log /3 values as being about a few' 
units, as previously observed for the analogous system with t ~ g l y . ~  
The polarographic behavior of bsgly and tsgly interacting with 
the Zn2+ ion is characterized by a quasi-reversible wave showing 
a unique pH-titration step that is closely similar to the first step 
of the binary Cd2+ systems described above. This means that in  
this case only carboxylate complexes are formed, with a stability 
comparable to that of the analogous Cd2+ complexes. At pH 
values higher than 7.5, zinc hydroxide precipitation occurs. The 
ability of the Cd2+ ion, unlike the Zn2+ ion,6 in promoting sul- 
fonamide nitrogen deprotonation in this class of ligands was 
previously indicated by 'I3Cd NMR spectro~copy.~ The present 
data nicely support this previous finding. The stability constants 
of the species [M(LNO)] and [M(LN0),l2- with the same ligands 
and with Cu2+ and Pd2+  ion^^,^ were found higher by factors of 
about IO4 and 1OI7,  respectively, in  agreement with the relative 
stability of complexes with the same metals and with simple amino 
 acid^.'^-'^ 

Addition of 2,2'-bipyridine to the above systems in a 1 : I  molar 
ratio with the metal ion induces significant changes in the E;/, 
values and their pH dependence. For both ternary systems in- 
volving Cd2+ and Zn2+, two waves are contemporarily present 
throughout the pH range investigated (Figure 4a,b, respectively). 
Bsgly and tsgly show closely similar polarographic behaviors; the 
reported figures refer to the former ligand. For both metals the 

( I  3) Martell, A. E. Stability Constants of Metal-Ion Complexes; Chemical 
Society: London, 1971; Suppl. No. I .  

(14) Pettit. R.  D.; Bezer, M. Coord. Chem. Rev. 1985, 61, 97. 
(15) Martin. R .  B. Mer. Ions Biol. Sysf. 1979, 9, 2. 

wave at lower AE;,, values (wave I)  is fully comparable to that 
observed for the binary systems; the additional wave at more 
negative AE{/, values (wave TI) is quasi-reversible and shows two 
pH-titration steps. Most likely, waves I and I1 correspond to the 
reduction of binary and ternary complexes, respectively. By 
applying the same arguments mentioned above for the binary 
systems concerning the assignment of the polarographic waves, 
we can reasonably consider the first step of wave I1 as relative 
to the reduction of the ternary species [M(bpy)(LO)1,2] and the 
second step as due to the reduction of the species [M(bpy)- 
(LNO),,,]. The coexistence of wave I and wave I1 indicates that 
the ternary complexes are in equilibrium with the corresponding 
binary species over the entire pH range investigated. The AE;,, 
values over the whole pH range investigated are nearly identical 
for bsgly and tsgly. The overall stability constants for the ternary 
complexes, calculated according to Shaap and McMasters,'l are 
collected in Table 1. The Lingane plots (Figure 5) indicate that 
the species bearing only one deprotonated ligand molecule prevail 
over the entire pH range and the range of ligand-to-metal ratios 
investigated. The Zn2+ complexes are more stable than the 
corresponding Cd2+ complexes by a factor of 10,; it is worth noting 
that the step constants K$$;](Lo) and KE[$;](LNO) for the Zn2+ 
complexes are higher by a factor of 10 as compared to those of 
the corresponding Cd2+ species, and this is the same difference 
in stability found between the [M(bpy)I2+ complexes.I6 An 
analogous polarographic behavior was observed for ternary Cu2+ 
complexes with 2,2'-bipyridine and N-protected amino acids! As 
for the binary systems mentioned above, the stability constants 
of the Cu2+ complexes are higher by a factor of los and IO7 as 
compared to those of the corresponding Zn2+ and Cd2+ complexes, 
respectively. 

NMR Data. Valuable information on the acid-base equilibria 
of the amino acid ligands interacting with Cd2+ and Zn2+ in binary 
and ternary systems with 2,2'-bipyridine can be obtained from 
the pH dependence of the 'H NMR signals. The ' H  NMR 
spectrum of N-(phenylsulfonyl)glycine in D 2 0  contains the res- 
onance of the methylene group and the signal pattern of the 
aromatic protons. The sulfonamide nitrogen bound hydrogen is 
exchanged in these conditions. The pH dependence of the 
methylene resonance is reported in Figure 6. It clearly shows 
a sigmoidal pattern due the ionization of the carboxylic group, 
with an estimated pKa value of 3.5. The chemical shift decrease 
above pH IO is due to the deprotonation of the sulfonamide 
nitrogen that is known to occur with a pK, of about 1 1.4 for the 
free ligand. The aromatic signals do not show any pH dependence 
up to pH 10 (not shown). The NMR titration of N-tosylglycine 
yields the same results; the additional resonance from the methyl 
group bound to the aromatic ring is pH-independent. In the 
presence of Zn2+, in  a 2:1 ligand-to-metal molar ratio, the pH 
dependence of the methylene resonance of the ligands remains 
unchanged, while an additional titration step with a pKa of about 
7.6 clearly appears for both ligands interacting with the Cd2+ ion 
(Figure 6). This additional ionization can be safely attributed 

(16) Anderegg, G. Helv. Chim. Acta 1963, 46, 2397. 
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Figure 4. Plots of AE;,, vs pH at  increasing bsgly concentration for the 
ternary systcm M-bpy-bsgly. [MI = [bpy] = I X IO-' M. Metal ion: 
(a) Cd2+; (b) Zn2+. Bsgly concentrations ([L], M): (A) 2 X lo-'; (0) 
4 X IO-'; (0) 6 X lo4; (A) 8 X IO-'; (0)  Closely 
similar qualitative trends are observed for N-tosylglycine. 

to the metal-induced sulfonamide nitrogen deprotonation of the 
ligands and, in  particular, to the formation of the species [Cd- 
(LNO)] in fast exchange with [Cd(LO),]. The observed pK, is 
fully consistent with the above pH-metric and polarographic data. 
Addition of 2.2'-bipyridine in a 1:l molar ratio to the [M(LO),] 
complex dissolved in D 2 0  at pH 4 causes the splitting of the 
methylene signal into two resonances of nearly the same intensity. 
This is consistent with the formation of the complex [M(bpy)- 
(LO)]+ in slow exchange (on the NMR time scale) with the 
starting species [M(LO)J, according to the equilibrium 

[M(L0)21 + bPY + [M(bpy)(LO)I+ + LO- 
Accordingly, one of the methylene signals shows a pH dependence 
analogous to that of the CH2 group of the ligand in the binary 
systems. The coexistence of binary and ternary carboxylate 
complexes under these conditions nicely fits with the above po- 
larographic data, as well as the formation of species bearing only 
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Figure 5. Plots of vs -log [bsgly] for wave I1 of the ternary system 
M-bpy-bsgly: (a) M = Cd2+; (b) M = Zn2+; (A) pH 6.5; (0)  pH 9.5. 
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PD 

Figure 6. pD dependence of the chemical shift of the methylene reso- 
nance in the 'H N M R  spectrum of bsgly in D,O: (0)  for free ligand; 
(A) in the presence of the Cd2+ ion in a 2:l ligand-to-metal molar ratio. 

one molecule of amino acid ligand bound to the metal. Up to pH 
6.2, no changes are observed for the signal pattern of the aromatic 

T = 23 o c ;  CCdt+ = 10-3 M. 
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Figure 7. pD dependence of the chemical shift of the multiplet for the 
equivalent protons 3 and 3’ of 2,2’-bipyridineI9 in the ‘H NMR spectrum 
of the ternary system Cd2+-bpy-bsgly in a l:l:2 molar ratio. The other 
signals of 2,2’-bipyridine are either less resolved or overlapped with those 
of the aromatic ring of bsgly. Analogous patterns are obtained in the 
presence of the Zn2+ ion (cZnz+ = cCdz+ = 

protons of bsgly and tsgly as compared to the free ligands. With 
increasing pH, such a pattern dramatically broadens for both 
ligands and the signals of 2,2’-bipyridine show a titration pattern 
with an apparent pK, of about 7.5 (Figure 7). Such a behavior 
may indicate the formation of another species, most probably that 
in which the amino acid ligand acts as a bidentate through the 
deprotonated sulfonamide nitrogen, in equilibrium with the former: 

M). 

[M(bpy)(LO)I+ e [M(bpy)(LNO)I + H+ 
The involvement of the deprotonated sulfonamide nitrogen in metal 
coordination changes the electronic distribution over the complex, 
so it may well change the shielding of the aromatic protons of both 
2,2’-bipyridine and bsgly since, in the latter case, the amino acid 
moiety is conjugated with the aromatic ring through the SO2 
group.’’ The CH2 signal of the metal-bound ligand L is, however, 

(17) Rastelli, A.; De Benedetti, P. G .  J. Chem. Res. 1977, 90. 

not sensitive to sulfonamide nitrogen deprotonation. This is 
somewhat surprising. An explanation could be that the electronic 
redistribution due to sulfonamide nitrogen deprotonation in this 
case also involves the two nitrogens of bpy, so the effect on the 
CH2 group may be more complex than that in the above Cd2+-L 
binary systems and may result in the reciprocal suppression of 
more effects. 

There is a general agreement among the experimental tech- 
niques in indicating that for both metal ions the metal-promoted 
amide deprotonation takes place at lower pH values in the ternary 
systems as compared to the binary ones. The lowering effect of 
2,2’-bipyridine on the pKNH values of this kind of ligands and the 
corresponding higher stability of the ternary [M(bpy)L] species 
as compared with the [ML] species were first observed for the 
Cu2+ ion.4 As for that case, it may be ascribed to a cooperative 
effect of the r systems of bpy and the amino acid ligands and to 
the stronger tendency of carboxylate ligands to bind to the [M- 
(bpy)l2+ species as compared to the free metal ion’* (confirmed 
in this case by the AE{,2 values of the first step of waves I and 
I1 in Figure 4) that strengthens their ‘anchoring” capabilitys and 
favors the subsequent closure of the five-membered N,O-chelating 
ring. The identical A log K values observed for Cu2+ and Cd2+ 
(A log K,, = d log KCd = 0.6) may indeed indicate that the nature 
of the metal ion plays a secondary role in this effect. The case 
of the Zn2+ ion deserves some comments. Up to now, only one 
example is known of a deprotonated amide nitrogen coordinated 
to a Zn2+ ion at physiological pH: in the [Zn(Gly-His)] complex 
the metal is bound to the terminal amino group of the dipeptide, 
the deprotonated peptide nitrogen, and one imidazole nitrogen 
of histidine.’ Also in the present cases, besides the amino acid 
moiety of L, the Zn2+ ion is coordinated to an N-donor aromatic 
ligand. The presence of such kind of additional ligand could be 
a necessary requirement for enabling the Zn2+ ion to successfully 
substitute for a proton bound to a peptide or sulfonamide nitrogen. 

Acknowledgments. We are grateful to the Centro Grandi 
Strumenti of the University of Modena for supplying the NMR 
facilities. Dr. P. Ghedini is acknowledged for the development 
of a computer program for analysis of the polarographic data. 

( 1  8) Sigel, H. Mer. Ions Biol. Syst. 1973, 2, 63. 
( I  9) Castellano, S.; Gilnther, H.; Ebersole, S. J.  Phys. Chem. 1%5,69,4166. 

Contribution from the Department of Chemistry, 
University of Missouri-St. Louis, St. Louis, Missouri 63121 

Kinetics of Iron Removal from Monoferric and Cobalt-Labeled Monoferric Human 
Serum Transferrin by Nitrilotris( methylenephosphonic acid) and Nitrilotriacetic Acid 
Pawan K. Bali, Wesley R. Harris,* and Diane Nesset-Tollefson 
Received August 28, 1990 

The kinetics of iron removal from both forms of monoferric transferrin by nitrilotris(methy1enephosphonic acid) (NTP) and 
nitrilotriacetic acid (NTA) have been studied in 0.1 M, pH 7.4 N-(2-hydroxyethyl)piperazine-N’-ethanesulfonate buffer a t  25 
‘C. The dependence of the observed pseudo-first-order rate constant for removal of iron on the concentration of NTP has been 
interprctcd in terms of two parallel pathways: one that saturates and another that is first order in ligand. For NTP the saturation 
pathway is more important, while the carboxylate analogue NTA removes iron from both sides entirely by a first-order process. 
Iron removal from C- and N-terminal monoferric transferrins labeled at the vacant binding site with kinetically inert cobalt(ll1) 
has bccn studied as a model to evaluate cooperativity between the two sites. Cobalt labeling slightly accelerates iron removal by 
NTP from the C-terminal site and iron removal by NTA from the N-terminal site. The degree of cooperativity is less than that 
observed previously for iron removal from the C-terminal site by pyrophosphate (Bali, P. K.; Harris, W. R. J .  Am. Chem. SOC. 
1989, / I  I ,  4457). Bicarbonate-free Fe-L-Tf ternary complexes are formed with both NTP and pyrophosphate. The pyrophosphate 
complex is much less stable than the corresponding NTP complex, which may be a factor contributing to the higher first-order 
rate constant for iron removal by pyrophosphate. 

Introduction 
The transferrins comprise a family of iron binding proteins that 

includes serum transferrin, lactoferrin. and ovotransferrin. Several 

recent reviews of transferrin chemistry are available.l-6 The 
characteristic feature of the transferrins is that metal binding 
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