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A key issue regarding the speciation of AR* in serum is how well the ligands citric acid and phosphate can compete
with the iron transport protein serum transferrin for the aluminum. Previous studies have attempted to measure
binding constants for each ligand separately, but experimental problems make it very difficult to obtain stability
constants with the accuracy required to make a meaningful comparison between these ligands. In this study,
effective binding constants for Al—citrate and Al—phosphate at pH 7.4 have been determined using difference UV
spectroscopy to monitor the direct competition between these ligands and transferrin. The analysis of this competition
equilibrium also includes the binding of citrate and phosphate as anions to apotransferrin. The effective binding
constants are 109 for the 1:1 Al—citrate complexes and 104% for the 1:2 Al—citrate complexes. The effective
binding constant for the 1:2 Al-phosphate complex is 10'2%, No 1:1 Al-phosphate complex was detected. Speciation
calculations based on these effective binding constants indicate that, at serum concentrations of citrate and phosphate,
citrate will be the primary low-molecular-mass ligand for aluminum. Formal stability constants for the Al—citrate
system have also been determined by potentiometric methods. This equilibrium system is quite complex, and
information from both electrospray mass spectrometry and difference UV experiments has been used to select the
best model for fitting the potentiometric data. The mass spectra contain peaks that have been assigned to complexes
having aluminum:citrate stoichiometries of 1.1, 1:2, 2:2, 2:3, and 3:3. The difference UV results were used to
determine the stability constant for Al(H-scta)~, which was then used in the least-squares fitting of the potentiometric
data to determine stability constants for Al(Hcta)*, Al(cta), Al(cta),®~, Al(H-jcta)(cta)*~, Aly(H-jcta),>~, and
A|3(H71Cta)3(OH)47.

Introduction neurological disorders among long-term dialysis patients

Because aluminum is so abundant in the Earth’s crust and(dialysis dementia)® This effect was eventually linked to a
is so widely used in modem technology, the general combination of intestinal absorption of aluminum from
population is exposed to relatively high levels of this métal.  Phosphate-binding drugs and the transfer of aluminum from
Healthy adults are well protected against toxicity from Fhe dialysis solution across thg dialysis membrane directly
ingested aluminum by the very low absorption of this metal N0 the blood. Aluminum toxicity has also been observed
internally and by the efficient removal of Kifrom the blood 1N infants, whose kidney function is not fully developed.
via the kidneys$:* However, aluminum toxicity is observed There has been considerable debate over a possible role for
when these protective mechanisms fail. This was most clearly@/Uminum in the development of Alzheimer's diseés¥

demonstrated in the 1970s by the appearance of severe(s) alfrey, A. C. Contrib. Nephrol.1993 102, 110-124.
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and other neurological disorders, such as Parkinson’s diseasépotransferrin (apotf) binds two At ions that compete with
and amyotrophic lateral sclerosis. the Fé" ion for the same binding sité4.Difference UV

As the significance of aluminum toxicity has become studies confirm that the Al ion binds to tyrosine side
apparent, considerable attention has been given to definingchains}*3and**C NMR studies have shown that the binding
the chemical speciation of the #lion in human serum.  of the AP* ion involves the binding of a synergistic car-
Several fractionation studies have reported the distribution bonate aniof®3’ Last, small-angle X-ray scattering studies
of AlI3* ions between proteins and low-molecular-mass indicate that aluminum binding causes an overall protein
(LMM) ligands. Most of the earlier studies reported that conformational change that is similar to that caused by iron
~80% of the aluminum in serum was bound to protéfna’ binding3®
As methodologies have improved, this figure has tended to The speciation within the LMM fraction of serum alumi-

increase t0~90%?2127 It now appears that essentially all

num is not well established. Normal serum contains only

the high-molecular-mass aluminum in serum is bound to the ~0.1-0.3 uM of aluminum?®313%4%and contamination from

iron transport protein transferrfd.24.26-31

Transferrin consists of two similar lobes. Each lobe is
further divided into two domains, with a high-affinity metal-
binding site located within a cleft between the two domains.
The Fé" ion in each lobe is coordinated to four ligands from
protein side chains: two tyrosine phenolic groups, an
imidazole group from one histidine residue, and the car-
boxylate side chain of an aspartic aétd®The fifth and sixth
coordination sites on the Feion are occupied by a bidentate
carbonate anion derived from the buffer that is called the
synergistic anion.

No crystal structure has been reported for the-Al
transferrin complex, but it is highly likely that the #lion
binds in essentially the same manner as that of th¢ iee.
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adventitious aluminum is a constant problem. In addition,
the LMM complexes are relatively labile, so that the
speciation can be altered by separation methods such as
electrophoresis. These problems have been reviewed by van
Landeghem et af! who concluded that there is no reliable
analytical method for identifying the LMM aluminum
complexes in serum.

Because of these difficulties, there have been several
attempts to calculate the speciation of aluminum using the
stability constants of the Al ion with the chelating agents
present in seruréf-42-46 However, these calculations have
been hampered by uncertainties regarding the aluminum-
binding constants for key serum complexing agents such as
citrate (cta) and phosphétén this study, effective aluminum-
binding constants for both phosphate and citrate have been
determined at pH 7.4 by direct competition between these
ligands and transferrin, using difference UV spectroscopy
to monitor the distribution of the aluminum between the
ligands and the protein at concentrations that are close to
clinical serum aluminum levels. This has produced a new,
internally consistent set of binding constants for transferrin,
citrate, and phosphate that have been used to assess the
relative importance of citrate and phosphate, with respect to
the complexation of aluminum in serum.
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Experimental Section solutions was adjusted to 0.10 M by the addition of 1.0 M K]NO
The pH was measured with an Accumet model 25 pH meter

d_hMgterlaIs. : nal)r/]tltial-reagent-grhade dC't“% acid d aq?h Sc;df' uTh equipped with a combination electrode. The pH meter was calibrated
iydrogen pnosphate were purchased and used WIthout TUrther previously describ&tito read the value of-log [H*] directly,

purification. Carl_oonate-free potas_smm hydroxu_je _solutlons Were . iher than the hydrogen ion activity.
prepared from Dilut-It ampules, using freshly deionized water. All The titrations were conducted using a computer-controlled
po_tassmn: h)(/jdr%mdet SOI.Utloan] \:jvere stanr:it ﬁr(flzted 'Ik')r); tltrta)ltlons of F\utotitrator that added an aliquot of titrant, stirred the contents of
Eg:gg%; qrr: tI?; g?azz.sulfnmh ()Jllroro'?jznsgl t'c?nie.as fogf.rsnﬁggebothe titration cell, and monitored the pH versus time. When the pH
Gran's Iolts48 Stgck sollllJJtion}s/ ofX;Iuminlljr:w we\;\; e alred b Y drift fell below 0.001 pH unit per minute, the final pH was recorded
. plots- . . prep Y " and the buret was prompted for the next addition of the titrant. In
dissolving the reagent-grade chloride salt in 200 mM hydrochloric ) e )
id. The alumi uti tandardized by eluti K some experiments, the pH drift criterion was set to 0.0005 pH unit
ag: 'me Gtzh?c;mr? uamsf::)lrjl 'OQ;Y’gifs za:h;r: Iezecol ymenu:]g ":.trgg\rl]vn per minute; however, this change in the autotitrator settings had
;/heu eluant \I/Jv?th a stan%lardilze:j c))(tassil?m h l:iroxide scl)lutilong no discernible effect on the resulting binding constants. No data
P y " point with an equilibration time of>1 h was included in the

Apotransferrin (apoTf) was purchased from Sigma and purified as lculati f lioand . d ined
reviously describet?. Concentrations of apoTf solutions were caicu gtlons. A set'o 'gan proton.atlon cgngtants was determine
Eetermined from the a.bsorbance at 278 nm. using a molar extinctionfrom titrations of citrate alone. Alcitrate binding constants were
' 9 obtained from titrations of samples with aluminum concentrations

- P
coef_f|0|ent of 93 00.0 M. cm=. _ of 1-4 mM and a citrate:&" ratio of either 1:1 or 2:1.
Difference UV Titrations. All difference UV titrations were . I .
The complexation equilibria for the Alcitrate system are

Zﬁirélo(rl-lm:;eg (;.tlpl\I{IN72. 4r.“'ll'dhrg)((:)l/ﬁ/tgt);fsl,pv$(;?§r::;.iri?iigzs;gg‘;c described by a set of formal equilibrium constants of the form
an external circulating water bath. UV spectra were recorded using
a modernized Cary model 14 spectrophotometer that was running
the OLIS operating system. The methods for titrating apoTf with
aniong®5! and for titrating a metattransferrin complex with a
chelating agefi®#52 have been reported. A detailed description of Where the indicef j, andk represent the stoichiometric coefficients
the methods is given in the Supporting Information. The 0n|y Sig_ for the three reactants. The citrate Specie§dmthe denominator
nificant difference from previous studies is that two different titrant  Of €q 3 refers to a free citrate molecule in which all three carboxylate
solutions were used in each experiment. A more dilute titrant was 9roups are deprotonated. However, citrate binding to ti¥e ish
used initially to provide more data points for the early part of the involves coordination and deprotonation of the central alcoholic
titration, whereas a more concentrated titrant was used near thegroup. Thus, within an aluminum complex, the trianionic ligand is
end of the titration to force the binding reaction toward saturation. coordinated via the central carboxylate and alkoxide groups and
The various binding equilibria involving transferrin, aluminum, ©one terminal carboxylate group, with an uncoordinated terminal

and the competing ligands can be described by the general equatiorfarboxylic acick®>° The dangling, terminal carboxylic acid also
deprotonates with no change in the Al coordination mode as the

iAIRY + mTf +jL = Al 3+inij (1) pH increases; this form of the ligand is designated agctdf~.

Least-Squares Fitting. Both the difference UV data and the
where L represents the ligand (either citrate or phosphate) and Tfpotentiometric data were analyzed by a nonlinear least-squares
represents transferrin. It is presumed that a synergistic carbonatemethod, using customized versions of the general nonlinear least-
anion is bound concomitantly with each3Alion; however, for squares program ORGLESEach data set was fit by first defining
simplicity, the carbonate is not shown in eq 1. For each species in a model, which consisted of a specific set of complex species, each
the system, there is an effective binding constant, which is defined of which was described by an appropriate binding constant. All
as models included the set of aluminum hydrolysis const8ms, of
—5.46,—10.04,—15.74, and—23.49 forn = 1—4 from Baes and
Mesmef! as fixed parameters. The quality of each fit was judged
by a goodness-of-fit parameter, defined as

A ctgH,] "33

AP [e PH ©

ijk

I T A

AT L @

imj
The asterisk denotes that these are effective binding constants, which
are valid only at the experimental pH and bicarbonate concentration.
Nonlinear least-squares fits of the difference UV titration data were
used to calculate effective binding constants for-gitrate and Al GOF=
phosphate, as described in the Results section.

Potentiometric Titrations. Potentiometric titrations were per- )
formed using a thermostated glass titration cell that was maintainedWhereYe>andY=care the observed and calculated values of either
at 25°C by an external circulating water bath. All titrations were . : : :
performed under an argon atmosphere. The ionic strength of all (54) ;';ri'%yvl's%.’ Chen, Y.; Stenback, J.; Shah)BCoord. Chem1991,

(55) Lakatos, A.; Bayai, |.; Decock, P.; Kiss, TEur. J. Inorg. Chem.

“

(48) Rossotti, F. J. C.; Rossotti, H. Chem. Educ1965 42, 375-378. 2001, 461-469.
(49) Harris, W. R.; Cafferty, A.; Trankler, K.; Maxwell, A.; MacGillivray, (56) Motekaitis, R. J.; Martell, A. Elnorg. Chem.1984 23, 18-23.
R. T. A. Biochim. Biophys. Actd999 143Q 269-280. (57) Chman, L.-O.Inorg. Chem.1988 27, 2565-2570.
(50) Harris, W. R.; Nesset-Tollefson, Biochemistry1991, 30, 6930~ (58) Rubini, P.; Lakatos, A.; Champmartin, S.; KissCiord. Chem. Re
6936. 2002 228 137-152.
(51) Harris, W. R.; Cafferty, A.; Abdollahi, S.; Trankler, KBiochim. (59) Martin, R. B.Clin. Chem.1986 32, 1797-1806.
Biophys. Actal998 1383 197—210. (60) Busing, W. R.; Levy, H. AOR GLS, A General Fortran Least Squares
(52) Harris, W. R.; Pecoraro, V. IBiochemistryl983 22, 292—-299. Program Technical Report No. ORNL-TM-271. Oak Ridge National
(53) Harris, W. RJ. Inorg. Biochem1986 27, 41-52. Laboratory: Oak Ridge, TN, 1962.
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absorptivity or pH,nays is the number of observations, angis

the number of adjustable parameters. Both programs used here have[HCOS,] (mM)

been used in several previous studie¥,>+6264

Mass Spectrometry StudiesMass spectra of Atcitrate solu-
tions were recorded on a JEOL model Mstation spectrometer using
electrospray ionizationmass spectroscopy (ESMS). Spectra
were recorded at a mass resolution of 2500, with an accelerator
voltage of 5.0 kV, a lens voltage of 73 V, an orifice temperature
of 100 °C, and a desolvation temperature of 2UD. The mass
spectrometer was calibrated with Csl.

In one set of experiments, aqueous solutions of 1 mM aluminum
trichloride (AICl3) and either 1 or 2 mM citric acid were mixed
and adjusted to a pH value of 2:8 by the addition of ammonium
hydroxide. The samples were allowed to equilibrate overnight, after
which a final solution pH was measured. The equilibrated samples
were then filtered through a 0.4Bn syringe filter and introduced
into the mass spectrometer by continuous infusion at a rate of 100
uL per minute. Each spectrum was the average of seven scans.

In a second set of experiments, an aqueous aliquot of;Al@s
added to 20 mL of 50&M citric acid. The pH was immediately
adjusted to 7.4t 0.2 with NH,OH, and mass spectra were recorded
as a function of time over a period of several hours. Time-dependent
mass spectra were recorded for samples with total aluminum
concentrations of 100, 50, and 20/.

Results

Anion—Transferrin Binding Constants. Samples of
apoTfin 0.1 M Hepes were titrated with both phosphate and
citrate, and the resulting families of difference UV spectra
are shown in Figures S2 and S3 in the Supporting Informa-
tion. The spectra were essentially identical with those

Table 1. Anion—Apotransferrin Binding Constants

log K1 log K> Aem (M~1cm™?)
Citrate
0.17 4,17+ 0.01 3.78+0.02 6800+ 120
5 3.76 3.37
Phosphate
0.17 3.99+ 0.01 2.73+0.03 6800+ 160
52 3.58 2.32

a Constants obtained by adjusting the experimental binding constants from
a bicarbonate concentration of 0.17 mM to 5 mM.

0.20

0.15
0.10
0.05
0.00

Absorbance

-0.05
-0.10
-0.15

-0.20 “ ' '
260 280 300

Wavelength (nm)

Difference UV spectra generated by the titration of-Al

320

Figure 1.

reported previously for phosphate and several other an-transferrin with citrate in 0.1 M Hepes at pH 7.4. The dotted line is a baseline

ions5566The absorbance of the negative difference UV peak
near 245 nm was converted to an absorptivity by dividing
the absorbance by the analytical concentration of transferrin.
Titration curves were prepared by plotting the absorptivity
versus the cumulative concentration of anion in the cuvette
and are shown in Figure S4 in the Supporting Information.
Previous studies on anion binding to transferrin have
shown that one anion binds to each lobe of apdfThus,
each anior-transferrin titration curve was fit by a nonlinear

least-squares method, using three adjustable parameters: thg

equilibrium constants for the binding of two anions to the
protein (35,, and f53,,), and the molar absorptivity of the
anion—transferrin complexAey). The final set of anion
transferrin binding constants have been converted to the
stepwise binding constants, = [(3,; and K> = £5,4611
and are listed in Table 1.

The titrations of Aktransferrin described below were
conducted in the presence of 5 mM carbonate, to duplicate
the conditions under which the Atransferrin binding con-

(61) Baes, C. F.; Mesmer, R. Ehe Hydrolysis of CationaViley: New
York, 1976.

(62) Harris, W. R.; Chen, Ylnorg. Chem.1992 31, 5001-5006.

(63) Harris, W. R.; Chen, Y.; Wein, Kinorg. Chem.1994 33, 4991~
4998.

(64) Harris, W. R.; Yang, B.; Abdollahi, S.; Hamada, X Inorg. Biochem.
1999 76, 231-242.

(65) Harris, W. R.; Nesset-Tollefson, D.; Stenback, J. Z.; Mohamed-Hani,
N. J. Inorg. Biochem199Q 38, 175-183.

(66) Harris, W. R.Biochemistryl985 24, 7412-7418.

of apoTf vs apoTf. [A¥] = 12 uM; [ApoTf] = 15 uM. Cumulative
concentration of citrate for each spectrum is as follows: curve 1, 0 mM;
curve 2, 0.0443 mM; curve 3, 0.0881 mM; curve 4, 0.1316 mM; curve 5,
0.2003 mM; curve 6, 0.2682 mM; curve 7, 0.3433 mM; curve 8, 0.4255
mM; curve 9, 0.5063 mM; curve 10, 0.6250 mM; curve 11, 0.7787 mM,;
and curve 12, 0.9274 mM.

stants were originally measured. Thus, before the measured
anion—transferrin binding constants were included in fitting
the Al—transferrin titration data, they were corrected for the
presence of carbonate using the procedures previously
escribed! The corrected constants are listed in Table 1.
Titrations of Al —Transferrin with Citrate. The Al—
transferrin complex was first formed by the addition of 0.8
equiv of APT to apoTf, and then it was titrated with
sequential aliquots of citrate to generate the set of difference
UV spectra shown in Figure 1.

The aluminum-binding constant of the C-terminal site is
approximately a factor of 10 larger than that of the N-
terminal site3* therefore, most of the aluminum initially binds
to the C-terminal site. The initial spectrum shows the positive
peak at 240 nm for this Attransferrin complex. As the
titration proceeds, the aluminum is removed from the protein
and replaced by citrate, generating the negative difference
UV peak of the (ctg)-transferrin complex.

Previous studies have shown that nonsynergistic anions
and bicarbonate compete for the same anion-binding sites
on apoTf, and they show that occupancy of a site by a
nonsynergistic anion prevents metal binding at that3ite.

Inorganic Chemistry, Vol. 42, No. 10, 2003 3265
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Scheme 1 it more likely reflects experimental errors. Thus, we assign
+HCO; N the microconstant for the binding of the citrate to both the
apoTf ——= Hco'3- T —m/m—  art.co 32: T C- and N-terminal binding sites as the average of the stepwise
citrate binding constants, which givdg, = 10°%”. The
+eta +cta H overall binding constant for A-transferrin-ctay is simply

- _ | _ 7.02
e = 1coj 1 i =Kikeu= 10 @

On the basis of these observations, the interactions among The binding constants for all the transferrin species in the

citrate, aluminum, and transferrin can be represented by a| —transferrin-cta system can be assigned independently;
Scheme 1. For simplicity, the scheme represents only onetherefore, the only unknown binding constants are those of
binding site rather than the two sites of apoTf. the binary Al-cta complexes. The difference UV titrations

The scheme shows that an anionic ligand such as citrategre conducted at a single pH of 7.4; therefore, it is not
can affect At-transferrin binding in two ways. One way is  possible to differentiate among complexes that differ only
by competing with bicarbonate for the anion-binding site, i, their proton stoichiometry. For examplg,, represents
which reduces the concentration of the metal-binding €O  the cumulative binding of all 1:1 Al:cta complexes, such as
transfe.rrin'bingry species. The other way is by chelating the p|-cta and Al(H .cta)". The initial attempts to fit the
metal ion in direct competition with the protein. titrations of Al—transferrin with cta considergtf,; as well

To fit the absorbance data from the titration of-Al ¢ B0 representing Al(cta)complexes,, representing

transferrin with C|trate,_one has to cop3|der the tran_sferrln the Aly(cta)(OH)* trimer; f5,, representing the dimeric
complexes At-transferrin, Ab—transferrin, cta-transferrin, Alo(H_ctay?>~ complex proposed by Venturini and Ber-

?nd f(cta}a—tra;ss_r:m. 1]:he_ bln*dlng (;:ogstafnts fl_c:r?—il thon/® and [, representing a dinuclear AH-icta)-
ragsSerrI{;r be_m b rans errlg P and s 2(110) Or'g%j‘sT ' (ctap*™ complex recently characterized by Dakanali etal.
and> mii bicar _0”"?“e ave been reporte* previotishe The details of the various models that were considered are
cta—transferrin binding constantgd,, andf5y;,) have been 0 in the Supporting Information. The general result was
determined as described previously. Thus, these four €qui-a¢ the Jeast-squares refinement consistently rejected each
librium constants serve as fixed constants in the calculatlonsOf the polynuclear complexes wheneyéip, was included
o . 1

Of\;cﬁ Al Atl:lt.ratte) blngmg cr?nséants. inal bindi . h in the model. Sequential cycles of least-squares refinement

en Al is bound to the C-terminal binding site, the gave a smaller and smaller binding constant for the poly-

N-tetrr.nmlald|sﬂs]tlllt avallablf for l:])cmd.lng tC|trate. Thus, r?ne nuclear complex until this species no longer represented a
must include the temnary &f-transferrin-cta, species in the significant fraction of the total aluminum. The best fit of

analysis of the difference UV data. (Here cAkpresents Al the difference UV data was obtained using ofilyy £op

bound to the C-terminal binding site, and giepresents and theAey for cta—transferrin as adjustable parameters.

citrate b?qtndbtot\;[vhe N-tertm||rt1)gl§|te.) tThere 'ItS I't;dte’ if ?ny., The observed and calculated titration curves for the titration
cooperativity between metal binding at one Site ot ransIermin . A _ansferrin with citrate are shown in Figure 2. Despite

and zt:\nlct)r; b|tr;]d|n'§]it thefother stﬁ%{herefore, a tl)lndmg the complexity of this system, the average GOF for four
constant for the ransternn-ctay ternary complex can independent titrations was only 237 Mcm™?, indicating a

::)e c?lcglatedd a.f tt:f profduF:t bqf dt'he S|te—tspetC|f|c—AI very good set of fits. The effective Alcitrate binding
ransferrin and citratetransferrin binding constants. constants are listed in Table 2.

For a protein with two equivalent binding sites, the site- Difference UV Titrations of Al —Transferrin with

specific binding constants for the C- and N-terminal binding Phosphate Samples of Al-transferrin were also titrated with

f’:”es &Zggrke'“d :ﬁgﬁfgggg% ?):ﬁ;ﬁatigggt;: Z);%eQTen' phosphate (f, and a typical set of difference UV spectra is
y P 9 5 & shown in Figure 3. The initial spectrum is that of the-Al

by the equations transferrin complex, which is gradually transformed to the

K, = ke + Ky (5) negative spectrum of the jji>-transferrin species as the

titration proceeds. As with the previously discussed citrate
1_1 + 1 (6) system, the binding constants for all the transferrin species
Ko ke Ky except thesi,; for the Alc—transferrin-(P,)n ternary com-

, C plex have been measured independently and can be used as
On the basis of the reported macroscopic binding ConStantsﬁxed values in the least-squares refinement of the phosphate
for aluminum3* eqs 5 and 6 give microscopic binding q phosp

constants of log& = 13.45 and log¢) = 12.55. fitrations.

X _ 1 ).
For two independent binding sites, statistical factors lead Pin va_lues for the Ad tra}nsferrm—_(Pl)N co mplex have
to a minimum separation of 0.6 log units between the log been estimated from the microscopic binding constants for

K, and logK; values. The stepwise macroscopic binding 3'“_'[?]“:1? arnd phczs@tarlten, L;S'rrr‘l?] tbhlﬁ dTnethoc:]dteic;rlbecri] tl)ay eq
constants for citrate-transferrin are separated by only 0.4 log " * € macroscopiciFiranste g constants can be
um_ts' AlthOUQh thlls,sma”er sep.aratl.on Cou'_d t?e mterpreted (67) Dakanali, M.; Raptopoulou, C. P.; Terzis, A.; Lakatos, A.; Banyai, |.;
as indicating a positive cooperativity in the binding of citrate, Kiss, T.; Salifoglou, A.Inorg. Chem.2003 42, 252-254.
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Figure 2. Titrations of Al-transferrin with citrate and phosphate. The

0.20

0.15

0.10

0.05

Absorbance

0.00

-0.05

-0.10

1 9 1 ] ]

260 280 300 320

Wavelength (nm)

Figure 3. Difference UV spectra generated by the titration of-Al
transferrin with phosphate in 0.1 M Hepes buffer at pH 7.4. The cumulative

symbols represent the actual data, whereas the lines represent the leasisoncentration of phosphate for each curve is described as follows: curve

squares fits.

Table 2. Effective Aluminum-Binding Constants for Citrate and
Phosphate at pH 7.4

citrate phosphate
log B3, 17.02 15.79
log Bio1 11.594+0.19
log B0z 14.90+ 0.55 12.02+ 0.16
Aey (L=Tf) (M~1cm™) 8600+ 1060 5770t 1070
GOP (M~1cm™) 237 707

aFixed parameter calculated from eqP@Goodness of fit, as defined by
eq 4.

used with egs 5 and 6 to calculate site-specific microconstants
of 10*%5and 1G-3*for the binding of phosphate to transferrin.
It is not clear which of these constants corresponds to the
N-terminal binding site; thus, two possible values for
11— 10% 7% and 107%—were calculated by matching the

B, 0 mM (baseline); curve 1, 0.122 mM; curve 2, 0.846 mM; curve 3, 1.30
mM; curve 4, 1.80 mM; curve 5, 3.64 mM; curve 6, 4.98 mM; curve 7,
7.76 mM; curve 8, 11.35 mM; and curve 9, 16.07 mM.

carded and replaced wiifi,, as an adjustable parameter.
The result was a log,, value of 9.62, but the resulting
GOF value, 1281 M! cm™t, was substantially higher than
that obtained by varying;,, This model attributes all the
complexation to the 1:1 complex; thus, the value of 9.62
represents an upper limit on the value of |6,.

Al—Citrate Potentiometric Titrations. Solutions of ci-
trate alone, as well as samples with both 1:1 and 2:1 cta:Al
ratios were titrated with aliquots of standardized KOH.
Titration curves were prepared by plotting the equilibrated
pH versus the equivalents of KOH added, as shown in Figure
4. As expected, the free-ligand titration shows one buffer
region corresponding to the titration of the three carboxylic

| N
value Of_l@ for AI=Tf with each of the two phosphate  4:iq groups of citric acid. These data were used to calculate
transferrin microscopic binding constants. Two sets of .itic acid K, values of 5.7G+ 0.01, 4.35+ 0.01, and 2.92
calculations were performed to determine which value of | 51 which agree with Iiteraturé values for ihis lig&Ad.

f11, gave the best fit of the Attransferrin titration data.
The initial attempts to fit the data includ¢l,, and 7,

The titration of a 1:1 solution of Al:cta shows one extended
buffer region at low pH that terminates with a sharp inflection

for the 1:1 and 1:2 aluminum:phosphate complexes and theat 4,33 equiv of base. The position of the inflection indicates
Aey for the R—transferrin complex as adjustable parameters. that, at neutral pH, essentially all the aluminum is present

Surprisingly, the refinements consistently reducedfihg

as the [Ab(H-jcta)(OH)(H,0)]* trimer that has been

constant to an insignificant value. Therefore, the titrations detected in previous titratiof°and has been characterized

of Al—transferrin with phosphate were fit using onfj,,

and the phosphatdransferrin Aey values as adjustable

parameters. Using the lower value of'3® for f7,,, the
average GOF for the phosphate titrations was 609 dvin2.

A typical set of titration data and the calculated fit are shown

in Figure 2. For the alternative value of1@° the average
GOF increased substantially, to 1730 Mm% Thus, one
clearly obtains a better fit for the smaller value f&f, =

1057 The final log 3., value for Al-phosphate was

12.02+ 0.16 (Table 2).
We could not refings],;, and 8}y, simultaneously; there-
fore, a second model was tested in whiéh, was dis-

crystallographically? and by NMR?%-72 As noted previously,
H_jcta represents a coordinated citrate molecule in which
the central alcoholic group, as well as the three carboxylate
groups, have been deprotonated.

(68) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum: New
York, 1974.

(69) Ohman, L.-O.; Sjberg, S.J. Chem. Soc., Dalton Tran$983 2513~
2517.

(70) Feng, T.L.; Gurian, P. L.; Healy, M. D.; Barron, A. Rorg. Chem.
199Q 29, 408-411.

(71) Bodor, A.; Bawyai, I.; Tah, I. Coord. Chem. Re 2002 228 175—
186.

(72) Bodor, A.; Bayai, |.; Z&any, L.; Toth, I. Coord. Chem. Re 2002
228 163-173.
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models included the 1:1 complexes Al(Hctand Al(cta),
the 2:1 complexes Al(ctad™ and Al(cta)(H.icta)y, and the
well-established trimer A(H-ictak(OH)*". Attempts were
made to add Al(Hjcta), Al(H_.cta)(OHY, Alx(H_jcta)p?",
Aly(cta)®~, and Ab(H-;cta)(cta)* to these core species. The
results of these calculations are included in the Supplemental
Information. There was no strong evidence for including
Al(H _;cta)(OHY¥~ or Al(H_;cta)(ctay*~. Good fits could be
obtained by including any one of the species Al(tta),
Aly(H-jcta)?", or Aly(ctak®"; however, it was impossible
to include more than one of these complexes.

To reduce the number of adjustable parameters in the
refinement of the potentiometric data, the difference UV
results were used to determine a value for the binding
constant of Al(H.icta)". The value off,, is the sum of the
effective binding constants of all 1:1 Akitrate complexes,
as shown in eq 8:

. Bu1 | P
Bror= BradH] + Briot [1Tl]l + [;1]22

. 8
Equiv. of KOH ®)
Figure 4. Potentiometric equilibrium curves for the titration of-Atitrate
solutions with KOH. Curve A depicts citrate only, whereas curve B Where the effective binding constafif,;, as determined
represents a 1:1 cta:Al ratio and curve C represents a 2:1 cta:Al ratio. For from difference UV titrations, is defined in eq 2 and the
the titration of citrate only, an equiv unit is defined as one mole of KOH L . .
per mole of ligand. For the Adcitrate titrations, an equiv unit is defined formal Stab'“ty constants on the rlght-hand side of eq 8 are
as one mole of KOH per mole of aluminum. The vertical lines are drawn defined in eq 3. Given tha],; is 109 it was clear from

at 4.33 and 7.33 equiv, which correspond to the expected location of the tha preliminary calculations and from previous stud-
inflections assuming the complete formation of the(AL;ctayOH*" trimer.

The data shown as filled circles in curve C were omitted from calculations 1€S™>°%°""#7“that neitherf111 nor 110 makes a significant
of binding constants, because of persistent drifting in the pH. contribution toﬁ’{Ol at pH 7.4. It was not clear how to
partition the effective binding constant betwe@n-, and

The formation of the trimer during the potentiometric 1> At one extreme, if the effective binding is due solely

titration was con'firm.ed by thé’Al NMR spectrum.i T.he to Al(H_scta), then logfu_1 = 4.19. Conversely, if the
spectrum of the tlt_ratlon sample a_lt pH 7_.5 is very S|_m|lar to binding at pH 7.4 is due solely to Al(Hcta)(OHF~, then
that reported previously for the trimé&with one relatively log 112 = —3.21. The potentiometric data have been refined

sharp peak located at 1.5 ppm and a second, broader peaqing each of these constants, and one obtains virtually
located at 12.0 ppm with integrated intensities of 1:2. identical GOF values.

The 2:1 titration curve in Figure 4 also shows one buffer It seems more logical to include Al(Hcta)" rather than
region that terminates with a sharp inflection near 7.33 equiv. adopt a model in which Al(cta) loses two protons simulta-

Tfhz ggsmotn of (tjhe |tnfltehct|on 'S Icotnsf|stentt_w ith :Tﬁ r(tal_ease neously to go directly to Al(Hcta)(OH¥~. Furthermore,
0 .b' p(;o QT hue Io © cofrr;}p cte forma '1?” 0 h € MMET, i models whergd » is fixed at 10324 speciation calcula-
combined with the release of three protons from the titration ;oo shoyy that there would be no significant formation of

0f21.1equiv of fr?el_ citrig aﬁid' This indicates Fhﬁt' erzlven \f'itgl the Al(H-;cta)(OH}~ complex under the conditions of the

ac. excess IO lgan ; ‘3 trimer is essentially the sole potentiometric titrations. Therefore, we have accepted the

SPecies In so u'q(_)n atpH 7. . S log 511-1 value of 4.19 for use in analyzing the potentiometric
After the addition of~3 equiv of base, the equilibration data. Two potentiometric models, one includifig-» and

times tlr? thehl:l t|trat|.0|f1ts t!ncreased ;&5 m(ljn _?ﬁr point, let another that includes,sp have been evaluated, and the results
even though no preciprtation was observed. The COMPIEIE ;o shown in Table 3. The quality of the least-squares fit is

titration required~10 h. For the 2:1 titrations, the equilibra- virtually identical for the two models. Based on the mass

tion times were r.n.uch shorter, typlcaIPyS min per point, spectrometry results shown below, the—22 model is
through the addition of~7.1 equiv of base, so that the believed to be the better choice

titrations could be completed in-5 h. Because of the
differences in the equilibration times, we have more con-
fidence in the data from the 2:1 titrations, and all the bind-
ing constants reported in this paper are based only on the
2:1 titrations. All the pH values up to the addition of7.1
equiv of base were used in the calculations of binding
constants.

Various combinations of species have been tested to find(73) Gregor, J. L. Powell, H. K. Aust. J. Chem1986 39, 18511864.
the model that best fits the potentiometric data. All the (74) Jackson, G. ES. Afr. J. Chem1982 35, 89-92.

Al—Citrate Electrospray Mass Spectrometry. Mass
spectra were recorded for solutions matching the potentio-
metric samples, i.e., 1 mM of Al and either 1 or 2 mM of
citrate. The solution species were protonated during the
ionization process, so that they were detected as either mono-
or dianions in the mass spectrum, regardless of their original
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Table 3. Al—Citrate Binding Constants from the Use of Different
Models To Fit Potentiometric Titrations of 2:1 cta:Al Solutions

22—2 model 230 model
log 112 10.66+ 0.09 10.68+ 0.09
log B110 8.40+ 0.04 8.41+ 0.04
Iog /))11—1b 4.19 4.19
log 120 13.56+ 0.15 13.64+ 0.14
log f12-1 7.65+0.38 7.83+0.26
|Og ﬁ22_2 12.12+0.12
|Og ﬁ23o 25.0440.17
log ff33-4 16.15+ 0.42 16.15+ 0.37
GOF 0.0081 0.0075

2 By is defined by eq 3P This constant is not allowed to vary during

the least-squares refinemehtGoodness of fit, as defined by eq 4.
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Figure 5. Electrospray mass spectra for-Aditrate solutions ((A) 1 mM
AICl3, 2 mM citrate, pH 2.54; (B) 1 mM AIG| 2 mM citrate, pH 7.1; (C)
1 mM AICI3, 1 mM citrate, pH 2.58; and (D) 1 mM Algl 1 mM citrate,

pH 6.6).

charge in solution. For example, citric acid was always
observed as the Jdta * species at/z 191, even at pH values

0.5
0.4
> O miz 407 [Al(cta)y2H]”
=1 03 -
g ' V miz431 [AL(Ho cta)yH]™
= O miz251 [Al(cta)CI)"
(3]
2 O miz 623 [Aly(ctayy2H]
=
E 02 ® iz 323 [Aly(H.cta)y H*
A m/z665 [Aly(H_icta)yH,0,2H]
0.1 -

pH

Figure 6. Plot of relative peak intensity in electrospray mass spectra as a
function of pH for solutions with 1 mM of AlGland 2 mM of citrate.

The electrospray ionization mass spectrum of a 1:2 Al:
cta solution at pH 2.54 is shown in Figure 5A. At this pH,
one would expect a mixture of Al(Hctd) Al(cta)’, and a
small amount of Al(Hicta). The peak atm/z 233 corre-
sponds to the gas-phase species [Alf¢tayH,O]~ and the
peak atm/z 251 corresponds to [Al(ctell] . The largest
peak is located atm/z 407, which corresponds to [Al-
(cta)-2H]". Figure 5A also shows a significant peaknalz
431, which can be assigned to the dimeric,[Alictay-H]~
anion, and a smaller peak a¥z 623 for the dinuclear
[Al x(cta)-2H]~ anion.

Protonation of the At-citrate trimer to a monoanion would
give an m/z value of 665 for the gas-phase species
[Al 3(H-_;cta)-H,O,2H] . There is only a small peak at 665
at pH 2.5, but this peak increases substantially as the pH
increases (vide infra). In addition, there is a peak&at323,
which we can assign to the dianionic complex Al
(H-ictap-H]?>". The 2- charge for this species is indicated
by the appearance of the + 1 peak at a half-integar/z
value. The peaks atVz 323, 323.5, and 324 have relative
intensities 1:0.23:0.07, which agree very well with values
of 1:0.21:0.07, which were calculated on the basis of the
13C content of three citrate ligands.

The mass spectrum of a 1:2 Al:cta solution at pH 7.1 is
shown in Figure 5B. The Atcitrate trimer peaks at/z 323
and 665 have become the major peaks in the spectrum,
whereas a marked reduction is observed in the peaks of the
mononuclear 1:1 species @tz 233 and the 1:2 complex at

where ct& was the form present in solution. Thus, no effort m/z 407. Another peak has emergednalz 332, which can
has been made to use the mass spectra to distinguish betwedve assigned as an second dianionic trimer peak corresponding
species that differ only in their degree of protonation, such to [Al3(H-;ctak-H,O,H]J?", on the basis of the isotope pattern

as Al(cta)®™ versus Al(H.icta)(cta)t~ Although no alkali

of peaks at 332, 332.5, and 333 with relative ratios of 1:0.2:

metals were added to any of these samples, the spectra of 8.06.

citrate blank also showed several citrate clusters with Na
and K" ions. These included peaksratz 405 Na(Hcta)™,

m/'z 421 K(Hcta)~, andm/z 651 K,Na(Hcta)™.

The mass spectra easily track the conversion of monomeric
Al —citrate to the trimer as the pH increases, as shown in
Figure 6. The monomeric 1:1 and 1:2 species, represented
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by peaks atm/z 251 and 407, decrease as the pH increases. 3
The concentration of the AH-jctay?" dimer follows the
same pH dependence as the monomers. In contrast, the
trimer, which is represented by peaksnalz 323 and 665,
increases as the pH increases and becomes the dominant
species at pH>5.

100 UM Al t;,, =9 min

50 M AL t,, = 20 min
4

Intensity Ratio (m/z 665) / (m/z 407)

The mass spectrum for a solution containing 1 mM of 1 © 85
aluminum and 1 mM of citrate at pH 2.58 is shown in Figure n
5C. Compared to the 2:1 cta:Al solutions previously de- mn
scribed, there are substantial increases in the peak#ézat 0 : : :
251 and 233 that are associated with the 1:1 complexes and 0 100 2000300400
an increase in the peak @iz 431 due to the A{H_icta)? time (minutes)

dimer. The peak for the Al(Ct@{’f species is reduced but is Figure 7. Plots of the ratio of the peak intensitiesmfz 665 to those of
. L . . " . m/z 407, as a function of time for pH 7.4 solutions with 5081 of citrate
still significant desplte_ the 1:1 mgtal.llganq ratio. The  and either ) 100, ©) 50, or (1) 20 «M of AICI .
spectrum of a 1:1 solution at pH 6.6 is shown in Figure 5D. o _ _
At this higher pH, the peak of the bis(citrate) complex at been reached. Each plot in Figure 7 can be fit to a single-

m/'z 407 is completely gone, and only small peaks are e€xponential function to give an apparent first-order rate

observed for the monomer atz 233 and the dimer atvz constant for the formation of the trimer.
431. The major peaks are the trimer peaksn&t 323 and The apparent half-life for the formation of the trimer
665. increases as the concentration decreases. Under the conditions

The mass spectroscopy data indicate that, when there is &f the difference UV experiment, a maximum concentration
2:1 cta:Al ratio, the potentiometric samples contain a mixture of 7 uM of Al —citrate forms at-500uM of citrate. A linear
of the Al(H-;cta)” monomer, the A(H-_;cta)?~ dimer, and extrapolation of the half-lives in Figure 7 touM gives a
the dinuclear Al(cta)®~ complex. The mass spectroscopy half-life of ~80 min for the formation of the trimer.
signal for the dimer is consistently larger than that for
Al(cta)®"; therefore, we believe that the 22 model shown
in Table 3 is the better description of the potentiometric ~ Speciation of Low-Molecular-Mass (LMM) Al —Citrate.

Discussion

results. There have been numerous potentiometric studies on the
The mass spectra of solutions containing GO00f citrate complexation of aluminum by citraté3557.697375 The Al—
and 100, 50, and 28M of aluminum were also examined Citrate system can be titrated over a wide pH range without
for peaks atmz 431, corresponding to the AH_;cta)?" obvious precipitation; however, there are regions of pH in
dimer and atn/z 623, representing the gttak’~ complex. which very long equilibration times are involved. Because
There were small peaks aw¥z 431 in solutions with 100  of the slow kinetics and the complexity of the system, there
#M and 50uM of aluminum; however, no peak a¥'z 431 is rather poor agreement among the various published studies.
was observed at 20M of aluminum. A small peak atvz This is the first study to incorporate difference UV and mass
623 was observed upon preparation of the 2ZBCaluminum spectroscopy data into the analysis of&itrate speciation.
solution, but this peak disappeared afte2 h of equilibra- a. High Aluminum Concentrations. Most previous
tion. No peak ainm/z 623 was observed for solutions with ~ potentiometric studies have included the species Al(Hgta)
either 50 or 2QuM of aluminum. Al(cta), Al(H-jcta), Al(ctay®", and Al(H-;cta)(cta} .

Rate of Al—Citrate Trimer Formation. The formation However, Venturini and Berthéhpreferred the A{H-icta)?
of the Aly(H_;cta)(OH)* trimer is rather slow, even at dimer over the Al(Hicta)” monomer, and they reported a
millimolar concentrations of aluminum and citr&e&? This log B22-2 value of 12.69 fopx = 0.15 and 37C. The mass
suggested that, under the dilute conditions of the UV spectrometric analysis of millimolar Alcitrate solutions
experiments, the formation of the trimer might be too slow reported here indicates the presence of both the monomer
for this species to form during the4 h time period of the ~ and the dimer, as well as a dinuclear complex with a 2:3
titration. To address this issue, the rate of trimer formation Al:cta ratio (Figure 6). On the basis of consideration of both
was monitored by electrospray mass spectrometry. Massthe GOF of the potentiometric data and the relative peak
spectra were recorded as a function of time for solutions of intensities in the mass spectrum, we feel that the2ehodel
500uM of citrate at pH 7.4 with either 100, 50, or 20 in Table 3, which includes the AH-;cta)?~ dimer with a
of aluminum. These initial spectra show the rapid formation 109 22> value of 12.12, represents the best description of
of the monomeric 1:1 speciesiiz 233 and 251) and the 2:1  the Al—citrate system. This is the first potentiometric study
complex Wz 407), with relatively small peaks for the trimer.  to include both the monomer and the dimer foPAlAn
No internal standard was available; therefore, it was not Fex(H-ictap?~ complex, and Cifcta)?~ and Cu(H-icta)
possible to track absolute concentrations. The rate ofdimers, have been reported in previous potentiometric
conversion of monomers to the trimer is illustrated in Figure studies’®
7 by plotting the ratio ofm/z 665 to m/z 407. At each - . — —
concentration of aluminum, this ratio rises to a constant (> BFi'Qg]'Jg‘i’l"éb‘?l'itj';lQ%‘aﬁ'f'g’_‘;'z.R'; Williams, D. RChem. Speciation
value, which is taken to be an indicator that equilibrium has (76) Timberlake, C. FJ. Chem. Socl1964 5078-5085.
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Figure 8. Speciation calculated using the-22 model from Table 3. The
curves are labeled with thg stoichiometric coefficients for Al, cta, and
H*, respectively (see eq 3). For example, the curve labeled 111 refers to
the Al(Hcta) complex.

The potentiometric and mass spectroscopy data reportedD

here cannot establish the structure of the(lALicta)p?~
dimer. However, crystal structures of,#l—;cta) complexes
have been reported for both¥Feand VG *.8°81Each metal
in the dimer has an octahedral coordination geometry
involving two carboxylates and the alkoxide group from one
citrate plus the alkoxide and one carboxylate from the other
citrate. The sixth coordination site is occupied by water for
the ferric complex and the oxo ligand in the vanadyl
complex. It seems likely that the structure fop@_icta)?~
will be very similar to that of FgH_jcta)?.

The calculated species distribution based on the 22
model is presented in Figure 8. The fraction of aluminum
present as Al(H;cta)” and as AJ(H_;cta)?" is a maximum

tonated Al(H-;cta)>~ complex would not have exceeded 3%
within the pH range used in the calculations, because of the
dominance of the trimer as the pH increases.

One can relate the effective binding constant for the 2:1
complexes at pH 7.4 to the formal stability constants, as
shown in eq 9.

ﬁ1272

ﬁ1271
i [H?

[H']

Bio2= PizoT )

The experimental value @7, determined in this study is
10*9 The value$10andfi>—1 from the 22-2 model give

a value of 16>%for the summation on the right-hand side
of eq 9, in good agreement with the difference UV results
without including any value fof1,—,. This suggests that the
K, value for the formation of Al(Hicta)®™ is >7.3.

Both the Al(H-;cta)(cta}” and Al(H-;cta)® complexes
have been isolated and characterized crystallographicéfly.
Each citrate binds as a tridentate ligand through two
carboxylates and the alkoxide group, with one terminal
carboxylate remaining uncoordinated. In the Algeta)(cta)~
complex, one of the uncoordinated carboxylate groups has
been protonated. These studies appear to have taken advan-
tage of the slow rate of the trimerization process and isolated
the Al(H_,cta)® species quickly enough to avoid the trimer.
Indeed, when this isolated 2:1 complex is redissolved at
neutral pH, it slowly converts to the trimé¥.

b. Low Aluminum Concentrations. Speciation calcula-
tions were repeated for 1M of aluminum and 1 mM of

at pH 3.8, with 20% present as the dimer and 14% presentCitrate using both the 222 model an_d the 230 mode_l. The
as the monomer. Both species decline as the pH increase§95U|tS confirm that, at the low aluminum concentration that

above 4, because of the growing predominance of the trimer

and bis(citrate) complexes. In the alternative 230 model, the
only change in the speciation is that the(tak®~ species

accumulates over the same pH range as that for the

Aly(H-ictap?>” complex, to a maximum of 11% at pH 3.8.
There were only minor changes in the concentrations of the
remaining species shown in Figure 8.

The potentiometric models in Table 3 include two bis-
(citrate) complexes: Al(cta)” and Al(H-;cta)(cta)t™ Three

previous potentiometric studies have reported a second

chelate deprotonation reaction to give Al(idta)y®, with

an average g, of ~7.345558|nspection of Figure 8 reveals
why the Al(H-;cta)® species is not observed in this study.
The Al(H-cta)(ctaj~ species accumulates to a maximum
of only 7% at pH 6.2. Given alfy, value of 7.3 for this
complex, the fraction of aluminum present as the depro-

(77) Matzapetakis, M.; Raptopoulou, C. P.; Terzis, A.; Lakatos, A.; Kiss,
T.; Salifoglou, A.Inorg. Chem.1999 38, 618-619.

(78) Vatura, P.; Kuca, LCollect. Czech. Chem. Commui978 43, 1460-
1475.

(79) Rajan, K. S.; Martell, A. EJ. Inorg. Nucl. Chem1967, 29, 463~
471.

(80) Shweky, I.; Bino, A.; Goldberg, D. P.; Lippard, S.ldorg. Chem.
1994 33, 5161-5162.

(81) Tsaramyrsi, M.; Kaliva, M.; Salifoglou, A.; Raptopoulou, C. P.; Terzis,
A.; Tangoulis, V.; Giapintzakis, dnorg. Chem.2001, 40, 5772-
5779.

(82) Van de Vyver, F. L.; Silva, F. J. E.; D'Haese, P. C.; Verbeuken, A.
H.; De Broe, M. E.Contrib. Nephrol.1987, 55, 198-220.

is characteristic of the difference UV experiments, neither
of these dinuclear complexes would be formed. Thus, the
lack of any dinuclear aluminum complexes in the model used
to fit the difference UV titrations is not a concern. However,
the simulations showed that, during the difference UV
experiments, one would have expected the trimer to ac-
cumulate to a maximum of35% of the total aluminum at

a citrate concentration of 500M. The calculated trimer
concentration decreases to 6% at the end of the titration as
the higher citrate concentration shifts the equilibrium to the
bis(citrate) complex. The absence of the trimer in the
difference UV experiments is attributed to the slow rate of
formation of this complex at micromolar aluminum concen-
trations, as shown in Figure 7.

Al—Phosphate SpeciationThere are very serious limita-
tions to the study of the Atphosphate system by potentio-
metric methods. The very low solubility of Al(RPleads to
precipitation at~pH 3.54384Thus, most studies collect data
only up to pH 3-4, which makes it even more difficult to
assess the Alphosphate binding affinity at physiological
pH values. Four different potentiometric studi¢d8485show

(83) Matzapetakis, M.; Kourgiantakis, M.; Dakanali, M.; Raptopoulou, C.
P.; Terzis, A.; Lakatos, A.; Kiss, T.; Banyai, |.; Mavromoustakos, T.;
Salifoglou, A.Inorg. Chem.2001, 40, 1734-1744.

(84) Atkari, K.; Kiss, T.; Bertani, R.; Martin, R. Blnorg. Chem.1996
35, 7089-7094.

(85) Jackson, G. E.; Voyi, K. V. VS. Afr. J. Chem1988 41, 17—21.
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a wide variation in the results, even for complexes that form determined at an experimental pH of 7.4 and0 uM of
at acidic pH. total aluminum. This is the first case in which constants for

Because of these severe problems with experimentalboth ligands have been determined within a single study
studies of Al-phosphate near neutral pH, efforts have been using a common reference ligand. Thus, these data are
made to use linear free-energy relationships (LFERs) to particularly well-suited for evaluating the relative binding
estimate binding constants for Al(RCand Al(PQ)(OH). affinities of citrate and phosphate.

In 1992, Harri4® used LFERs to estimate values of |8go Simple speciation calculations for @M of aluminum,

= 14.35 and logB11-1 = 8.37. Atkai et al® recently using the new constants and physiological concentrations of
measured several new stability constants for a series oftransferrin, citrate, and phosphate, suggest#88% of the
phosphonic acids and were thus able to construct a moretotal aluminum would be bound to transferrin. Of the pool
credible set of LFERs and reported two possible values of of LMM aluminum, ~88% of the aluminum would be bound
log f110—13.5 and 11.3-and a value of 7.2 for log;-1. to citrate, 8% would be bound to hydroxide, and ong2%

The analysis of the difference UV titrations with phosphate would be bound to phosphate. These new calculations are
(Figure 2) indicates that the upper limit fg87,, the consistent with several previous analyses of aluminum in
effective binding constant representing all 1:1 complexes, Serum that have suggested that citrate is the primary LMM
is 10°%2 If this binding is attributed entirely to AI(PQ) then  chelating agent in serufi*”** They are also consistent with

one can set an upper limit of Ig8j10 < 13.8. Alternatively, more-recent fractionation studies that indicate th80% of

one could attribute all the binding to AI(RfPOH)~ and set  the total serum aluminum is protein boutid?’

an upper limit of logs11-1 < 6.37. It is quite clear that both We previously published an equilibrium model for the
the values of31;-; estimated from LFER®84are too large. speciation of aluminum in serum that was based on the LFER
Of the three estimates @1, only the lowest value of 263 estimates described above for |6goand logf1:-1 for Al —

reported by Akta et al®, is consistent with the direct phosphaté® This model indicated that the LMM component
competition results. Speciation calculations that included this of serum was comprised of 80% Al(RQOH)~ and only
value of B110 indicated that this 1:1 complex would have 10% Al(H-icta). As noted previously, the new results
accumulated a maximum of only 0.1% of the total aluminum reported here show that these estimated constants are much
during the difference UV titrations. This would obviously too high. Thus, the previous speciation model is incorrect.
have been undetectable in the least-squares refinement. Recent studies using fast protein liquid chromatogra-
Low-Molecular-Mass (LMM) Ligands in Serum. It is phy to fractionate serum appear to have detected ternary
clear from the titration curves in Figure 2 that citrate is much aluminum-citrate-phosphate complex&$7°°*and Lakatos
more effective than phosphate, in regard to removing et al®’reported binding constants for four ternary complexes.
aluminum from transferrin. Normal serum contains 1.1 mM We are preparing a complete serum model for aluminum

of phosphate, compared to only 1QoM of citrate?® speciation that will consider ternary complexes as well as
Speciation calculations using the effective binding constants the competition from Ca and Mg* cations for binding to
listed in Tables 1 and 2 indicate that 100 of citrate will citrate. Despite these remaining uncertainties, it is now seems

remove~18% of the aluminum from transferrin, whereas clear that citrate is the major LMM ligand for aluminum in
1.1 mM of phosphate will remove only-1.4% of the serum.
aluminum.

A review of published computer simulations of the

speciation of aluminum in serum shows that these studies Difference UV Competition experiments in which phos_
have given very conflicting results.Some studies predicted  phate and citrate are used to remove aluminum directly from
that citrate would be the main LMM ligarfd®’whereas  serum transferrin definitively establish that citrate is the more
others predict that phosphate would be the more importanteffective aluminum-binding agent at neutral pH. Speciation
LMM aluminum binding agent>*44® There are several calculations that consider the relative concentrations of these
difficulties associated with these simulations. The calcula- ligands in serum confirm that citrate will be the predominant
tions rely on a combination of citrate- and phosphate-binding Jow-molecular-mass ligand for aluminum in serum. The
constants measured from separate studies. Because of thgetailed speciation of Atcitrate as a function of pH is still
limited pH range of some of the studies, it is often necessary somewhat ambiguous, because it is very difficult to clearly
to calculate aluminum speciation at pH 7.4, on the basis of |dent|fy a unique speciation model So|e|y on the basis of
stability constants measured at much lower pH values. Last,potentiometric data. Electrospray mass spectroscopy data

the experimental studies typically use millmolar aluminum suggest that, at lower pH, the potentiometric solutions contain

concentrations, which are 1000-fold greater than physiologi-
cally relevant levels. (88) van Ginkel, M. F.; van der Voet, G. B.; van Eijk, H. G.; de Wolff, F.
e ; ; A. J. Clin. Chem. Clin. Biochen199Q 28, 459-463.

All th_e_se dlfflcgltles are reduced in the dlffe_rencg v (89) Sanz-Medel, AAnalyst (Cambridge, U.K.1995 120, 799-807.
competition studies reported here. The effective binding (90) Bell, J. D.; Kubal, G.; Radulovic, S.; Sadler, P. J.; TuckerAAalyst
constants for both Atcitrate and A+phosphate have been (Cambridge, U.K.J1993 11§ 241-244.

P P (91) Bantan Polak, T.; Milacic, R.; Mitrovic, B.; Benedik, M. Pharm.
Biomed. Anal2001, 26, 189-201.
(86) Clevette, D. J.; Orvig, CRolyhedron199Q 9, 151-161. (92) Lakatos, A.; Evanics, F.; Dombi, G.; Bertani, R.; Kissgtr. J. Inorg.
(87) Ghman, L.-O.; Martin, R. BClin. Chem.1994 40, 598-601. Chem.2001, 3079-3086.
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a mixture of 1:1 and 1:2 monomeric aluminum:citric acid (under Grant No. HL66227). The authors would like to thank
(Al—cta) complexes, as well as a 2:2 Al:.cta dimer and a Dr. R. E. K. Winter and Mr. Joe Kramer for collecting the

small amount of a 2:3 dinuclear Al:cta complex, whereas a electrospray mass spectrometry data.

3:3 trimer dominates at neutral pH. The best overall model
for Al =citrate was obtained using t.he difference UV results species, methods for difference UV titrations, difference UV spectra
to set the value fof11-1 and calculating Va“%es qﬂl_ll' B and titration curves for anion binding, and the equilibrium models
P20 Pr2-1, P22-2, @ndfaz-4 from the potentiometric data.  tegteq in the refinements of the difference UV and potentiometric
data. This material is available free of charge via the Internet at
http://pubs.acs.org.

Supporting Information Available: UV spectra of transferrin

Acknowledgment. This work was supported in part by
the University of Missouri Research Board (under Grant No.
S-3-40454) and the National Institutes of Health (NIH) 1C026027w

Inorganic Chemistry, Vol. 42, No. 10, 2003 3273



