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increased to the extent that above pH 9, the dimethylated complex,
which cannot lose its positive charge, loses its Ga(III) in favor
of the deprotonated form of Ga(III)-PLED.

It has been shown that the In(III) ion has a preference for
carboxylate donors over phenolate or hydroxypyridine donor
groups.'? Thus the stability constant of the DTPA-In(III) com-
plex is greater than those of PLED and DMPLED. Since the
summation of the log protonation constants of the latter, even that
of DMPLED, is larger than the basicity sum of DTPA, there is
no need to make comparisons of the In(III) chelates of these
ligands with species distribution curves: a 1:1:1 system of In(III),
DMPLED, and DTPA would show only DTPA complexes, and
those of DMPLED would not appear at all. In other words there
is no competition in this system.

Influence of Charge and Stability of the Complexes on Biod-
istribution. It is shown in a separate report!! that although the
trivalent metal complexes of HBPLED, Me,HBPLED and
DMPLED have different overall charges (-1, 0, and +1), the
biodistributions of the metal complexes in rats are similar and
all complexes undergo renal clearance. The "'In and ®Ga com-
plexes resemble the biodistribution and clearance route of the
complexes of the parent ligands HBED and PLED. Thus it seems
that biodistributions of these complexes are dependent on other

factors, which are more important in controlling behavior, than
the charge on the complex molecule. It is suggested that the
zwitterions in formulas 5 and 6 and corresponding dipolar
functional groups in their metal complexes are highly solvated
in aqueous solution. This makes both ligands and metal complexes
highly hydrophilic and accounts for the observed biodistributions
and clearance routes.

When examining a similar complex EHPG (ethylenebis((hy-
droxyphenyl)glycine),? we have found very different in vivo be-
havior between the iron, indium and gallium complexes. This is
not the case for the complexes of HBPLED, Me,HBPLED, and
DMPLED where very similar biodistribution patterns were ob-
tained with indium and gallium and for DMPLED (the only ligand
studied) with iron. The similarity in biodistribution is presumably
due to the similar pM values of all the complexes and the fact
that they are all greater than the corresponding pM value for the
metal transferrin complex.
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The association constant (X,), activation free energy (AG*), and off-rate for magnesium binding (koy) to glucose 1-phosphate
(K, = 15 M, AG* = 12.7 keal mol™, kyy = 2.9 X 10* s7!), glucose 6-phosphate (K, = 8 M™!, AG* = 12.7 kecal mol™, k= 3.1
x 10% §71), acetyl phosphate (K, = 9 M}, AG* = 13.1 keal mol™, ko = 1.5 X 10 s71), AMP? (K, = 18 M1, AG®* = 12.7 kcal
mol™, kgr = 3.4 X 103 s71), ADP* (K, = 2.2 X 10° M1, AG* = 12.8 kcal mol™, ko = 2.5 X 10* s7'), ADPH* (K, = 13 M},
AG* = 12.1 keal mol™!, ko = 7.7 X 10%s7!), ATP* (K, = 3.0 X 10° M~!, AG* = 12.4 keal mol™, k4 = 5 X 10° s!), and ATPH*
(K, = 6 M), AG* = 12.5 kcal mol™!, ks = 4.2 X 10° M™!) have been determined by a total line shape analysis of Mg NMR
spectra. The results were compared with data previously determined for tRNA™e (yeast) (Reid, S. S.; Cowan, J. A. Biochemistry
1990, 29, 6025-6032). Estimates of the on-rate for magnesium binding (k,, = K,/koy) were made; ko, (s™!) = 4.3 X 104, 2.5
X 104 1.4 X 10% 6.2 x 104 5.5 x 10 8.5 X 104, 1.5 X 107, 5.1 x 104 and 5.5 X 104 (tRNA), respectively. Outer-sphere
association constants were also estimated; K, (M™) = 0.43, 0.25, 0.14, 0.62, 55, 0.85, 150, 0.51, and 220 (tRNA), respectively.
The exchange regime for Mg2* binding shows no trend with X, but appears to correlate with the number of inner- and outer-sphere
binding contacts to Mg(H,0),2*. Magnesium binding to ADPH? and ATPH?* occurs preferentially at the terminal phosphate
dianion, and the a- or S-phosphate, respectively, is protonated. Possible relevance to the role of Mg?* in enzymatic catalysis is
discussed briefly. Magnesium binding to a terminal phosphate apparently leads to facile protonation of an inner phosphate that

results in a reactive pyrophosphate-type center.

Introduction

Alkali-metal and alkaline-earth-metal ions (Na*, K*, Mg?*,
and Ca?*) are the most abundant metal ions in biology; however,
their biochemistry has received less attention than that of transition
metals because the latter are more readily studied by common
spectroscopic and electrochemical methods. Magnesium is a
frequent cofactor for RNA and DNA processing enzymes, ribo-
zymes, and an essential component of the ribosome.!® 1t is
important, therefore, to understand the manner in which mag-
nesium binds to its “biological ligands™ and activates them
structurally and catalytically. In aqueous solution, Mg2* will
typically form the hexahydrated Mg(H,0)¢2* species; however,
when it is bound to a protein or RNA, the inner and outer co-
ordination environment is less well characterized. Magnesium

t Abbreviations: deoxyribonucleic acid (DNA); phenylalanine transfer
ribonucleic acid (tRNAM®); adenosine monophosphate (AMP?); adenosine
diphosphate (ADP*"); adenosine triphosphate (ATP*"); single strand (ss);
double strand (ds); variable temperature (VT); room temperature (RT).

readily forms complexes with biological substrates and may serve
to either define a particular conformation or catalytically activate
chemical functionality toward reaction.!®'¢ The role of the metal
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ion may be critically dependent on the coordination environment
that it adopts, and so it would be useful to have an understanding
of the binding chemistry of Mg?* in a biological context.

This work builds on a large, although often conflicting, body
of kinetic, thermodynamic [e.g., reported binding constants (K,’s)
for ATP* range from 3.0 X 10% to 5.5 X 10* M~1},1217-26 5pd
structural data determined in other laboratories. The kinetics of
Mg?* binding to adenosine phosphates was originally described
in the seminal work of Eigen and co-workers,?” while the location
of metal-binding sites on a number of polyphosphate anions has
been the subject of much controversy.®-*!  Metal-catalyzed
hydrolysis of phosphate esters has been of interest for many years
and will undoubtedly receive new impetus by the recent discovery
of catalytic RNA 3-610-16.32

In this paper, we discuss the coordination properties of the
magnesium complexes of glucose 1-phosphate, glucose 6-phos-
phate, acetyl phosphate, AMP>", ADP*, ADPH?, ATP*,
ATPH*, and tRNAP™ (yeast). The wide divergence in reported
values for many important coordination parameters may reflect,
in some cases, a breakdown in the correlation between the physical
parameter of interest and the indirect variable being monitored.
There are few available methods for direct studies of the solution
chemistry of divalent magnesium; however, we have found Mg
NMR spectroscopy to be a useful technique for investigating the
chemistry of magnesium ion with biological substrates and
macromolecules. Herein we report thermodynamic and kinetic
constants for Mg?* binding to phosphate ligands obtained by this
method and also reevaluate previous work. In particular, we aim
to (1) provide a rationale for the specificity of magnesium-binding
sites; (2) discuss the nature of the resulting coordination geometry,
whether inner sphere (direct magnesium-phosphate linkage) or

H
I
Mg-O-R Mg-O-H--O-R
inner sphere outer sphere

outer sphere (interaction through hydrogen bonding to a mag-
nesium-bound water),3*3 and (3) describe how the coordination
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Figure 1. (A) Top: Magnesium titration curve obtained at 298 K (pH
7). General solution conditons: [ATP*] varied from 131 to 67 mM,
[Mg?*] varied from 31 to 426 mM; [AMP?] varied from 66 to 49 mM,
[Mg?*] varied from 16 to 258 mM. (B) Bottom: Variation of Ap,,-
(¥Mg?*) with temperature. General solution conditions: [ligand] = 113
mM, [Mg?**] = 177 mM (pH 7). Line-broadening factors of 50 and 10
Hz were used for ATP+ and AMP?, respectively. The experimental
points are shown relative to a theoretical curve obtained by joining cal-
culated points from the fitting analysis.

chemistry may be controlled in a biochemically relevant fashion.
Several discrepancies in the published literature are discussed.
The relevance of this work for understanding the role of Mg?*
in enzymatic reactions is discussed in a final section.

Experimental Section

Materials. The sodium salts of AMP(5'), ADP*, ATP*, glucose
1-phosphate, and glucose 6-phosphate and the mono(lithium/potassium)
salt of acetyl phosphate were obtained from Sigma Chemical Co. and
used without further purification. *MgO (98 atom % **Mg) was ob-
tained from Oak Ridge National Laboratory. A stock solution of Mg+
(~0.1 M) was prepared from the oxide following titration with 1.0 M
HCIO, until the solution stabilized at pH 7. Solution pH'’s were mea-
sured by using an Accumet 910 meter (Fisher Scientific) equipped with
a Ross combination pH electrode (Orion Research Inc.). Distilled water
was deionized by passage through a Barnstead nanopure system.

Mg NMR Experiments. Mg NMR spectra were recorded at
18.374 MHz on a Bruker MSL 300 spectrometer. Spectra were obtained
without sample spinning by using the RIDE pulse sequence to reduce the
effects of acoustic ringing.3*> Normally, two left shifts were applied to
the data prior to Fourier transformation. A standard 0.3 M MgCl,
solution gave a signal with a line width Ap);,(¥Mg?*)qe, = 2.8 Hz, in
close agreement with literature precedent.’® The 90° pulse width was
30 us, while the acquisition times were 26 ms for broad lines and 171 ms
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for narrow lines (spectral widths of 20000 Hz and 3000 Hz, respectively)
with a preacquisition delay of 100 us. A Lorentzian line broadening of
10-50 Hz was typically applied to data, depending on the experiment.

Magnesium or pH titration and variable-temperature (VT) experi-
ments generally used less than 0.5 mmol of ligand. Specific experimental
procedures for studies of tRNA have been described previously.’#
Titration experiments were carried out at 298 K, with successive additions
from the stock solution of 2*Mg2*, In the later portion of the titration,
when a good signal/noise ratio was attainable within a reasonable time
period, additions of Mg?* were made from a 1 M MgCl, solution con-
taining natural-abundance *Mg?*. In all cases, the concentrations of
stock solutions were accurately determined by atomic absorption. Var-
iable-temperature experiments (from 5 to 55 °C) were performed with
a fixed [Mg?*]/(ligand] ratio, and values for Av,,,(*Mg?*) obtained
both before and after heating were similar.

Data Analysis. The NMR line shape analysis programs employed in
this study were written by Dr. Torbjorn Drakenberg (Lund, Sweden) and
have been described in greater detail elsewhere.’”™*! Association con-
stants (K,) and activation energies (AG*) were determined by following
procedures described previously.3”*® Several parameters are required to
fully define the line shape of a resonance. These include the chemical
shifts of free and bound ions [normally 6(**Mg**) e ~ S(**Mg**)poundl-
The relative populations of (Mg?*); and (Mg**)pouns are dependent on
[Mg?**], [ligand], and the binding constant X, and so these parameters
are introduced into the analysis routine. The temperature dependence
of k. is assumed to follow standard transition-state theory [k = (kT/h)
e'“’ﬁ“ﬁ. This manifests itself through the dependence of Ay, ,(¥Mg?**)
on the relative rate of exchange between free and bound #Mg?*. Low
molecular weight complexes have a correlation time . in solution of
~107%-10"19 5 (a value of 0.4 ns was typically used), while that for tRNA
is larger (. ~ 24.5 ns) and has been considered in detail elsewhere.’’
In each case, these values fall within an acceptable range for the analysis
routine.?%% Several problems arising in Mg NMR studies on larger
biological macromolecules have been outlined in detail elsewhere 22374
Under conditions where 7wy < 1.5, such as found for most small bio-
logical macromolecules and all smaller substrate ligands, the Mg NMR
line shapes has Lorentzian form (the relaxation properties of all possible
transitions are effectively equivalent).®* The analysis program employed
does not, however, assume a Lorentzian line form. For large molecules
that bind Mg?* strongly (K, > 10* M™), the resonance from the Mg?*
complex may be too broad to detect. This is not the case in this study.
Integration of resonances demonstrated that all of the signal was ob-
servable for all metal/ligand ratios; even when less than 1 equiv of Mg
was added (Figure 1).

Data were analyzed by an iterative least-squares fit of digitized NMR
spectra. Zero filling was employed where necessary to better define the
peak. Typically, each spectrum was defined by 30 points and the best
combination of AG*, xp, and K, was found by an iterative procedure.
Consideration of the variation of A»);,(*Mg?*) with (Mg?*]/[ligand]
and temperature gives values for the association constant (X,), quadru-
pole coupling constant (xp), activation free energy (AG*), and the off-
rate (kyr).*® Titration and VT data must be analyzed cyclically to give
the best fit because of the interdependence of equations containing K,
xp» and AG* as variables.”® The analysis routine, considering all data
sets, gives rise to unique values for each of the aforementioned parame-
ters; however, the individual enthalpic and entropic components of the
activation energies for the monophosphate complexes are most likely
unreliable, since AH* is defined by the slope and inflection in the slow—
intermediate exchange region of the VT plot. For this reason, the relative
values of AH* and AS* are not considered. A Lorentzian line-broad-
ening function of 10~-50 Hz was applied to data prior to Fourier trans-
formation. Since this is only a fraction of the total range of natural line
widths, which typically vary from 30 to 800 Hz (see Figure 1), a minimal
error is introduced.

pH Titrations. The pX values for the titration steps in Avy/(*Mg?*)
vs pH plots were obtained by fitting appropriate data sets to an equation
defining a single ionization equilibrium [As, 53(pH) = Ay, ,(HA){H*] /(K
+ [H*]) + Ay 2(A7)K/(K + [H*])] with the use of a nonlinear least-
squares program. We reserve use of the symbol K, to denote the constant
for Mg?* binding to a specified ligand. Acidity constants are generally
listed in logarithmic notation as pK values and refer to the reported
solution conditions. The use of subscripts (e.g. pK,, pK,, etc.) will refer
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Figure 2. Variation of Av;;(*Mg?*) vs pH for glucose 1-phosphate,
AMPZ, and ATP*. The concentrations of ligand and magnesium were
ca. 130 and 100 mM, respectively, at 298 K.

Table I.  Determination of Kinetic and Thermodynamic Parameters
for Magnesium Binding to Phosphate-Containing Ligands by Mg
NMR Spectroscopy®

AG*,
kecal 107%k,q? Ko,
ligand K, M1 mol s ko st M
tRNAPH (native)* 220 12.8 2.5 5.5 10° 220
tRNAPE (nonnative)c 250 13.1 1.6 40 x 10° 250
[glucose-1-P]>" 15 127 29 43 x10° 043
[glucose-6-P]* 8 127 31 25x10* 0.25
CH,CO,PO,* 9 131 1.5 14x10* 0.4
AMP* 18 12.7 3.4 6.2 %X 10 0.62
ADP*- 22 % 10° 128 2.5 5.5% 105 55
ADPH?* 13 12.1 7.7 8.5 10 085
ATP+ 3.0 10° 124 5.0 1.5 X 107 150
ATPH* 6 12.5 4.2 5.1 X 104 0.51

¢ Estimated errors in K, and AG* are £10-20% and £0.2 kcal mol™!,
respectively. Values for kyy, ko, and K, were determined from these
parameters (taking T = 298 K) as follows: k. = kT/h exp(-AG*/
RT); ko = Kokos Koo = kon/ ki, where k; is taken as 10° 5.3 ®Some
differences will be noted in values for k. that correspond to apparently
identical AG* data (Column 3). This arises from “rounding-off” er-
rors. ‘Data were obtained at 303 K.’

to either first or second ionizations, etc., to be explicitly defined in the
text. The pK; and pK; notation is used in references to ionization of a
terminal phosphate group and do not denote ionization of ring protons
or the inner phosphates of a multiphosphate anion.

Atomic Absorption. Measurements of magnesium ion concentration
(£2.5%) were made on a Perkin-Elmer atomic absorption spectrometer
(AA) using an air/acetylene fuel mixture. The Mg lamp was operated
at 285.2 nm, slit width 0.7 nm, and the instrument was calibrated against
a series of solutions containing 0.1, 0.3, and 0.5 ppm of Mg?*, prepared
by successive dilutions of a standard solution 1000 ppm in Mg?* (GFS
Chemicals). Volumetric glassware was pretreated with an acid wash.
Known volumes of the magnesium stock solutions were diluted to give
an approximate concentration between 0.15 and 0.5 ppm in Mg?*.

Results and Discussion

Magnesium titration and VT experiments on low molecular
weight complexes were carried out at both pH 7.5 and 3.0, where
the phosphate unit is fully ionized and monoprotonated, respec-
tively (Figure 2). Kinetic and thermodynamic parameters derived
from line shape analyses are noted in Table 1. The thermody-
namics of metal binding has been reviewed extensively;'® therefore,
in this paper we shall emphasize distinct aspects of the chemistry
(viz., specificity of the coordination site, the influence of Mg?*
on protonation sites, and the activation of pyrophosphate-type
anions toward nucleophilic attack). Binding data from low mo-
lecular weight complexes are also compared with results obtained
for tRNAF (yeast).’

Binding Thermodynamics. By fits of both the Mg?* titration
and VT plots (Figure 1), values for X, and AG* were determined
by iteratively optimizing each in a cyclic manner. At room tem-
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perature (RT), free and complexed Mg?* are in fast exchange
for each of the low molecular weight ligands. Values of
Ay ;o(*Mg?*) for ADP* and ATP* were typically much broader
than those for monophosphate derivatives, reflecting stronger
binding to these chelating ligands. K,’s for the monophosphate
derivatives were similar (8-18 M~}; Table I}, and comparison of
the results for glucose phosphates, AMPZ-, and acetyl phosphate
suggests that the hydroxyls on the sugar units do not play an
important role in complexing Mg?*, relative to the phosphate head
group. Coordination of both Mg?* and Ca2* by the sugar hy-
droxyls of a number of carbohydrate molecules has been dem-
onstrated by crystallography*'~3 and has been implicated in the
transmission of nerve signals, changes in membrane structure, and
bone formation.#!#* Evaluation of X,’s (Table I) for ADP* and
ATP* by the direct NMR method gives results that are up to
3-10 times smaller than those determined by spectrophotometric,
electrochemical, and pH titrimetric methods. Whatever the value
determined in solution, it is important to realize that the effective
K, for metal-ligand coordination is likely to be much greater in
an environment of low dielectric constant, such as a protein or
membrane binding site. A potential source of error in our mea-
surements that is not readily accounted for by Mg NMR
spectroscopy is the effect of aggregation between nucleotides.
Using the association constants of Sigel and co-workers, we es-
timate dimer formation to be ca. 2-8% for the ligand concen-
trations employed in this work (typically 10-100 mM}.?* Given
the errors involved, small influences on metal binding constants
could easily go undetected. Such interactions are readily detected
by *'P NMR and 'H NMR spectroscopy.'#2* However, the Mg
data could be readily fit by assuming one type of binding domain
and were not significantly improved by assuming a second minor
site. In the case of macromolecules in particular, deviations of
line shapes from Lorentzian form can complicate the analysis as
a result of partial invisibility of resonances and/or complex re-
laxation behavior. Such effects do not arise here. Furthermore,
smaller ligands demonstrating tight magnesium binding may result
in the loss of signal as a result of resonances broadened beyond
detection. Again, for the reasons discussed earlier, this did not
appear to be an issue for our work. An additional source of error
arises from the dependence of K, on temperature; however, it has
been previously shown that this varies by less than a factor of 2
in the temperature range employed in these experiments.?! Any
correction to the activation energies as a result of this difference
is minor and is within the quoted error limits (Table I). Although
this deviation is not insignificant, and larger than reported errors
arising from indjrect methods,'® there is a concern that the variable
being measured in the latter type of experiment does not truly
represent the binding chemistry of interest. Brown and co-workers
have established that neither IR spectroscopy nor methods de-
pendent on pH measurement can provide reliable values for
binding constants, since there may not be a direct correspondence
between proton displacement and metal binding.# Early attempts
to determine values for K, have been the subject of an extremely
critical but perceptive review by Bock.!?

The values of K, determined by 2*Mg NMR spectroscopy for
Mg?* complexes with monophosphates are similar (Table I). Our
value for acetyl phosphate (K, ~ 9 M-!) is in reasonable
agreement with the results of Kluger and co-workers (K, ~ 6 M™1)
and Oestreich and Jones (K, ~ 8.2 M™).!214 Two binding
constants have been reported for glucose 1-phosphate (K, ~ 20
Mt and K, ~ 305 M~1).447 The relatively weak coordination
by these ligands serves to emphasize the remarkable binding of
Mg?* by tRNA that achieves a K, = 250 M~! for each of the
“weak” Mg?* coordination sites but possesses a series of backbone
phosphodiesters as the only phosphate-bearing ligand.’” Normaily,
phosphodiesters show K, < 6 M™', For each low molecular weight
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(44) Khalil, F. L,; Brown, T. L. J. Am. Chem. Soc. 1964, 86, 5113-5117.
(45) Tabor, H.; Hastings, A. B. J. Biol. Chem. 1943, 148, 627.

(46) Datta, S. P.; Grzybowski, A. K. Biochem. J. 1958, 69, 218.

(47) Clarke, H. B.; Cusworth, D. C.; Datta, S. P. Biochem. J. 1954, 58, 146.

Inorganic Chemistry, Vol. 30, No. 13, 1991 2743

99
R-O-P-O-P-O-P-0 R-O-P-O-Mg(H,0)s
e §B 1Y I
0 0 O o]
I 11
(H,0), (H0)
! MI (H,0)
M g |
/ VRN Mg
799 799 39
R-O-P-O-{l’O-PO R-o~"1>-o-;l=o-h>-o Ro-llro-ﬁ-o-lfo
o O o O O o 0 0 O

Illa 11Ib 1v

H
T 99
R-O-P-O-P-0-P-O-Mg(H,0)s
o LN
© 0 o 9 o,
v R—O-[Il’-O-III’—O-{l’—O-Mg(Hzo)s

o 0 O

Vi

Figure 3. Possible coordination structures for Mg2*-polyphosphate
complexes referred to in the text (R denotes a general group but fre-
quently refers to adenosyl). Except for VI, formal charges on the mag-
nesium ion and phosphate oxygen have been omitted for clarity.

complex, Av;,(¥*Mg?*) demonstrated no dependence on back-
ground salt concentration (Na*(aq) and K*(aq)) between 5 and
400 mM, indicating a large specificity for the interaction of
phosphate with Mg?* relative to monovalent alkali-metal ions.
This is in contrast to data obtained by methods relying on pH
measurement where Na* and K* can compete with H*, and results
should be extrapolated to infinite dilution. We have proposed
elsewhere that Mg?* will most commonly bind to ds RNA as an
outer-sphere complex, retaining its full solvation shell and forming
an extensive H-bonding network to backbone phosphates, nu-
cleotide bases, and sugar hydroxyls.’”*® Low molecular weight
complexes on the other hand typically form inner-sphere complexes
with Mg?*. An appropriate comparison of magnesium-binding
data for RNA and smaller ligands is through the value of X, for
tRNA and the outer-sphere association constant K, for low
molecular weight phosphates.*>5® In comparison to those of
typical phosphodiester ligands, the increased association constant
for tRNA reflects, in part, this distinct binding mode for the metal
ion and also the greater electrostatic interaction with the poly-
nucleotide backbone. The relative values of K, listed in Table
1 correlate with the ability of each ligand to form an H-bonding
network to divalent hexaaquomagnesium(ll) [Mg(H,0)¢]**
(discussed below). In particular, if the possibility of multiple
hydrogen-bond contacts from [Mg(H,0)4]?* to O and N atoms
on the ribose sugars and oligonucleotide base units is considered,
the difference in coordination can be understood simply on the
basis of total bond energies.*® In this regard, it is important to
note that the results derived from this type of analysis represent
the effective values of thermodynamic parameters at a local site.
It is not, however, assumed that the binding energy derives totally
from a local set of binding constraints (e.g., electrostatic inter-
actions with a particular backbone phosphate). Our approach
does not neglect the central tenets of polyelectrolyte theory but
assumes that other binding mechanisms (particularly the H-bond

(48) Cowan, J. A. J. Am. Chem. Soc. 1991, 113, 675-676.
(49) Eigen, M.; Tamm, K. Z. Elektrochem. 1962, 66, 93-121.
(50) Eigen, M.; Tamm, K. Z. Elektrochem. 1962, 66, 107.
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network) are also operative. Polyelectrolyte theory does not ac-
count for such interactions. The values we determine may
therefore be regarded as good experimental approximations to
allow the field to progress, while identifying weaknesses in as-
sumptions inherent to current theoretical approaches.
Structure of the Mg(ATP*") Chelate. As a result of the im-
portance of the Mg(ATP*) complex in enzyme-catalyzed phos-
phoryi-transfer reactions, the structure of this species has been
widely discussed in the literature. Every possible coordination
mode from monodentate through tridentate has been proposed.
In this brief section we critically review the available evidence
and reason that only structures IIla,b in Figure 3 are acceptable
candidates for this complex. It is not necessary to differentiate
between these two possibilities to understand the results discussed
below; however, some comments are clearly in order.
Monodentate complexes may be eliminated on the basis of the
large binding constant noted for Mg(ATP*). Tridentate coor-
dination may also be eliminated for the following two reasons:
(1) most data sets show a similarity between K, for ATP+ and
ADP? that is not supportive of tridentate vs bidentate coordi-
nation; (2) a single protonation step results in a reduction in K,
to a value similar to that for a monophosphate ligand, which would
not be expected for a tridentate ligand. Consequently, only the
three bidentate chelate structures need be considered. Coordi-
nation to the terminal y-phosphate has been unequivocally es-
tablished,’! and so only I11a,b in Figure 3 remain as viable can-
didates. Cohn and co-workers previously obtained evidence for
coordination to the 8,y-phosphate unit by 3'P NMR spectroscopy
but later expressed concern with the reliability of the method
because shifts were also noted in >'P resonances for phosphate
units adjacent to putative Mg?* coordination sites,?®-3! presumably
due to an electronic influence on adjacent 3P nuclei. However,
such changes can also be readily accounted for by H-bonding
interactions between Mg?*-bound H,0 and the adjacent phosphate
oxygen. Furthermore, the pH titration data for the Mg(ATP*)
complex presented in the earlier work of Cohn and Hughes provide
strong support for a B,y-coordination mode.’® While it is difficult
to completely rule out the possibility of structure IIIb, the 3P and
70 NMR data supporting such a geometry can also be easily
rationalized by 1Ila and an H-bonding interaction from Mg?*-
bound H,0 to the a-phosphate.?’ For the purposes of this paper,
we assume structure IIla; however, many of the arguments do
not depend on this and are equally valid for 11Ib. Some of our
data (below) do, however, provide further support for the former.
Influence of pH on Binding. The variation of Av; ,3(3Mg?*)
with pH can be used to monitor the influence of Mg?* on the
acidity constants (pK's) for ligand functionality in the vicinity
of metal-binding sites (Figure 2). In the presence of 100 mM
Mg?**, the monophosphate ligands show pK’s of ca. 5.5-5.8 (Table
I1). Both ADP* and ATP* show a shift in the measured pX
values (4.61 and 4.33, respectively) following binding of Mg?*
(Table IT). Normally, pK values for the second ionization of the
terminal phosphate range from 6.2 to 6.9 for the free ligands, while
acidity constants for the central phosphate are typically <2.
Protonation of ionizable groups on the adenine ring do not appear
to influence Mg?* binding. The variation of Av,,(*Mg?*) vs pH
for ATP* is different from that previously reported in a Mg
NMR study,’! although this may reflect the larger concentrations
of Mg?* employed due to limitations on available instrumentation
at that time. An additional inflection at pH <2 was observed for
Mg(ATPH?*) that may be attributed to further protonation (pK;)
of the terminal phosphate (with displacement of Mg?*). However,
Mg(ADPH?") shows no obvious inflection, and so the effect is
cither less prominent, or the pX| for this complex is at lower pid,
or protonation of Mg(ADPH?") actually occurs at the a-phasphate
adjacent to the ring. The latter is unlikely since it would implicate
contact between the metal ion and the a-phosphate (see discussion
above and refs 29-31). Although it is possible to form an H-bond
to the a-phosphate following rotation of the middle phosphate
groups, the metal should still bind to the y-phosphate. This is

(51) Bryant, R. G. J. Magn. Reson. 1972, 6, 159-166.

Cowan
1000 1
800 1
N
% 600 . Gop
5 e ADPH
2 4001 " ADP
£
zook“_
0 T T —T T -
0 2 4 6 8 10

[Mg}/[phosphate]
Figure 4. Comparison of magnesium titration curves for glucose 6-

phosphate (pH 7), ADP* (pH 7), and ADPH?* (pH 3). Other experi-
mental conditions were similar to those in the caption to Figure 1.

in contrast to what is actually observed, since A /,(¥*Mg?*) —
Avy/2(3*Mg?*) ;... upon lowering the pH and is accompanied by
release of Mg?*.

The variation of Av; ,(*Mg?*) as a function of [Mg?*] is shown
at pH 7.5 and pH 3.0 in Figure 4 for ADP* (ATP* is similar).
At pH 3, ADPH?* and ATPH?* apparently lose their chelating
ability and the K,’s (~13 and 6 M-}, respectively) are comparable
to those for monophosphates, even though each retains func-
tionality able to chelate the metal ion (e.g. Figure 3, IV). In
keeping with this observation, the monophosphate ligands bind
Mg?* ineffectively (K, < 1 M) at low pH [Ay, ,(*Mg?*) —
Av)/3(BMg?*)gee]. These results show the same trend as previous
literature reports;2!2¢ however, the discrepancy concerning the
apparent large decrease in binding constant while the bis(phos-
phate) chelating functionality is retained (Figure 3, I) has not
been addressed. It is unlikely that the terminal phosphate itself
binds in a tight chelating fashion.’*5* Rather, direct binding
to one of the terminal phosphate oxygens (Figure 3, II) or ad-
ditional chelation to the 8(«)-phosphate in AT(D)P*C)-, respec-
tively (Figure 3, III), appears more reasonable. The large decrease
in K, for Mg?* binding to mono-, di-, and triphosphates following
protonation in a biologically relevant pH range raises important
implications for magnesium phosphate interactions in vivo. This
point is therefore considered in some detail. It has previously been
noted that the pX’s for these ligands decrease in the presence of
Mg?*.# This is further demonstrated by the Mg NMR data
in Figure 2 and by the 3P NMR measurements of Cohn and
Hughes,*® which show a shift in the pK for the y-phosphate of
ATP. After careful inspection of the published data, however,
it is clear that the middle 8-phosphate is also titrating in the same
pH range. This is unusual. On the basis of pH titration studies,
one would normally expect the pX for the 8-phosphate to be <2.
Crutchfield and co-workers have argued that simple indirect
titration studies can be misleading, since they do not show the
site;of protonation, and have demonstrated by use of 3'P NMR
spectroscopy that the middle phosphates in polyphosphate anions
are also significantly protonated in the pH range 5-7.5%% This
may result either from the acidic proton exchanging between the
terminal and inner phosphates or by formation of a bridge between
terminal and inner phosphates. The latter is particularly attractive,
both from the viewpoint of explaining the observed changes in
Mg?* binding constants and also as an inherently reasonable
structural arrangement. A bridging acidic proton in ADPH?" and
ATPH?* would force Mg?* to bind to the terminal phosphate unit,
which therefore behaves as a monophosphate ligand (V, Figure

(52) Brintzinger, H. Helv. Chim. Acta 1961, 45, 935-939.

(53) Brintzinger, H. Biochim. Biophys. Acta 1963, 77, 343-345,

(54) Martell, A. E.; Schwarzenbach, G. Helv. Chim. Acta 1956, 39, 653-661.

(55) Crutchfield, M. M.; Callis, C. F.; Irani, R, R.; Roth, G. C. Inorg. Chem.
1962, 1, 813-817.

(56) The discussion of P30,* is particularly relevant.



Metallobiochemistry of Magnesium

3). This type of bridging or H-bonding interaction would also
readily explain the unusual shifts observed in 3'P NMR signals
of phosphate following protonation of adjacent phosphate units.’!
Protonation of the terminal 8- or y-phosphate, respectively, with
displacement of Mg?* to the adjacent inner phosphate (IV, Figure
3), would appear to be a reasonable alternative, since the inner
phosphate oxygens are inherently weak Lewis bases and should
bind Mg?* less strongly, as observed. However, Mg?* is a harder
Lewis acid than H* and would be expected to bind to the most
basic site (highest pK), i.e. the terminal phosphate. The met-
al-binding site for this ligand anion should therefore be predictable
from consideration of hard-acid/hard-base interactions. This
conclusion contradicts that of Pecoraro et al., who favored IV
(Figure 3) on the basis of the greater shift in the 3'P resonance
of the terminal phosphate following protonation of the ligand.!®
There is, however, no reason to expect that a breakdown in the
chelate structure (ITIa converting to V, Figure 3) would not have
the same effect and just as easily support the quoted data.’! The
argument in favor of protonation of the 8- versus the y-phosphate
of Mg(ATP*) can be extended as follows. If the v-phosphate
is indeed protonated, then the magnesium ion must either (1) bind
to the 8-phosphate, (2) form a chelate with the a- and 8-phos-
phates, (3) bind to the remaining v-phosphate oxygen, or (4) form
a chelate with the 8- and y-phosphates. Each of these can be
refuted by rational argument: (1) Binding constants are com-
parable to those determined for a terminal phosphate rather than
a phosphodiester linkage. Furthermore, direct coordination of
a divalent metal to a doubly charged phosphate should be a more
stable configuration on electrostatic grounds. (2) ADP* also binds
Mg?* after protonation and cannot form such a chelate complex.
(3) Protonation of monophosphates results in loss of Mg?*;
therefore, H* and Mg?* cannot both bind to the terminal phos-
phate. (4) On the basis of the response to point 3, it is likely that
Mg?* would interact weakly with the y-phosphate and bind
principally to the 8-phosphate, which has already been discussed
under point 1. In the context of binding to ATP*", a reasonable
compromise between IV and V in Figure 3 is that H* lies mostly
on the §-O, perhaps forming a weak H-bond to the y-phosphate,
while Mg?* interacts specifically with the terminal y-phosphate
unit.

Protonation of simple monophosphate ligands results in a weak
basic ligand (pK < 2) with low affinity for Lewis acids; thus, such
ligands show a corresponding decrease in Mg?*-binding affinity
(K, ~ 1 M™). This lends further support to the metal-induced
protonation of the phosphate adjacent to the terminal unit in di-
and triphosphates, rather than the remaining terminal phosphate
oxygen, since K, for ADPH?* and ATPH?" is comparable to
binding constants for monophosphate dianions. The metal center
has a profound influence on the reactivity of the ligand: pro-
tonation results in a substantial change in the affinity and location
of the Mg?*-binding site. It is also clear that Mg** will influence
the location of the protonation site.

H+ Mg2+
binding \ /— binding
v
R-O-P-O-P-O-|II’-O'
0 O o

Such changes may constitute useful mechanisms to direct and
trigger the uptake or release of divalent magnesium from substrate
complexes and are most likely involved in the chemical activation
of polyphosphate ions toward nucleophilic attack. The relevance
of these observations to biochemical reactions of phosphates will
be discussed further in the section on “Binding Chemistry™.
Kinetics of Binding. The temperature plots fall into three
distinct categories. Low molecular weight phosphates are always
in rapid exchange at ambient temperatures and only show in-
termediate behavior at ca. 0—5 °C. Chelating ligands such as
ADP?* and ATP* show slow to intermediate exchange of Mg?*
that moves to fast exchange with increasing temperature (Figure
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1B). Our measured dissociation rate (ko ~ 2.5 X 10%s~!, Table
I) for ADP*" is in good agreement with previous determinations
by temperature-jump experiments.2*?" The value for ATP* (kyr
~ 5.0 X 103 57!, Table I) compares to the value (koy ~ 1.2 X
10% s7!) determined by Eigen and Hammes?’ but is intermediate
between the results of Frey et al. and Bryant, 265! who determined
values of 7.2 X 10% and 2 X 10*s™! by temperature jump and ®Mg
NMR spectroscopy, respectively. The possible formation of
bis(magnesium) complexes (Mg,ATP) and exchange with an ATP
dimer have been put forward as explanations for the larger value
determined by Bryant, whose measurements were carried out at
high [Mg?*] (~1.5 M).182% At low pH, ADPH? and ATPH*
show temperature profiles similar to those for monophosphates
(not shown), supporting the loss of a chelating unit.

Magnesium-binding sites on tRNA show slow exchange at
RT,* moving through intermediate to fast exchange with in-
creasing temperature. It is assumed that the large majority of
weak-binding sites have similar ligand environments, and so we
have previously argued that this should be reflected in the binding
parameters.’” The apparently complex folded structure of the
molecule should not be confused with the relatively simple ds RNA
and ss loop RNA from which it is constructed.” Furthermore,
Mg** binds firmly to RNA with little internal motion [i.e.,
T(M8%*)pound ~ T(RNA)],*®® and so this does not compromise
the data. It follows that a large range of K,, AG*, and AH* would
not be expected for the bound ions and that these parameters are
approximately constant for each site. The very small number of
unusual binding sites that do exist would not significantly influence
the overall results derived from the analysis.s’

We now address an interesting question. What factors de-
termine the profile of a VT plot; i.e., what factors govern the
transition temperature where a metal complex will move from slow,
through intermediate, to fast exchange? Magnesium is normally
in slow exchange with RNA or proteins at RT, whereas exchange
is rapid with low molecular weight complexes. The trend does
not depend on whether an inner- or outer-sphere coordination mode
is adopted, since proteins will generally bind Mg?* by direct
inner-sphere contacts from the protein residues to the metal ion.%*
Furthermore, the exchange regime cannot be correlated with X,
since both ADP3~ and ATP* bind Mg?* with K, > 10° M, in
contrast to the weaker complex with RNA. A possible explanation
is that the exchange regime for metal binding is determined by
the total number of binding contacts to the aquated Mg?* center,
either inner or outer sphere. Both RNA and protein complexes
typically form =4 binding contacts with Mg(H,0),2*, which is
not the case for the low molecular weight phosphate ligands used
in this study,3748:56-60

Since the landmark measurements of Eigen and co-workers, 22’
the kinetics of complexation have been investigated by few workers
(Frey and Stuehr have provided a good review*) relative to the
determination of thermodynamic parameters and the study of
catalytic chemistry. Relevant data have been listed in Table I.
Values for k; are similar for each class of ligand, while deviations
in k,, arise through the dependence on binding constants (k. =
K,kon). It is necessary to distinguish between the binding of metal
ions to the low molecular weight phosphate ligands and binding
to tRNA. In the former, an inner-sphere complex is formed,
whereas outer-sphere coordination to RNA is suggested by
crystallography and solution NMR studies.’”*57 The inner-sphere
substitution chemistry of Mg?* follows the modified Eigen-Tamm
interchange mechanism:344:30

Ky k
[Mg(H,0)¢]** + L~ == [Mg(H,0)eL]* —
[Mg(Hzo)s,L‘]"' + Hzo

(57) Jack, A.; Ladner, J. E;; Brown, R. S.; Klug, A. J. Mol. Biol. 1977, 111,
315-328.

(58) Szebenyi, D. M. E.; Moffat, K. In Calcium-Binding Proteins; de Ber-
nard, B., et al., Eds.; Elsevier: Amsterdam, 1983; pp 199-205.

(59) Herzberg, O.; James, M. N. G. Nature 1988, 313, 653—659.

(60) These proteins normally bind Ca?*. It is assumed that the coordination
environment is similar for Mg?*.
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Table II. Influence of Mg?* on the pK’s for Protonation of
Adenosine and Glucose Phosphates

ligand pk® pK(+Mgi*)b pK.¢
[glucose-1-P]*- 6.5¢ 5.8
[glucose-6-P]%- 6.5¢ 5.5
AMP?- 6.2-6.3¢ 57 40
ADP* 6.4-6.5¢ 4.6 4.0
ATP* 6.5-6.9%¢ 4. 4.2

?Protonation of the terminal phosphate dianion. ®Solutions con-
tained 130 mM ligand and 100 mM Mg?*. ‘Literature data for pro-
tonation of the adenine ring (N-1) in the absence of added Mg?*.2526
4From ref 69. ‘Literature data from refs 19, 21, 25, and 26. An
additional inflection was observed (Figure 2) that may correspond to
protonation of either the a- or y-phosphate. This was not observed in
the Ay, ;5(*Mg?*) vs pH profile for ADP*~,

In this case, ko, = Kook = K ko, Where ko, and k  are the on-
and off-rates for magnesium binding to the phosphate ligand,
respectively, K, is the outer-sphere association constant, ; is the
rate of interchange between the outer and inner coordination shells,
and K, is the association constant for magnesium binding. When
a bidentate ligand is used, a second interchange step k;; must be
considered, and kg, = K k; (1 + ki/kp)™.¢' Normally, k;, > k;,
and so to a good approximation the correction factor can be
neglected. Considering the mono-, di-, and triphosphate ligands
in Table I, differences in k,, must arise from variations in the
values of K, for each complex. Substitution reactions of Mg?*
usually involve rate-limiting loss of an inner-sphere H,O (k; ~
10° §71),2633 Since k,, = K, .k;, we estimated the values of K,
for each ligand in Table 1. For tRNA, it is likely that the large
majority of weakly bound ions are held in an outer-sphere co-
ordination mode,’"#%7 and so we assume K = K,. These results
correlate rather well with the potential for each type of ligand
to form H-bond contacts to Mg(H,0)¢2* (estimated empirically
from computer graphics and molecular models). Outer-sphere
association constants have been calculated for adenosine phos-
phates [K, (M) = 10, 34, and 80 for AMP?, ADP*, and ATP*,
respectively] by using the Fuoss equation.5? This theory is based
on considerations of electrostatic attraction and does not implicitly
account for other factors (e.g., hydrogen bonding) that might
stabilize the outer-sphere complex. As expected, K, also reflects
the product of the charges (Z*Z") on the cations and anions,
respectively, although in the case of tRNA this would depend on
the magnitude of the effective charge at the magnesium-binding
site. However, since a substantial portion of the binding energy
must derive from H-bonding, it appears reasonable that a cor-
relation between K, and the number of H-bonds should also exist.
The numbers of H-bonds in the outer-sphere complexes for the
ligands listed in Table I were estimated by using computer graphics
and simple molecular models [monophosphates (2 & 1), ADP*
(3% 1), ATP* (4 £ 1), tRNA (7 % 2)]. The discrepancy between
the calculated values of K, and our experimental data (Table I)
may reflect this additional contribution to the binding energy. The
distinction is analogous to the difference between ionic and covalent
contributions in standard bonding theory. Note that this is distinct
from the above discussion concerning the possible relationship
between the number of bonding contacts and the exchange regime
for a particular ligand. The latter considers the final coordination
sphere of the complex, including inner- and outer-sphere com-
ponents.

Binding Chemistry. There has been much discussion in the
literature of the solution structures of Mg(ATP*) and Mg(ADP?*)
complexes. 30525 Ag discussed above, a large body of evidence
supports the specificity of Mg?* binding to the 8,y-phosphate unit
of ATP* and the &, unit of ADP*,2°3! The question of whether
Mg?* binds directly to the phosphate groups in an inner-sphere
mode or via H-bonding from an outer-sphere complex of Mg-
{H,0)¢** has also been discussed.?*32% The magnitude of X, for

(61) Hammes, G. G.; Steinfield, J. I. J. Am. Chem. Soc. 1962, 84, 4639.
(62) Levine, S.; Rosenthal, D. In Chemical Physics of Ionic Solutions;
Conway, B., Barradas, R, Eds.; Wiley: New York, 1966.
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ADP?*- and ATP* suggests direct chelation and would argue
strongly against the latter possibility. We have described a more
definitive test of the composition of the inner coordination shell
of Mg?* in a separate paper by determination of the quadrupole
coupling constant (xg) of the Mg?* nucleus, which reflects the
asymmetry (coordination state) of the metal ion.*® An appreciation
of the coordination chemistry for Mg?*—phosphate interactions
is of obvious importance in understanding enzymatic mechanisms
of metal-dependent phosphate ester hydrolysis, phosphoryl transfer,
and phosphatase activity. We shall not discuss in any detail the
kinetics or mechanisms of such enzymatic chemistry but offer one
example of how the work described in this paper may be relevant
to understanding the catalytic chemistry of metal centers in these
enzymes. A key observation to note from the discussion above
is the influence of Mg?* on the pK of the middle phosphates in
polyphosphate anions and also, as a corollary, the effect of pro-
tonation in directing Mg?* to the terminal phosphate in contrast
to the normal assignment of proton uptake. It is suggested from
the data herein that structure V is preferred over IV (Figure 3):
divalent magnesium is a harder Lewis acid than H* and therefore
binds preferentially to the most basic site. Miller and Ukena have
shown that diesters of pyrophosphoric acid [(RO),0P-0-PQ,*]
are hydrolyzed ca. 10 times faster than monoesters [(RO)(O")-
OP-0-PO;?"] at neutral pH,®* while metal ions can activate the
phosphorylation of phosphate by ATP.6465 The possibility of
metal ion assistance of nucleophilic attack at the terminal
phosphate of ATP has been noted.!* Bringing these two points
together, a possible scenario for the activity of Mg?* would involve
(1) activation of the 8-phosphate toward protonation by an enzyme
residue, generating an activated “diester”™-pyrophosphate unit
(Figure 3, VI), and (2) relief of electrostatic repulsion between
an incoming nucleophile and the terminal dianionic phosphate.%
Note that the former would not necessarily be favorable in a
non-enzyme reaction because the 8-phosphate of ATP would not
be protonated (Figure 3, VI) at the high pH’s required to provide
an effective nucleophile (viz., a dianionic phosphate or a car-
boxylate). This offers further insight and elaboration on proposed
mechanisms of kinase activity,®’ for example, and provides a
rationale for the absence of significant catalysis by metal ions in
non-enzyme hydrolysis of phosphates under physiological con-
ditions.

Summary. We have determined a number of important kinetic
and thermodynamic parameters for Mg?* binding to biological
substrates by direct analysis of Mg NMR line shapes, identified
the location of binding sites on polyphosphate anions, and illus-
trated how metal ion cofactors can influence the relative pX’s of
neighboring phosphate sites. Relative binding affinities of Mg?*
and H* for phosphate oxygens are readily understood: Mg?* is
a harder Lewis acid and binds to the most basic ligand site. The
data support outer-sphere coordination by Mg(H,0)¢** to RNA
A detailed knowledge of the coordination chemistry of Mg?* with
polyphosphate anions provides an essential basis for understanding
the role of divalent metal ions in activating substrates toward
enzymatic catalysis. The absence of significant catalysis by metal
ions in non-enzyme reactions under physiological conditions is
commonly taken as an indicator of specific structural or chemical
features peculiar to enzymatic mechanisms. One such interaction
may involve metal-activated protonation of phosphate units in a
pH range accessible to ionizable protein residues (Figure 3, VI).
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The cryptate (4,7,13,16-tetraoxa-1,10-diazabicyclo[8.8.5]tricosane)sodium(I) perchlorate, [Na.C22C;]ClO,, crystallizes in the
orthorhombic space group Pbca with unit cell dimensions @ = 15.893 (3) A b=15782(2)A,c=17.656 (3) A, and V = 4428.5
A? with Z = 8. The structure was refined by a full-matrix least-squares procedure to final R 0.045 and R,, = 0.054 for 1669
reflections with 7 2 2.5¢(/). The Na* center is five-coordinate and lies in the same plane as the four oxygen atoms of C22Cs,
with the fifth coordination site oocupled by a perchlorate oxygen atom above this plane completing a square-pyramidal coordination
geometry. An unusual feature is that the two nitrogen atoms of C22C; (which lie below the plane of the four oxygen atoms) are
not within bonding distance of Na*. This contrasts with the structure of the closely related [Na.C221]%, (4,7,13,16,21-penta-
oxa-1,10-diazabicyclo[8.8.5]tricosane)sodium(I), in which Na* is in the center of the cryptand cavity and is within bonding distance
of all five oxygen atoms and both nitrogen atoms, and illustrates the major structural effect of the replacement of an oxygen donor
atom of [Na.C221]* by a methylene moiety to give [Na.C22Cs]*. This replacement also has a substantial effect in solution where,
in acetonitrile, propylene carbonate, water, acetone, methanol, dimethylformamide, dimethyl sulfoxide, and pyridine, log (X/mol
dm™?) = 27, 27, 1.8, 6.09, 5.41, 3.66, 3.15, and 6.41, respectively at 298.2 K, which are substantially smaller values than those
characterizing [Na.C22]]+ In methanol, the decomplexatlon kinetic parameters k4(298.2K) =41.0 % 1.7s7, AH,* = 55.1
1.1 kJ mol™, and AS,* = -29.2 % 3.8 kJ mol"! characterizing [Na.C22C;]* indicate that [Na.C22C,]* is several orders of
magnitude more labile than [Na.C221]*. These characteristics of [Na.C22Cs]* are compared with those of related cryptates
and are also discussed in terms of the reported greater efficiency of C22Cs as a membrane transport carrier for Na* by comparison

to C221.

Introduction

The cryptands, or polyoxadiazabicycloalkanes, are substrate
specific receptor molecules generated through the current interest
in molecular recognition chemistry. A particularly strong cor-
relation between cation size, cryptand cavity size, cryptate
structure, and thermodynamic stability is observed for the com-
plexation of alkali-metal ions by cryptands to form cryptates.!™
Thus 4,7,13,16,21-pentaoxa-1,10-diazabicyclo[8.8.5]tricosane,
C221 (Chart I), with a cavity radius? of ca. 1.10 A, accommodates
Na* (r = 1.02 A)!%in the center of the cavity to form inclusive
[Na.C221]*, but the larger K* (» = 1.38 A) is too large to be
accommodated, and [K.C221]* has an exclusive structure in which
K* resides outside the cryptand cavity.® These size correlations
are reflected in the variation of the stabi]ity of [M.C221]* with
M* in the sequence Li* < Na* > K* in a range of solvents
consistent with Li* (» = 0.76 A) easily entering the C221 cavity,
but being too small to establish optimal bonding distances, and
inclusive [Na.C221]* possessing a greater stability than exclusive
[K.C221]*.23%

One of the objectives of molecular recognition studies has been
to develop substrate specific carrier molecules for membrane
transport, and it is found that the replacement of a cryptand
oxygen donor atom with a methylene group generally produces
a more effective carrier molecule for transport of alkali-metal ions
across membranes.* Thus 4,7,13,16-tetraoxa-1,10-diazabicyclo-
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(6) Moras, D.; Weiss, R. Acta Crystallogr., Sect. B: Struct. Crystallogr.
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[8.8.5]tricosane, C22Cs, is a substantially more efficient carrier
for Na* than is C221, and C21C; is a more efficient carrier for
Li* and Na* than is C211. However, there have been only a few
systematic studies!!"!® of the effect of the replacement of oxygen
donor atoms by methylene moieties on cryptate characteristics.
Accordingly a solid-state structural and solution equilibrium study
of [Na.C22C;]* is reported here, and comparisons are made with
[Na.C221]*, [Na.C22]* (C221 and C22C; may be viewed as C22
substituted by a ~(CH,),0(CH,),—- and a -(CH,)s~ bridge be-
tween the two nitrogens, respectively), and other cryptates.
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