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The Investigation of Coordinated Water in
Paramagnetic Metalloproteins through Nuclear Magnetic
Resonance Spectroscopy

Water molecules bound to metal ions in metalloproteins are rather common. If the metal ion
is paramagnetic or if the native diamagnetic metal ion can be substituted by a paramagnetic
ion, then the detection of water molecules and the investigation of their properties may be
conveniently carried out through 'H, *H, and 7O NMR spectroscopy. The information which
can be drawn from such an analysis is here critically discussed with reference to some typical
metalloproteins. The importance of the electronic correlation times, as related to the geometry
of the chromophore in high-spin cobalt(11) derivatives. is stressed. The acid-base properties of
the coordinated water are also considered.

INTRODUCTION

There are several metalloproteins which contain at least one water molecule
coordinated to the metal ion. Some representative examples are reported in
Table I. The water molecule may simply contribute as a coordinated ligand
to the overall properties of the metalloprotein or it may play a quite dis-
tinctive role as in the case of enzymes with hydrolytic or hydration activity.
In general the coordinated water molecule exchanges with the bulk water,
the exchange rate depending on the metal ion and its geometry, as occurs
with simple aquo complexes.’ The estimated lowest limit in the case of car-
bonic anhydrase and its derivatives in which the native zinc ion is substi-
tuted by copper(Il), cobalt(Il), manganese(Il), nickel(Il) and oxovana-
dium(IV) is 10>~10” 5.7 In other systems, such as iron(I1]) transferrin and
iron(I11) methemoglobin, the exchange rate is lower, i.e., <10*-10° s7'.*”
The detection of coordinated water may be difficult since the maximum
protein concentration may be (2-3) X 107 mol dm™ whereas the free water
concentration is about 50 moldm™. Furthermore, water also interacts
rather firmly with the protein part of the metalloprotein, in such a way that
the solvent may be classified as: (i) free for the most part; (i) solvating the
protein; (iii) bound to the metal.
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'H, ’H and "0 NMR studies on diamagnetic proteins have indicated the
complexity of the interaction between water and protein.® However, if the
metal ion in the metalloprotein has unpaired electrons, then the NMR
parameters of the coordinated water may be largely affected. The extent of
the coupling between unpaired electrons and resonating nuclei may be large
enough to be revealed through NMR experiments even when averaged over
the bulk solvent molecules (Figure 1). Sometimes the metal ion to which
water is bound is paramagnetic, as copper(Il) in superoxide dismutase and
galactose oxidase, or manganese(Il) in concanavalin A, etc. Quite often
water is coordinated to a diamagnetic ion as the zinc(II) iton. In such cases
the native diamagnetic ion can be removed and replaced by other para-
magnetic ions. The information obtained on these chemically modified spe-
cies may be transferred with some caution to the native species. For several
zinc enzymes it has been possible to replace the native zinc by cobalt with
retention of the catalytic activity.” In such cases the information obtained
on the high-spin cobalt(II) systems may be transferred to the native enzyme
with some confidence.

Before analyzing the nature of the coupling between unpaired electrons
and resonating 'H, ’H and 'O nuclei, the acid-base properties of coordi-
nated water will be discussed.

FIGURE 1 Under exchange conditions the nuclei of bulk water may sense the paramagnetic
center.
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THE pH-DEPENDENT PROPERTIES OF THE COORDINATED
WATER

It is well known that the pK. of water is lowered from its value of 14 upon
coordination to metal ions. In the case of a single coordinated water mole-
cule, its pKa depends on the oxidation state of the metal ion and on the na-
ture of the donor groups. Simple inorganic compounds illustrating such a
property are rather scarce. In Table Il the models investigated up to now
are reported. In every case the metal is dipositive and the overall charge
of the complex is 2+. The pKa of the coordinated water ranges between 8
and 11.

A safe way of determining the pK, of coordinated water is a potentio-
metric acid-base titration; however, for metalloproteins the interpretation
of the titration curve is complicated by the many histidine residues with
pKs ~ 7, by R-NHj groups, etc. As it will be shown, the NMR may not re-
veal the hydrolysis

MOH, =— MOH™ + H’

equilibrium. In general, the pK, is estimated from the pH dependence of
kinetic parameters or from the pH dependence of the affinity constant of
inhibitors of coenzymes. For example, several anions are capable of bind-
ing the MOH, species, but not the MOH species. In the case of the model
complex [Co(L)OH,}** (Figure 2),'® the pH dependence of the affinity con-
stant for the reaction

[Co(LYOH, " + N3 == [Co(L)N;]" + H;0

displays a pKa of 9.0, equal to that found from acid-base titration. Similar
methods based on the pH dependence of the affinity constants of inhibitors

TABLE 11
pKa values of coordinated water in some MLOHZ" complexes

Donor set pKa Ref.
Co(TPyMA)H,0*"® N;O 9 10
Zn(CR)H,0*® N.O 8.7 59
Co(CR)H,0*® N.O ~8 59
Co(TMC)H,0* ¢ N.O 8.4 41
Co(TPT)H,0* ¢ N.O 10.8 60
Cu(TPT)H,0* ¢ N,O 9.8 60

*TPyMA = tris(3,5-dimethyl-1-pyrazolylmethyl)amine (Figure 2).

®CR = condensation product of 2,6-diacetylpyridine and dipropylenetriamine.
°TMC = 1,4,8.11-tetramethyl-1.4.8,1 1-tetraazacyclotetradecane.

4TPT = N, N, N-tris(3-aminopropyljamine.
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FIGURE 2 Scheme of the probable structure of the complex [Co tris(3,5-dimethyl-1-pyrazo-
lylmethyl)amine OH,7*.

for carbonic anhydrase®'"*? or of NADH for liver alcohol dehydrogenase"’
have permitted an estimate of the pKa of a possible dissociation equilib-
rium. In the former case the pKa is rather low, probably as a result of hy-
drophobic interaction within the enzymatic cavity coupled with the diposi-
tive charge of the zinc-donor moiety. Other metalloproteins, in which nega-
tive residues like Glu are coordinated to the metal, display higher pKa
values, as in the case of liver alcohol dehydrogenase."’

Together with the dissociation of the coordinated water, in the case of
iron(111) heme residues a change in the spin multiplicity of the metal center
may occur. A typical example is that of methemoglobin whose low pH
form has § = 5/2 and the high pH form has § = 1/2.'*%

THE NATURE OF THE INTERACTION BETWEEN UNPAIRED
ELECTRONS AND RESONATING NUCLEI

Unpaired electrons behave like magnetic bars whose moments are much
larger than those associated with the nuclei 'H, *H and '70. Furthermore.
electron spins relax several orders of magnitude faster than nuclear spins. As
a consequence, the nuclei which are coupled with unpaired electrons have a
relaxation pathway which may be very efficient. The relaxation mecha-
nisms are essentially twofold: one due to the dipolar coupling, i.e., due to
through-space coupling between magnetic bars, and the other due to the
Fermi contact term arising from the delocalization of unpaired spin
through the chemical bond. In the case of a metal ion following the spin-
only theory, i.e., no zero-field splitting and no magnetic anisotropy, the
dipolar contribution to the nuclear relaxation rate enhancement, Tim . is
given by the following expression'®

L(S(S+1)'yzlg2m§)( 6ra 147 )

7 2 2 2
6 1 + wita 1 + wsre2

-1 —
I'm=

(H

r
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S 2.2 2 . .
TEM=L( (s+1)~y1gua)(4m+ dra | 13ra ) @

15 r 1 + with 1 + wirh

where S is the total electron spin of the ion, 41 is the nuclear gyromagnetic
ratio, up is the Bohr magneton, wr is the nuclear resonance frequency, ws is
the electron resonance frequency, and r is the electron-nuclear distance.
The correlation times 74 are related to the electronic relaxation times 7
and T»e in a simplified and pragmatic way through the following equations:
Ta =1 + T, (3)
T = 10 + Toa, (4)
where 7. is the rotational correlation time which can be roughly estimated
through the Stokes-Einstein equation and which is about 107 s 7 for mole-
cules with molecular weight of 30000. In regard to the coordinated water,
it has been suggested that the rotational correlation time is affected by the
possible rotation of the molecule about the metal-oxygen axis.'® Here it is
assumed that the correlation times 7¢; and 7¢; are equal. Both T'im and Tam
are field depéndent, since wr and ws are field dependent. Therefore it can be
stated that the dipolar coupling between unpaired electrons and resonating
nuclei depends on the correlation times and on the applied magnetic field
in a way similar to that shown in Figure 3.
The contact contribution to the nuclear relaxation rate enhancement is
given by’

_ l A 2 2Tez
T c,,,,c=—ss+1(-) (————) 5
( lM) tact 3 ( ) h 1+w§7-§2 ()

i 1 1 1
107 10" 10”100 1wt 10

Te

FIGURE 3 7. dependence of the paramagnetic relaxation rates Tih( ) and Tam(-——=)
for a single water proton bound to an § = 1/2 ion. Tiu is reported at three different proton
Larmor precession frequencies.
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=356+ 0 (3 (o4 727)

(T ZM)contact 3 S(S + 1) P Tel + 1+ nggz s (6)
where A4 is the Fermi hyperfine coupling constant, 7¢ can be assumed to be
Tie. and the other symbols have their usual meaning. By comparing Egs.
(1), (2) and (5), (6), it is apparent that (724 )contact is larger than (T )contact
and that the difference increases with increasing 7e. In general it is true that
(Ti8)dip > (T )contace. Whereas (720 )contact May be as large or larger than
(T3m)dip. Therefore the T, investigations allow the use of Eq. (1) to extract
structural information on the sample. The analysis of the T data is, in gen-
eral, less straightforward.

Equations (1), (2), (5), (6) refer to the full paramagnetic effect on a non-
exchanging nucleus. When the nuclear species under consideration is in fast
exchange with a bulk diamagnetic environment, the experimental relaxa-
tion rate enhancements 77 measured on the averaged signal are related to
(T M) through the relation T3 = fT1h, where fis the molar fraction of nu-
clei bound to the paramagnetic center. Under these circumstances the ex-
change rate M is an additive term to the 7o and 7 correlation times and
is, in general, negligible.

When rm is of the order of magnitude of T\m or larger, then T\, =
(Twm + ™) or fTip, = 7w, respectively.’®*! The proton exchange in iron(I1I)
proteins has been found to fall in both fast*>** and slow’”’ exchange ranges.
Temperature-dependent investigations can yield information on the kinetic
parameters involved in the water detachment process.

The dependence of fT», on 7m is more complicated since exchange
broadening effects may also be operative. Although the analysis is still pos-
sible,? it is not treated further here since there are no meaningful applica-
tions in the investigation of metal-coordinated water in metalloproteins.

COMMENTS ON THE NUCLEAR PROPERTIES OF 'H, *H
AND Y0

'H has a large magnetic moment and the coupling with unpaired electrons
is quite efficient. Therefore, the 'H T7' measurements usually provide the
extent of such coupling. By performing the measurements at various mag-
netic fields it is possible, through Eq. (1), to determine 7. and a geometrical
factor which includes the number of protons and their distances.” This can
be illustrated by rewriting Eq. (1) as follows:

L _[E]
Tip = = GKf(ro), (7)
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where [E] 1s the enzyme derivative concentration, and G is given by

n;
G=2
where #; is the number of protons interacting with the paramagnetic center
at a distance r;. Sometimes it happens that 7. is not field independent in the
field range investigated, especially because of the presence of zero-field
splitting; in these cases information on such a dependence may be obtained.

The 7. values estimated by this procedure for the various metal ions for
fields of =1 T under the condition that 7. = T, are reported in Table 1II.
The values depend on the particular metal ion and on the geometry of the
chromophore. Indeed, the presence of low lying excited states provides effi-
cient “two phonon” electronic relaxation mechanisms.”®

Analysis of the '"H T3' values start by factorizing dipolar and contact
contributions and may allow an estimate of other parameters like the
hyperfine coupling constant.

’H and O nuclei have relatively low nuclear magnetic moments and
have a quadrupole moment which provides independent relaxation mecha-
nisms. The coupling with unpaired electrons therefore does not cause large
relaxation rate enhancements. In order to detect such contributions concen-
trated solutions are needed so as to increase the mole fraction of coordi-
nated water. Furthermore, the correlation times should be particularly
favorable, i.e., as large as possible. For example, ’H T;' measurements
have been reported for a 10 M solution of a metalloprotein containing a
water molecule in the coordination sphere, the metal ion being Gd**, with a
o of =107 5.7

O T71' measurements have never permitted a determination of any
paramagnetic effect in metalloprotein solutions. However, when 7. >
107" s, the large hyperfine coupling constant due to direct binding of oxy-

TABLE 1II
Electronic relaxation times (s) for some metal ions

Ref. Ref.
Ti% ~107 a Fe¥(lLs.) <1072 64
Vo ~107¢ 62 Fe* ~107" 65
v <3 X 107" a Co*(tetr.) 1070-107" 25,66
v* 107°-107"° 37 Co*'(five-coord, h.s.) 107H-10712 25
Ccr* 107°-107'° 37 Co*(oct, h.s.) 10721071 35
Mn’* <4 X 107" a Ni** 107°-107"2 63,67
Mn*(h.s.) 107°-107° 37 Cu® 107%-107° 63,68
Fe*(h.s:) 107%-107" 63

* Estimated from Ref. 61.
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gen to the metal ion gives rise to a sizeable (773 Jeontact contribution which
may easily be determined. Reports are available on systems containing
copper(IT)* and manganese(11)**? proteins. In concentrated solutions of the
simple copper aquo complex, the isotropic shift could also be measured
and therefore the correlation time could be evaluated.”

AN EXAMPLE: WATER 'H T;' INVESTIGATION OF METAL
SUBSTITUTED CARBONIC ANHYDRASE

Carbonic anhydrase is a zinc-containing metalloenzyme with molecular
weight 30000.""'? The coordinated water molecule is necessary for the cata-
lytic hydration of CQO,. The zinc ion can be removed and replaced by cobalt
without loss of the catalytic activity., Other metal-substituted derivatives
show a quite reduced activity. The metal ions are bound to the protein part
through three histidine residues. The 'H T7' NMR values of water solutions
containing paramagnetic metal ions are sensibly enhanced (Figure 4) with
respect to the native enzyme.**' Many anions and sulfonamides are capable
of inhibiting the catalytic activity of the enzyme by binding to the metal
ion. A water proton Ti' investigation at variable magnetic fields on solu-
tions containing the cobalt(II) and copper(II) derivatives has allowed a de-
termination of 7. and the G factor [Eq. (7)] which includes the number of
protons and their distances.” In the case of the copper derivatives®? (Figure
S) 7. is always the same and in the usual range of 10°°-107° s. The G factors
fall into two ranges, =5 X 107" pm™ and (0.5-0.9) X 107" pm™, respec-
tively. In the former case the geometric factor can be interpreted on the

100

80 _._~_.~__.---.‘.__._..—0--.-‘-' Mn

6

AICUI Lo

1 >oe. .
4 Rl 2% WP 91

e VO ,

' -.‘._'_‘:-t—o—o——oo—oNl

10 '.-.—0‘-."'-0'-~.-—.--.‘--0C0

o8k Ny

6 7 8 9 10
pH

FIGURE 4 Water proton T’ values of water solutions containing several metal-substituted
bovine carbonic anhydrase B. The enzyme concentrations were 107 M.
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basis of a coordinated water molecule, whereas in the latter case the water
is removed from coordination, the small G values indicating a second-
sphere interaction. A water molecule with a Cu-O distance of 200 pm is
expected to provide a G value of 4 X 107" pm™.

Quite more instructive is the investigation of the cobalt derivative, since
there are a variety of structures with different relaxation properties.’*”* In
Figure 6 are reported some typical chromophores whose G and 7. values
are reported in Table I'V. It is evident that when a water molecule is in the
coordination sphere G is (3-5) X 107" pm™, independently of the geome-
try. As in the case of copper, G values of 1 X 10”"° pm® indicate second-
sphere interactions. The variation of r. with stereochemistry is most inter-
esting. It is =10""" s for tetracoordinated tetrahedral chromophores,
whereas it is =107"? s for pentacoordinated chromophores and =10"" s for
hexacoordinated hexamethanol complexes.”® The theoretical justification
for such values is based on the number of low lying electronic excited
states, which increases with the coordination number. Indeed, octahedral
complexes have a T, ground state, tetrahedral complexes an Ay ground
state and a square pyramidal chromophore has Eg and Ag levels lowest and
very close in energy.’® The value of 7. as determined from NMR experi-
ments can therefore be taken as a criterion for assigning the stereochemis-
try in high-spin cobalt(1I) chromophores.

In the case of the manganese(Il) system, T and hence 7 is not field in-
dependent. Probably the zero-field splitting is small enough that its modu-
lation deriving from donor displacements within the chromophore is capa-
ble of affecting the electronic relaxation times. Within this framework Tie is
required to depend on another correlation time, v (the zero-field splitting

N~

N~
N OH2 N
N=>Col N=Co—N=C=0
N O\c N

d/ —-CH3

N\ /OHQ N\ /O\C¢O
N—Co N—Co ]
N~ T N=C—Au—C=N N— \O’C:O

FIGURE 6 Chromophores of cobalt(ll) carbonic anhydrase (bovine isoenzyme B) and of
some of its inhibitor derivatives.
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Best fit values of the geometrical factor (G) and of the correlation time 7. for some cobalt(l1)

TABLE 1V

substituted carbonic anhydrase (bovine isoenzyme B) derivatives®

G (pm™)

7c ()

Co(BCAB) pH 6.0
Co(BCAB) NCO™
Co(BCAB) Au(CN);

Co(BCAB) CH;CO0O"

Co(BCAB) C,07

33 X 1073 17%)°
1.4 X 107 %)
3.6 X 107 4%)
55 X 107'%(% 4%)
0.97 X 107%(x 1%)

3.3 X 107"(£26%)
3.1 X 107 E 4%)
42 X 1074+ 3%)
42 X 1074+ 3%)
5.3 X 1074+ 1%)

CoL(H;0)* (Figure 2)
Co(MeOH)¥ **

5.7 X 107%(£50%) 5.3 X 107"%(+45%)

50X 107"

® From Ref. 25 except when specified.
®Standard deviations in brackets.

modulation correlation time), through the following expression derived for
the distortion undergone by the aquo complex in collisions with other
water molecules®’:

1 Tv 4Tv
The B(1+wiri+ 1+4w273)' ®
The parameter B is related to the magnitude of the zero-field splitting. Now
it has been possible to extract, through Egs. (7) and (8), the values of G, 7,
and B from the experimental 'H T7' values (Table V). Again the G values
can provide direct information concerning the presence of coordinated
water, >

In principle there is no reason why 7. should be constant with the ap-
plied magnetic field or that it should follow a simple relationship; this can
only be stated a posteriori in the given range of magnetic fields investigated.
Indeed, in the case of the nickel derivative, it was not possible to extract
any information about 7. or G. The nickel derivative, if hexacoordinated,
should have a *Az ground state. However, the experimental data could not
be fitted through Eq. (7), nor through both Egs. (7) and (8). Presumably the
magnetic field dependence of 7. is rather complex. Attempts were made to

TABLE V
Best fit parameters governing the water proton relaxation rate for manganese(I1) substituted
carbonic anhydrase(bovine isoenzyme B) derivatives®

G (pm™) B (rad s7')? 7v ($)

3.2 X 107+ 13%)
4.7 X 107"+ 5%)

3.3 X 107%+7%)°
3.6 X 107'5(+4%)

Mn (BCAB) pH 8.9
Mn (BCAB) N3

4.7 X 10"+ 12%)
6.9 X 10"+ 5%)

®From Ref. 25.
®Standard deviations in brackets.
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investigate the hexaaquonickel(I1) complex.’” However, in this case the
experimental 'H T7' data were almost the same between 4 and 60 MHz, al-
lowing no possibility to analyze experimental data.

THE DISSOCIATION OF WATER AND THE NMR PARAMETERS

The dissociation of the coordinated water and formation of the hydroxo
derivative has two major consequences: (7) the number of protons which
“feel”” the paramagnetic center becomes halved; (i) the direct exchange of
coordinated OH groups with free OH™ anions cannot be fast enough on the
NMR time scale at low pH since the concentration of OH" is small and its
supply to the metal site is diffusion limited. According to the former conse-
quence, the 'H T7' values of aqueous solutions of benzylamine oxidase
(Table 1) are reported to decrease by 50% with increasing pH.*® Again, ac-
cording to the latter consequence the 'O T3' enhancements of 'O aqueous
solutions of the model complex [Co(TMC)H,0J** (Table II) decrease to
zero upon increasing the pH.*'

However, the water dissociation is not in general easily followed by
NMR spectroscopy. In fact, the metal-oxygen distance is expected to de-
crease upon water dissociation with a consequent increase in the geometri-
cal factor G of the electron-proton coupling {Eq. (7)] which may compen-
sate for the loss of a proton. More dramatic is the change of the electronic
structure often accompanied by a conformational change of the magneto-
phore, which relaxes the 7. parameter. Finally, the second sphere of hydra-
tion may contribute quite differently to the overall nuclear relaxation rates.
Therefore the water and corresponding hydroxo derivatives are just two
different, unrelated systems whose 'H T7' values cannot be significantly
compared. For example, the 'H T1' values of cobalt bovine carbonic anhy-
drase B are essentially pH independent* whereas the human isoenzyme
displays smaller values at low pH**** when the OHj, species is presumably
present (!). In the case of methemoglobin, although the solvent proton re-
laxation rate is largely due to outer-sphere relaxation, the '"H 7' values are
insensitive to the acid-base equilibrium despite a magnetic susceptibility
transition. Probably the appearance of an exchangeable water molecule in
the heme pocket propitiously balances the expected decrease.’

The "0 T3' values of water solutions of copper carbonic anhydrase re-
veal the presence of oxygen bound to the copper ion under rapid exchange
conditions.? Such values are again pH independent in the pH range 5.5-11.
Therefore if the CuOH; = CuOH equilibrium occurs, it should also pro-
vide a pathway for the oxygen of the hydroxo group to exchange with the
solvent.
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In the case of superoxide dismutase, the water proton relaxation rate in-
creases dramatically with increasing pH, corresponding to a pKa of 11.5.%
This has been tentatively accounted for on the basis of a large decrease of
the copper-oxygen distance upon water dissociation,*’ or alternatively, on
the basis of a OH ligand replacing a histidine nitrogen present in the coor-
dination sphere together with the water molecule*®:

OHz OHZ
N N )
\Cu/N 2L \Cu/N
N/ AN H N/ \OH

Parallel O T3' investigations have shown that the coordinated water
(below pH 10) displays little hyperfine coupling owing to the long copper-
oxygen distance and to its presumably axial position. Large pH dependent
T;' enhancements are measured above pH 10 with a pK, of ~11.4.*” Such
data appear consistent with the latter interpretation.

GENERAL REMARKS

When water is directly coordinated to a paramagnetic ion in a metallopro-
tein, it may be selectively revealed by NMR spectroscopy. Under fast ex-
change conditions, water proton T7' values are related to the number of ex-
changeable protons which are coupled with the paramagnetic center
through a dipolar mechanism. The extent of such a coupling depends on
the magnitude of the applied external magnetic field and on a correlation
time which, in turn, may be related to other structural properties of the
metal donor moiety. Owing to limitations in metal concentrations, the
paramagnetic contribution to the resulting 77" values may be easily appre-
ciated for 7. values larger than 107"? s (see Table III).

The use of °H and 70 nuclei is limited to those cases in which significant
Fermi contact contributions occur and in which the 7. values are larger
than 107" s. Therefore, T3' or linewidth measurements are more suitable al-
though structural information is more difficult to obtain.

The paramagnetic contribution to T;' values can be analyzed in terms of
the simple Solomon equations [Egs. (1) and (7)]. It should be kept in mind,
however, that such equations only hold in the absence of zero-field splitting
and magnetic anisotropy. Furthermore, they ignore relaxation effects of
unpaired spin density delocalized onto the ligands,*® in this case on the
oxygen atom. More sophisticated equations are available, although the

240



13: 45 15 January 2011

Downl oaded At:

author’s advice is to keep the number of parameters as low as possible and
to interpret them cum grano salis. Variable magnetic field investigations
provide independent information and should be performed whenever pos-
sible. They are particularly useful when the correlation time turns out to be
magnetic field independent. The 77" values on different isotopes would also
be quite meaningful and useful. For example, both 'H and *H T7' meas-
urements could be performed in such a way as to determine 7. at a given
magnetic field. However, except in exceptional cases, this technique is
rarely applied to metalloproteins.*

The analysis in terms of the above equations may provide a parameter
which contains the number of protons and their distances (G factor) as well
as the correlation time. When the relaxation rates of different compounds
are compared, it should be verified either that 7. remains constant or its ef-
fects should be evaluated. In the case of cobalt carbonic anhydrase all the
inhibitors cause a decrease of water 'H T'7' values,® but for two opposing
reasons®: (i) water is removed and 7. has remained substantially un-
changed; (if) water is not removed but r. has decreased by an order of
magnitude. For the same reasons the NMR parameters may not be useful
for detecting the acidic dissociation of the coordinated water.

An important consequence of the knowledge of the electronic relaxation
time is that the magnitude of the linewidth can be a priori evaluated
through relationships like Egs. (2) and (6); if there are sizeable dipolar and
contact shifts and not dramatic line broadening (7o # 10™'') the signals of
protein protons close to the paramagnetic center may be recorded and
easily identified.”*

When the exchange rate is slow on the NMR time scale, the measured ef-
fects are those of outer-sphere solvation”; these effects are present even
when there is no water coordinated to the paramagnetic metal ion. At-
tempts at the theoretical interpretation of such data are also available.”*’

IVANO BERTINI

Istituto di Chimica Generale e Inorganica,
della Facolty di Farmacia, Vie G. Capponi, 7, Firenze, Italy
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