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Complexes formed between Zinc(il) and L-Histidine: a
Carbon-13 Nuclear Magnetic Resonance Studyt

Lorraine D. Couves, David N. Hague * and Anthony D. Moreton
University Chemical Laboratory, Canterbury, Kent CT2 7NH, UK

Carbon-13 NMR spectral data are reported as a function of pH for mixtures of L-histidine and zinc nitrate,
and of L-histidine + zinc + 1,2-diaminoethane (en), 1,3-diaminopropane (pn), or glycine (gly), and
also for L-histidine alone. The pH profiles have been analysed by computer and the chemical shifts of
the carbon atoms determined for the following species: HisH_,2~, His™, HHis, H,His*, H,His?*,
[Zn(His)]*, [Zn(His),], [Zn(His)(HisH_,)]~ and [Zn(HisH_,),]2”. The *C chemical shifts have also
been determined for en, pn and gly (methylene only) in the complexes [Zn(His),X] (X = en, pn or
gly), [Zn(His),(HX)]" (X =en or pn), [Zn(His),(glyO)] ~, [Zn(His)(HisH_,)X]~ (X =en or pn) and
[Zn(His)(HisH_,)(glyQ)]>~. Stability constants have been determined for the complexes.
Potentiometric titrations with zinc and histidine solutions provide support for the interpretation of the
chemical shift data. It is argued that [Zn(His),] contains distorted octahedrally co-ordinated zinc, and

that deprotonation occurs at the pyrrole-ring nitrogen rather than zinc-bound water.

Zinc is an essential metal in many enzyme systems yet little is
known about its mechanistic role other than that it acts as a
Lewis acid and that its co-ordinational structure frequently
changes during turnover. The most widely studied zinc enzymes
are carbonic anhydrase and carboxypeptidase, in both of which
the active-site Zn2* ion is bound through the imidazole side-
chain of one or more histidine residues.! For this reason there
have been more reports on the thermodynamics of zinc complex
formation with histidine than with almost any other amino acid
but there still remain ambiguities over the identities of some of
the complexes formed. While the earlier results 2-* were analysed
in terms of only the mono and bis complexes of the histidine
monoanion ([ML] and [ML,]), three of the more recent
studies *® have included contributions from one or more of the
protonated forms [M(HL)], [ML(HL)] and [M(HL),], and
one 3 has invoked the formation of a *high-pH’ form.

The underlying cause of these uncertainties is the d'°
configuration of Zn?* and the consequent lack of suitable
spectroscopic properties for identifying individual complexes
formed in solution or directly probing their co-ordination
geometries. This has led to a reliance on indirect methods,
principally pH titrations, and comparison with analogous
systems involving Co?*, Cu?* and other more readily
characterized metals. Carlson and Brown 7 used IR and proton
NMR spectroscopy to investigate the structures of a range of
metal-histidine systems in D,O but they were prevented by
precipitation between pH 5.5 and 11.5 from studying the zinc
system in the biologically important range around neutrality.

We have recently shown®~'# that the '*C NMR chemical
shifts of an organic ligand L can be used to characterize the
Zn-L complexes formed in solution, even when (as is generally
the case) exchange is rapid on the NMR time-scale. This is done
by comparing computer-generated pH profiles of L (which are
matched with the experimental data points) in the presence and

t Supplementary data available (No. SUP 56859, 5 pp.): observed
chemical shifts for solutions containing histidine.

See Instructions for Authors, J. Chem. Soc., Dalton Trans., 1992, Issue
I, pp. xx-xxv. The notation used in this paper is as f{ollows: gly =
glycine, glyO = glycinate(1 —), en = 1,2-diaminoethane, pn = 1,3-di-
aminopropane, dien = diethylenetriamine; ligand X = A (glyO, en or
pn)or HA (gly. Hen ™ or Hpn*); ligand L = His = L-histidinate(l —).

absence of the metal. Subsequent addition of a potentially
bidentate ligand A (such asen, pn or glyO) to the Zn + L system
generates a new set of pH profiles from which the chemical shifts
and stability constants for any Zn-L-A ternary complexes
formed can be determined. For many of the systems we have
studied,®~'* in which L was an aliphatic polyamine, it proved
possible to use this information to deduce the co-ordinational
structures of the individual complexes in solution.

In the present paper we provide '*C NMR data and sup-
porting potentiometric evidence which confirm the formation
of mono and bis complexes with the L-histidine monanion,
[ML] and [ML,]. We find no evidence for the formation of
protonated complexes in acidic solution but in the alkaline
region the bis complex loses two protons, with estimated pK,
values (pK'p) of 11.15 and 11.80. Comparison of the chemical
shifts for the species [ML,H_,} and [ML,H_,] with those for
the various forms of the free ligand suggests that the protons
have been lost from the pyrrole nitrogens of the histidine
ligands rather than metal-co-ordinated water molecuics. Com-
paratively weak ternary complexes [ML,(A)] are formed with
glyO, en and pn (A). We argue that the distorted-octahedral co-
ordination geometry for [ML,] observed in the solid state is
retained in solution, and our present results are compared with
those for [Zn(dien),]**, which also retains a distorted-
octahedral geometry in solution. Our findings on the nature of
the deprotonated complexes are discussed briefly in the light
of recent work on zinc enzymes.

Experimental

L-Histidine (BDH, >98%) was used without further purifi-
cation. The other chemicals were purified and the solutions
made up in D, O as described previously;'*>'® pD = pH meter
reading +0.40. The NMR spectra were recorded '*'° at
21 + 1°C with a JEOL FT-100 or GX-271 instrument, using
air-conditioning and compressed air to achieve thermostatting.
Chemical shifts were measured relative to internal 1,4-dioxane
(6 67.71) and are quoted on the 3 scale; they are estimated to be
reliable to +0.12 ppm or better. The potentiometric titrations
were done in D,O under a CO,-free atmosphere using initial
volumes of 5.70 cm? and [NaOD] = 0.98 mol dm™3, and the
analysis of these and the NMR titrations was performed as
described previously.!'-!*-'¢ Following recent practice, we have
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Fig. 1

8
Carbon-13 NMR chemical shifts as a function of pD for histidine (0.20 mol dm *) and zinc (0.045 mol dm™3) + histidine (0.090 mol dm™3 at

pD < 10.50r 0.103 mol dm 2 at pD > 10.5). Atoms C, («). C (). C* (¢). C* (d). C* (¢) and Cy (/)
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indicated the quality of fit of the pD profiles by the standard
deviations calculated from the difference between the observed
4 or (volume added) values and those computed on the basis of
the parameters listed.

Results

Histidine—The non-equivalent C atoms in histidine are
identified according to IUPAC nomenclature as shown.
(Under common biochemical usage, which was employed in
some of the earlier!’!® and even more recent!® work on
histidine, the numbering of the ring atoms starts with the

3
N 4
2(/—/7——CBH2C,,H(NH2)C02H
HN-

Table 1 ‘Best’ '*C NMR chemical shift® and pK, values for His (L)
S(LH_,27) &(L") S(HL) S(H,L*)  8(H,L?*)
C, 57.55° 57.22 55.98 54.71 53.02
Cg 35.00* 33.16 29.42 26.90 26.12
C 146.20° 136.84 137.57 135.12 135.46
c* 137.60° 134.52 133.49 128.52 127.48
C3 124.90° 119.26 117.82 118.80 119.44
Co 184.35° 183.27 175.04 173.72 171.22
Measured ¢ pKy — 9.82 6.75 2.34
Literature® pKy  (13.939) 9.83 6.65 2.14
Literature” pK§, — 9.15 6.09 1.86

s

“ The estimated errors for all except (LH_,2 ") are £0.1 ppm. The ‘best
values were determined ‘rom 23 sets of data points which yielded the
following standard deviitions (in ppm): 0.047 (C,), 0.067 (C;), 0.078
(C?),0.086 (C*),0.058 (C3)and 0.130 (C,). " Determined in 10 mol dm™3
NaOD. The & values quoted are lowest limits in each case but no
estimates of the errors are possible. < At 21 + 1 °C, various /. The
estimated errors (see also footnote a) are +0.1. ¢ Data from ref. 21.
¢ Value quoted in ref. 7./ The average of data from refs. 22 (20 °C, 7 = 1
mol dm ?), 23 (25°C, I = 0.2 mol dm*) and 24 (25 °C, I = 0.25 mol
dm™3) (see text).
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pyridine N rather than the pyrrole N such that N' and N* are
interchanged, as are C* and C>.) The measured chemical shifts
& for the six C atoms at different pD are represented by the
triangles in Fig. 1. The spectral lines were sharp throughout,
though their relative heights were somewhat variable, as has
been noted previously.! 7% The titration curves (dashed lines)
were computed from the data assuming rapid exchange and
using the pK, values (pK'§) and chemical shifts listed in Table 1.

The assignment follows that of Horsley ez al.'” and Freedman
et al.,'® and also of Quirt et al,?® who provided a theoretical
rationalization for it in the form of CNDO/2 calculations for
their observed titration shifts. (It should be noted that in other
places, e.g. refs. 26-28, the assignment of the C? and C*
resonances is reversed. Our observation of line broadening at
high pH in the resonances attributed to C2 and C? for histidine
solutions containing zinc, described below, provides further
evidence for the correctness of the assignment of Horsley et al.)
When allowance is made for differences in referencing, the
agreement between our own chemical shifts and other published
data '8-2%:2% j5 good.

There is also good agreement between our derived pK, values
(pKp = 9.82, 6.75 and 2.34) and those in the literature. Li et
al?! reported values of 9.83, 6.65 and 2.14 under similar
conditions (D,O solvent, / = 0.11 mol dm~3,25 °C) to our own.
In addition, there have been? several pK, determinations in
water, of which representative sets at similar ionic strength and
temperature (refs. 22-24) give average values of 9.15, 6.09 and
1.86. These are pK§}; values and imply deuterium isotope effect
corrections ApK (=pK} — pKy) of 0.67, 0.66 and 048,
respectively, for our pK§, values, which are well in line with
other published results.!¢:3°

The Zinc + Histidine System—There is general agreement
in the literature? that around neutrality histidine forms two
principal zinc complexes, [Zn(His)]* and [Zn(His),] ((ML]
and [ML,]), whose respective (logarithmic) stability constants
are ca. 6.5 and 5.5. Preliminary computation indicated that it
would not be possible to find L:M concentration ratios at
which the ligand was present entirely in one or other of these
forms, but that the best conditions for characterizing them

Table 2 ‘Best’® '>C NMR chemical shifts® and formation constants® for zinc(t1)-histidine complexes

S(histidine)?
Complex

C, Cy
[Zn(His)] " [ML] 54.40 29.90
[Zn(His),] [ML,] 55.26 29.67
[Zn(His)(HisH_,)]~ [ML(LH_))] 55.90 30.60
[Zn(HisH _,),]1*~ [M(LH_)),] 58.25 32.80
[Zn(His),(en)] [ML,(A)]
[Zn(His),(pn)] [ML,(A)]
[Zn(His),(glyO)]™ [MLy(A)]
[Zn(His)(HisH _,)(en)]"~ [ML(LH_)A]
[Zn(His)(HisH_,)(pn)]~ [ML(LH_,)A]
[Zn(His)(HisH _,)(gly0)]?~ [ML(LH_))A]
[Zn(His),(Hen)]* [ML,(HA)]
[Zn(His),(Hpn)]" [ML,(HA)]
[Zn(His),(gly)] [ML,(HA)]

c? c* C? C, 3(X) log K
137.90 133.70 119.30 180.50 6.90 ¢
137.25 136.12 116.23 180.20 5.30/
139.95 136.00 119.50 180.60 11.157
144 135.40 124 183.00 11.807

40.80 1.85%
C, 4120 178
C. 3090
CH, 4330 130"
42.60 148
C, 3960 130
C, 3600
CH, 45.90 1.30¢
40.60 0.70*
C, 3920 0.78 "
C, 2640
CH, 43.10 1.00*

“ The ‘best’ values for the binary system were determined from 27 sets of data points, with standard deviations of the experimental chemical shifts
(shown by circles in Fig. 2) from the values calculated on the basis of the parameters listed of 0.081 (C,), 0.068 (C ), 0.113 (C3),0.130(C*),0.210(C?)
and 0.080 (C,) ppm. For the ternary systems, the numbers of data points (in parentheses) and standard deviations for the ligand (ppm) were,
respectively: en (10), 0.055; pn (C,)(10), 0.096; pn (C,)(10), 0.120; gly (CH,)(9), 0.042. * The estimated errors (ppm) are as follows: +0.1 for [ML,],
+0.3for [ML] and [ML(LH_,)], £0.8 for C,, Cz, C*, Coin [M(LH_),], £2for C%, C*in [M(LH_,),] (less reliable values), and +0.2 for the ligand
X'in the ternary complexes. € At 21 + 1 °C; various /. The estimated errors are +0.2 for [ML], [ML,], and [ML(LH_,)], +0.4 for [M(LH_,),] and
+0.3 for ternary complexes. ¢ Where values are not given, reliable values were unobtainable. * K, = [Zn(His)]/[Zn][His]. ' K, =
[Zn(His),]/[Zn(His)][His]. *pK, values pK§ for [Zn(His),]. " K, = [Zn(His),X]/[Zn(His),][X] with X = Hen*, Hpn', en,pn, gly
or glyO.' K, = [Zn(His)(HisH_,)X]/[Zn(His)(HisH_,)][X] with X = en, pn or glyO.
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would be about 1.1:1 and 2: 1, respectively (a ratio closer to 1:1
or an excess of metal being ruled out by the very low solubility
of zinc hydroxide). We experienced no problems with the higher
ratio but found that, at decimolar (or even lower) concen-
trations, solutions of the lower ratio tended to be unstable over
the time-scale necessary for the accumulation of NMR data and
the measurement of pH (owing to precipitation of a fine white
solid which elemental analysis indicated to be the mono
complex, see also ref. 7). We therefore used the ratio 1.5:1 to
determine the parameters for [ML], having confirmed the
[ML,] parameters through use of the L:M ratio of 3:1. (There
is no evidence in the literature for the formation of a tris
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Fig.2 Potentiometric titration of zinc + histidine (0.035 + 0.088 mol
dm3)in D,0; NaOD (0.98 mol dm~3) was added to 5.70 cm? of the solu-
tion
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complex.) The chemical shifts for the individual solutions
containing histidine + zinc at concentrations of 0.090 + 0.045,
0.103 + 0.045, 0.15 + 0.05 and 0.15 + 0.10 mol dm™3, respec-
tively, at different pD are given in SUP 56859, while the first two
sets of data are shown by the circles in Fig. 1.

The six spectral lines were consistently sharp (with the
exception of those assigned to C? and C° at pD above about 11),
indicating that the system is in the fast-exchange regime. Since
the individual resonances remained discrete throughout, there
is no ambiguity over assignment. Computer analysis of the
chemical shifts on the basis of the formation of [ML] and
[ML,] provides a good fit to the experimental data up to about
pD 9.5 (Fig. 1, solid lines) but above this there is clearly at least
one other species involved since the plateau regions which start
at about pD 7 would otherwise extend indefinitely to high
pD until the complexes break up under competition from
hydroxide, and histidine is released. (The possibility that this
break-up of the complexes itself is the cause of the divergence
above pD 9.5 can be ruled out by considering the movement of
the C? resonance: if histidine were being released the observed &
value would converge on the free-ligand line whereas it actually
moves away from it.) Of the potentiometric investigations of the
zinc-histidine system in the literature only one, that by Sovago
et al.,® indicates the formation of a ‘*high-pH’ complex but the
authors do not provide any quantitative information about it.
Further analysis of our own *C NMR data shows that it is
possible to obtain a good match up to at least pD 11.5if it is
assumed that [ML,] loses two protons * with pK, values (pK§)
of 11.15 and 11.80, respectively (Fig. 1 and Table 2).

In order to confirm this interpretation, we performed
potentiometric titrations on 0.088 mol dm™ solutions of
histidine in D,O containing 0.035 mol dm™?* zinc, as shown in

* For simplicity, we have followed the convention that mixtures of
protonated and deuteriated forms are referred to as protonated and
represented by [HL], erc.

(c)

12 8

pD

10

Fig.3 Carbon-13 NMR chemical shifts as a function of pD for X in Zn(NO;,), + histidine + X:X = en (a), pn (b) or gly (¢). Concentrations were

0.10 + 0.20 + 0.10 mol dm3, respectively
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Fig. 4 Distribution diagram for the various complexes and un-
complexed histidine in Zn (0.10 mol dm=3) + histidine (0.20 mol
dm) + en (0.10 mol dm™3) solutions

Fig. 2. The titration profile over the pD range 2.5-9 is consistent
with the formation of the two documented species [ML] and
[ML,], using the respective (logarithmic) stability constants
6.70 and 5.60, but above pD 9 it would continue as shown by
the dotted line if no ‘high-pH’ complex were formed. The dot-
dashed line represents the titration of a single proton in [ML,]
(with pK§, = 11.15) while the solid line above pD 9 represents
the titration of two protons (second pK§ = 11.93). The solid
line (£0.011 cm? standard deviation in terms of volume added
on 31 points; estimated errors in log K, + 0.3, log K, + 0.2,
first pK§ of [ML,] + 0.3, second pK§ of [ML,] + 0.5) can be
seen to represent the experimental data well.

Although 1t is not possible to rationalize the high-pD
behaviour in Figs. 1 and 2 in terms of the deprotonation of
[ML] alone, it does appear from the & values recorded for a
1.1:1 solution at pD ca. 12.5 (see SUP 56859) that [MLH_,]
is formed in very alkaline solution. In view of the problems
of working with this L:M ratio and with accurate pD
measurement in this region, this aspect was not investigated
further.

The Ternary Systems.—The measured chemical shifts of the
ligand C atoms in the following mixtures at different pD are
given in SUP 56859: Zn (0.10 mol dm~3) + histidine (0.20 mol
dm~?) + en, pn or gly (0.10 mol dm~3). The spectral lines due to
ligand X (en, pn or gly) were consistently sharp while those due
to histidine were similar in appearance to those observed in the
binary systems. Consequently, all the chemical shift data were
analysed on the assumption of rapid exchange.

In the light of the report by Sovago et al.’ that [Zn(His)]*
forms ternary complexes of the form [ML(A)] with en and glyO,
we tried to analyse our chemical shifts for the ligand X in terms
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Fig.5 Summary of !*C NMR chemical shifts for histidine species (see
text)

of parameters for the formation of the species [ML(A)] and
[ML(HA)] (see also refs. 9-13). However, these parameters
could not be refined successfully to give even moderate
agreement between computed and experimental § values. On
the other hand, the assumption that the principal ternary
complex formed is [ML,(A)] (¢f. ref. 11) produced a fairly good
agreement between computed and experimental pD profiles and
this was improved by the addition of two further complexes,
[ML,(HA)] and [ML(LH_,)A], to the refinement procedure.
The experimental data and ‘best fit’ curves computed using the
parameters listed in Table 2 are shown in Fig. 3; the dashed lines
(see refs. 9 and 16) indicate the computed behaviour of the
appropriate free ligand X. A representative distribution diagram
for the en system is given in Fig. 4.

Discussion

Formation of [ML] and [ML,].—Despite the difference in
experimental method used for their determination, there is good
agreement between our stability constants (Table 2) and those
reported previously for the zinc-histidine system. Our values of
6.90 and 5.30, respectively, for log K, and log K, are well in line
with those of Williams 3 (7.07 and 5.67; 25 °C,T = 3.0 moldm™?)
and the average values (6.64 and 5.28) from the four earlier
determinations 2431733 which used temperatures and ionic
strengths similar to our own. More recent values by Daniele and
Ostacoli>* (6.53 and 5.39; 25 °C, 7 = 0.1 mol dm™?), Pettit and
Swash* (6.48 and 5.60; 25 °C, 7 = 0.1 mol dm3), Sovago et al.’®
(6.31 and 5.53; 25 °C, I = 0.2 mol dm™) and Nair et al.® (6.41
and 5.33; 37 °C, 7 = 0.15 mol dm™?) are also acceptably close.


http://dx.doi.org/10.1039/DT9920000217

222

Chemical Shifts—To rationalize the 3C NMR chemical
shifts of the various zinc complexes of histidine (Table 2) it is
helpful first to look at the changes in 8 value accompanying the
protonation and deprotonation of the free ligand, Table 1. The
relevant data and those for three of the complexes have also
been plotted in Fig. 5 using the same scale for each C atom.

(i) Free histidine. Quirt et al.?® studied the titration of a
number of amino acids by !'3C NMR spectroscopy and found
that the ionization of remote as well as neighbouring groups can
usually be monitored at each carbon atom. They also found that
the & value titration shifts (Ad) for the carboxylate and «-amino
groups are characteristic for each of the three C atoms in the
common part of the molecule (ie. C,, C4 and C,). The present
results reflect both these generalizations. For example, the
protonation of the carboxylate group (i.e. H,L* —— H3L?%)
produces upfield shifts in the resonance due to C,, Cgand C,, of,
respectively, 1.69, 0.78 and 2.50 ppm (compared with the
averages of Quirt er al. of 1.9 + 0.2,0.85 + 0.15and 2.6 + 0.3
ppm) and is also ‘seen’ by the ring carbons. As for the imidazole
ring, the removal of a proton from it (ie. L~ —— LH_*7) and
the addition of one to it (ie. HL—— H,L*) are both
accompanied by changes in & value (A8) at C2? and C® which
are similar to those found 33 with the parent compound: for
C2, A5 =9.36 and —245 compared with 89 and —1.6,
respectively, and for C*, A§ = 5.64 and 0.98 compared with 4.5
and —0.2. Both ionizations are also picked up in the other parts
of the molecule.

In attempting a more detailed analysis of these changes it
must be remembered that each of the three intermediate forms
of histidine exists as a mixture of microstates, each with its own
micro-pK, values (cf. ref. 36). For H,L* the principal form can
be assumed to be that shown in Fig. 5 but for L™ or HL there is
no generally accepted view of the distributions between the
microstates. For L™ a value close to 50:50 has been de-
termined !° between the N'H tautomer (shown in Fig. 5) and
the N3H tautomer (not shown), as must be the case for
imidazole itself. On the other hand, it has also been argued 38
that in L™ the N'H tautomer is stabilized relative to the N3H
form to the extent of about 2:1 owing to the electronic or steric
consequences of substitution at C* With the zwitterion HL
much of the evidence favours the N'H form to the extent of
about 8:1 and this imbalance is thought®7:3% to be at least
partly the result of hydrogen bonding between the NH;* group
and N3.

Returning to the protonation and deprotonation shifts at the
individual C atoms, we find that the largest A8 generally occur
when the carbon concerned is B to the atom receiving or losing
Thus, for C, and C; the largest A8 values accompany the
ionization of the amino group (L~ == HL), while for C, the
largest A8 occurs on ionization of the carboxylate group
(H,L* === H;L?"). The situation in the ring is complicated
by the tautomerism outlined above but one notable feature is
the large downfield shift occurring at C? and C* on forming
LH_,®>" fromL".

(iit) [ML] and [ML,]. The 3 values for [ML] and [ML,]
(Table 2 and Fig. 5) are generally similar. With the aliphatic
polyamines we found ®!!'~!3 that the change in chemical shift
(A8) for a particular C atom on forming a zinc complex from the
deprotonated form of the free ligand L was typically about half
that seen on fully protonating it. In line with this, the two
carbons in histidine (C, and C;) which have their largest
protonation shifts accompanying the ionization of the amino
group have & values for [ML] and [ML,] which are midway
between those for L~ and HL. (For C, the protonation shifts are
comparatively small and conformational effects are likely to be
relatively important; nonetheless, 8y, does lie between &y, and
8y,..) For the ring carbons, the observed similarity of most of
the 8y, Sy, values to the corresponding value for HL is to be
expected if, as mentioned above, internal hydrogen bonding
between NH;* and N3 is important in HL.

J. CHEM. SOC. DALTON TRANS. 1992

(iii) [ML,H_,] and [ML,H _,]. A significant feature of the
zinc-histidine results is the large downfield shifts of the C? and
C3 resonances accompanying the deprotonation of [ML,]. The
& values for [ML,H_,] are shown as hollow rectangles in Fig. 5,
the height indicating the estimated reliability. Although the
errors for C? and C? are comparatively large, the reason for this
(a substantial differential line broadening) is in itself good
supporting evidence for there being abnormally large downfield
shifts at these two carbons. In view of their similarity to the
large deprotonation shifts experienced by C? and C3 in L~ (see
above), we attribute them also to the loss of the x-protons (N'H).

The formation of a ring-deprotonated complex {actually
[M(LH_,)]} was postulated in 1966 by Carlson and Brown.”
Of the potentiometric studies on the zinc-histidine system (refs.
2-6, 24 and 31-34), only that by Sovago et al.’® refers to the
formation of a ‘high-pH’ complex but these authors prefer a
formulation involving one or more zinc-bound hydroxo groups.
While not excluding the latter possibility, our results support
pyrrole-nitrogen deprotonation since we have already shown *°
that [contrary to the situation *®> with diamagnetic transition-
metal ions such as cobalt(1ir)] large ‘through bonds’ effects on
13C NMR chemical shifts do not appear to be transmitted
between the zinc atom and its ligands: without such through-
metal transmission the large downfield shifts we observe at C?
and C°® could not originate in the deprotonation of zinc-bound
water molecules (of which the stoichiometry indicates that there
must be two).

Further evidence against the hydroxo-complex model comes
from a consideration of the structure of the bis complex.

Structure of [ML,].—Only two single-crystal X-ray structure
determinations have been published*®4! on zinc-histidine
complexes (one of which#! has been re-refined subsequently *?)
and they relate to different hydrates of [ML,]. While the
detailed dispositions of the ligands differ, in each case the co-
ordination geometry at the metal is described as being ‘distorted
tetrahedral’ since there are four ‘normal’ Zn-N contacts of
2.00-2.05 A (involving the amino nitrogen and ring N* atoms)
and the N-Zn-N angles are all in the range 96-120°. However,
in both cases the two carboxylate groups are bent back so as to
provide two additional contacts for each zinc atom (Zn-O 2.8-
2.9 A) at the van der Waals distance,** which means that it is
also possible to describe the complex as having ‘distorted
octahedral’ geometry. The difference between these two view-
points is more than a matter of semantics since, if the same
ligand disposition is retained in solution, the presence of the
carboxylate groups would tend to exclude a third ligand from
the inner co-ordination sphere of the metal (in particular, a
hydroxo group or water molecule), even though the oxygens are
not ‘properly’ bound.

Two literature reports support the view that this essentially
octahedral arrangement is retained in solution: (i) the entropy
of formation of [Zn(His), ], is similar ** to those of octahedral
bis(histidine) complexes [M(His),] (M = Mn", Fe", Co" or
Ni") but different from that of the square-planar copper(i)
complex; (if) like the corresponding cobalt(i) and nickel(ir)
complexes but unlike those of cadmium(i) (presumed to be
tetrahedral) and copper(11), the zinc complex is formed stereo-
selectively.*®

The loss of protons from the imidazole ring rather than from
bound water molecules would be a surprising result if [ML,]
did, in fact, contain bound water since Demoulin er @/.*® have
shown by ab initio calculation that a zinc-bound imidazole loses
a proton less readily than a zinc-bound water (even though for
the free molecules the acidity order is reversed). The implication
must be that [ML,] does not contain zinc-bound water.

Ternary Complexes—The similarity of histidine to dien '’
in forming ternary complexes involving the bis rather than the
mono Zn-L complex has already been noted. In this, histidine
and dien differ from the two other terdentate ligands we
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have studied, dipropylenetriamine (dpt) and N-(2-aminoethyl)-
propane-1,3-diamine (aepn), which both form ternary zinc
complexes !® of the general formula [ML(X)] with glycine and
other potentially bidentate ligands. The different formulations
of these bis-L ternary complexes {[Zn(His),X] as against
[Zn(Hdien),A]'! can be seen as reflecting the fact that the
displaced arm of L is much more basic for dien (-NH,) than for
histidine (-CO, ).

Conclusion
The present results are largely consistent with previous re-
ports on the zinc-histidine system but the use of a higher pH
range than usual has enabled us to obtain direct information
on two of the deprotonated complexes. We have argued that
[Zn(His),H_,] and [Zn(His),H_,] are both formed by the loss
of a proton from a pyrrole nitrogen of histidine rather than from
a metal-bound H,O, in line with the proposal of Carlson and
Brown” but contrary to that of Sovago ez al.’ It is unfortunate,
in view of the interest in establishing the relative acidities of
zinc-co-ordinated water and the pyrrole N of a co-ordinated
histidine (for example, in connection’ with the mechanism of
carbonic anhydrase and carboxypeptidase), that neither the
latter authors nor we were able to obtain quantitative in-
formation about [Zn(His)]*, which contains both moieties.
Recently, Christiansen and Alexander*’ identified a fre-
quently recurring triad, carboxylate-His-Zn, at the catalytic
site of several zinc enzymes which may play a crucial part in
substrate hydrolysis. In this there is hydrogen bonding between
the CO, ™ side chain of a neighbouring amino acid residue and
N'H of the zinc-bound histidine ring. Gas-phase calculations
by Nakagawa er al.*® have indicated that the binding of Zn?"
to N? in histidine increases the acidity of N'H, thereby
facilitating the transfer of this proton from histidine to CO, .
Our finding that the pK, of histidine N'H is at least two units
lower in [ML,] than in the free ligand provides experimental
evidence that this is the case in solution also. It also provides an
interesting postscript to the discussion between Appleton and
Sarkar *° and Martin 3° about the possible effect on the pK, of
N'H in an imidazole ring of binding to zinc at N>,

Acknowledgements

We thank the SERC for a studentship (to A. D. M.), Dr. D. O.
Smith for running the NMR spectra, Dr. A. K. Powell for
discussions, and Mr. I. Kirkwood for performing preliminary
experiments on these systems.

References

1 For example, M. N. Hughes, The Inorganic Chemistry of Biological
Processes, Wiley, Chichester, 2nd edn., 1981.

2 L. G. Sillen and A. E. Martell, Stability Constants of Metal-Ion
Complexes, The Chemical Society, London, 1964; suppl. 1, 1971.

3 D. R. Williams, J. Chem. Soc. A, 1970, 1550.

4 L. D. Pettit and J. L. M. Swash, J. Chem. Soc., Dalton Trans., 1976,
588.

S L. Sovago. T. Kiss and A. Gergely, J. Chem. Soc., Dalton Trans., 1978,
964.

6 M. S. Nair, K. Venkatachalapathi and M. Santappa, J. Chem. Soc.,
Dalton Trans., 1982, 555.

7 R. H. Carlson and T. L. Brown, Jnorg. Chem., 1966, 5, 268.

8 S. P. Dagnall, D. N. Hague, M. E. McAdam and A. D. Moreton,
J. Chem. Soc., Dalton Trans., 1985, 2381.

223

9 S. P. Dagnall, D. N. Hague and A. D. Moreton, J. Chem. Soc., Dalton

Trans., 1986, 1499.

10 S. P. Dagnall, D. N. Hague and A. D. Moreton, J. Chem. Soc., Dalton
Trans., 1986, 1505.

11 D. N. Hague and A. D. Moreton, J. Chem. Soc., Dalton Trans., 1987,
2889.

12 S. P. Dagnall, D. N. Hague and A. D. Moreton, J. Chem. Soc., Dalton
Trans., 1987, 2897.

13 S. P. Dagnall, D. N. Hague and A. D. Moreton, J. Chem. Soc., Dalton
Trans., 1988, 1989.

14 D. N. Hague and A. D. Moreton, J. Chem. Soc., Dalton Trans., 1989,
1171,

15 S. P. Dagnall, D. N. Hague and M. E. McAdam, J. Chem. Soc.,
Perkin Trans. 2, 1984, 435.

16 S. P. Dagnall, D. N. Hague, M. E. McAdam and A. D. Moreton,
J. Chem. Soc., Faraday Trans. 1, 1985, 1483.

17 W. Horsley, H. Sternlicht and J. S. Cohen, J. Am. Chem. Soc., 1970,
92, 680.

18 M. H. Freedman, J. R. Lyerla, I. M. Chaiken and J. S. Cohen, Eur. J.
Biochem., 1973, 32, 215.

19 M. Tanokura, Biochim. Biophys. Acta, 1983, 742, 576.

20 G. C. Levy, R. L. Lichter and G. L. Nelson, Carbon-13 Nuclear
Magnetic Resonance Spectroscopy, Wiley, New York, 2nd edn., 1980,
p. 273.

21 N. C. Li, P. Tang and R. Mathur, J. Phys. Chem., 1961, 65, 1074.

22 D. D. Perrin, J. Chem. Soc., 1958, 3125.

23 A. Chakravorty and F. A. Cotton, J. Phys. Chem., 1963, 67, 2878.

24 A.C. Andrews and D. M. Zebolsky, J. Chem. Soc., 1965, 742.

25 A. R. Quirt, J. R. Lyerla, I. R. Peat, J. S. Cohen, W. F. Reynolds and
M. H. Freedman, J. Am. Chem. Soc., 1974, 96, 570.

26 L. F. Johnson and W. C. Jankowski, Carbon-13 N.M.R. Spectra,
Wiley, New York, 1972, p. 174.

27 O. W. Howarth and D. M. J. Lilley, Prog. Nucl. Magn. Reson.
Spectrosc., 1978, 12, 1.

28 H. Lakusta, C. M. Deber and B. Sarkar, Can. J. Chem., 1980, 58, 757.

29 R. E. Wasylishen and C. Tomlinson, Biochem. J., 1975, 147, 605.

30 P. M. Laughton and R. E. Robertson, in Solute--Solvent Interactions,
eds. J. F. Coetzee and C. D. Ritchie, Marcel Dekker, New York, 1969,
p. 399.

31 N. C. Liand R. A. Manning, J. Am. Chem. Soc., 1955, 77, 5225.

32 R. Leberman and B. R. Rabin, Trans. Faraday Soc., 1959. 55, 1660.

33 I. C. Smith, Dissertation, Kansas State University, 1961.

34 P. G. Daniele and G. Ostacoli, Ann. Chim. (Rome), 1977, 67, 37.

35 R. J. Pugmire and D. M. Grant, J. Am. Chem. Soc., 1971, 93, 1880.

36 R. J. Sundberg and R. B. Martin, Chem. Rev., 1974, 74, 471.

37 M. Alei, L. O. Morgan, W. E. Wageman and T. W. Whaley, J. Am.
Chem. Soc., 1980, 102, 2881.

38 R. E. London, J. Chem. Soc., Chem. Commun., 1978, 1070.

39 Forexample, G. R. Brubaker and D. W. Johnson, /rnorg. Chem., 1982,
21,2223,

40 M. M. Harding and S. J. Cole, Acta Crystallogr., 1963, 16, 643.

41 R. H. Kretsinger, F. A. Cotton and R. F. Bryan, Acta Crystallogr.,
1963, 16, 651.

42 T.J. Kistenmacher, Acta Crystallogr., Sect. B, 1972, 28, 1302.

43 A. Bondi, J. Phys. Chem., 1964, 68, 441.

44 E. V. Raju and H. B. Mathur, J. Inorg. Nucl. Chen., 1969, 31, 425.

45 P. J. Morris and R. B. Martin, J. lnorg. Nucl. Chem., 1970, 32,
2891.

46 D. Demoulin, A. Pullman and B. Sarkar, J. Am. Chem. Soc., 1977,99,
8498.

47 D. W. Christiansen and R. S. Alexander, J. Ani. Chem. Soc., 1989,
111, 6412,

48 S. Nakagawa, H. Umeyama, K. Kitaura and K. Morokuma, Chem.
Pharm. Bull., 1981, 29, 1.

49 D. W. Appleton and B. Sarkar, Proc. Natl. Acad. Sci. USA, 1974, 71,
1686.

50 R. B. Martin, Proc. Natl. Acad. Sci. US4, 1974, 71, 4346.

Received 19th August 1991; Paper 1,04308K


http://dx.doi.org/10.1039/DT9920000217

