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A. INTRODUCTION

Enzymes:are preteins which, due to their particular structures, act as very
specific biochemical catalysts. The oxidative’enzymes containing heme iron were
the first recognised examples of metal ion participation in biological systeins.
Since then a largé number of enzymatic reactions requiring a metal ion as an essential
component have been documented! ~

In this review we consider a metal-enzyme to be one in which the metal ion is
an essential participant in the catalytic process. An unequivocal demonstration of
such participation is usually extremely difficult to achieve and various types of
evidence are requued It is convenient to divide metal-enzymes into two classes:
(1) Enzymes with strongly bound metal ions. These are called metallo-enzymes®*;
(2) enzymes with dissociable metal ions. These are referred to as metal-ion-activated-
enzymes5 . Enzymes in these two classes show distinct properties. Quantitatively
the two classes may be distinguished by means of their stability constants. For
metallo-enzymesS the stability constants are > 108 M—! while for me tal-ion-activated-

* To whom correspondence should be addressed.
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enzymes they are < 108 M1, Metalloc-enzymes can be isolated with the metal
attached to the protein of the enzyme whereas the the metal ion often dissociates
during the purification of the metal-ion-activated-enzymes. This leads to a loss of
activity which is usually only regained upon the addition of metal ions of the cor-
rect size?. In general the metal ions in metallo-enzymes have unusual stereochemis-
tries which most probably contribute to their catalytic behaviour.

Each enzyme has an Enzyme Council classification, e.g. pyruvate kinase
(E.C.2.7.1.40) which indicates the substrate upon which the enzyme acts, the pro-
ducts of the enzyme-catalysed reaction and which metal ions or other co-factors
are required for the specific activity of the enzyme. To date fifteen metal cations
have been reported to activate one or more enzymes each.

Since enzymes are proteins their stability is pH and temperature dependent,
consequently these parameters have to be carefully controlled during experimental
studies. This can often be achieved much more readily in magnetic resonance ex-
periments than in those employing many other physical techniques.

This review is not intended to be fully rigorous, its main aim is to present a view
of the present state of development of the field and attempt to suggest further ex-
periments. It is hoped that the reader will approach the original literature on this
subject with added interest.

B. NUCLEAR RELAXATION RATES

In diamagnetic environments the relaxation of nuclej with 7 = § is usually con-
trolled by nuclear dipole—dipole interactions, whereas in the case of nuclei with
I> % quadrupolar relaxation is usually dominant.

The effect of a paramagnetic centre on the relaxation rates of a nucleus with

=1 depends upon the distance between the two interacting centres and the
motional freedom that they experience. Consequently changes in nuclear relaxation
rates concomitant with the introduction of a paramagnetic centre permit the esti-
mation of internuclear distances in the neighbourhood of the active site and
characterize the local molecular motion close to this site?.

Nuclear quadrupolar relaxation depends upon the interaction between the nu-
clear electric quadrupole moment and the electric field gradients within its close
proximity". The electric field gradients are very sensitive to changes in electron
distribution around the nucleus such as occur in bonding. Consequently localized
molecular motions can also be studied by means of the NMR spectra of quadrupolar
nucleid.

In addition to local geometrical and motional parameters nuclear relaxation rates
can contain information relating to the rate of substrate exchange with an enzyme
(ref. 9, 10). Consequently substrate exchange may also be studied by means of
nuclear relaxation rate measurements.
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(i) Nuclei with I =} in a paramagnetic environment

Two types of electron—nucleus interaction can influence the relaxation rates
of nuclei with / =} in a paramagnetic environment. These are contact and dipolar
interactions which, for first row transition metal ions, may be described in terms
of the isotro FIC shifts that they produce in NMR spectra by eqns. (1) and (2)
respectively
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where ay; represents the electron—nucleus hyperfine interaction expressed in gauss,

o IS the rotationally averaged electronic g value with major components 8y and 8
m the case of axial symmetry, B, is the Bohr magneton, gy and By are the cor-
responding nuclear parameters, S denotes the spin of the unpaxred electrons, r re-
presents the separation between the resonating nucleus and unpaired electrons and
0 is the angle between the vector defined by r and the principal symmetry axis of
the molecule. It has recently become apparent that more complicated expressions
than those given by eqns. (1) and (2) are necessary to explain some isotropic shifts,
however these need not concern us here

The large perturbation of a nuclear spin system produced by the presence of
unpaired electrons not only produces isotropic shifts but also changes in the
magnitudes of the nuclear longitudinal, T, and transverse, T, , relaxatdon times.
Bloembergen and Morgan 13 and Solomon1# have developed expressions to
describe T}y, and Ty, the paramagnetic contributions to T; and T, for protons
within the ﬁrst hydration sphere of a paramagnetic ion, eqns. (3) and (4),
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where w; and wg are the Larmor precession frequencies of the nuclear and elec-
tronic spins respectively, 7, is the correlation time for the dipolar interaction and
7, that for the contact interaction. Equations (3) and (4) relate to the general case
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in which it is assuraed that the g tensor is isotropic; modification is required for g
tensor anisotropy 15 The first term in each of these equations represents the di-
polar interaction between nuclei and unpaired electrons whilst the second term
represents the contact interaction. It is widely assumed that these expressxons are
also applicable to macromolecular complexes.

The correlation times for the dipolar and contact interactions are related to the
correlation times characterising the rotational motion of the separation vector be-
tween the paramagnetic centre and the nucleus being studied, 7, the electron spin
relaxation time 7 and the residence time of the observed nucleus in the first
coordination sphere of the paramagnetic centre, T;,, by eqns. (5) and (6).

1_1 + 1 + 1 ' 5)
e T Ts T

1 1 1
e (6)
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Equation (5) shows that the magnitude of 7 is determined by whichever of
T, Tg OF Tpe s the shorter. For first row transmon metal ions 7_varies from lO
to 1013 sec, for unbound aquo-ions 7_ is of the order of 107 11 sec and 7y, is
usually several orders of magnitude larger than either 7_or 7. For Fell Coll and
Nill, 7, <7_and for Cr'l Mnf and Cull 7. <7, Consequemly proton relaxation
data contam information about the molecular dynamlcs of these ions in solution
(ref. 16, 17). At high temperatures 7, <7, for metal ions; thus 7, becomes con-
trolled by 7y (ref. 18).

In the majority of reported cases of interaction between a paramagnetic centre
and a macromolecule, 7, is sufficiently large such that ws 'r > 1; consequently the
contact contribution to Ty, becomes negligibly small whxlst remaining significant
forT. M- Thus by measuring TIM as a function of the concentration of paramagnetic
centres in solution a value of 7 can be obtained from eqn. (3) by assuming that

= 0 gnd that a value for 7 is known for each proton in the macromolecule.
This technique has been applied to some complexes of Crill, Mn!l, Felll, Coll, Njll
and Cu!! with some amino acids and AMP (ref. 38).

(it} Effect of chemical exchange on relaxation rates

If the molecule containing the nucleus under observation exchanges very rapidly
between the bulk solvent and the first coordmation sphere of the paramagnetic
metal ion, then the rate of exchange, TM , can become fast compared with the
relaxation rate in the first coordination sphere, Tll\% i.e. Ty > Tpq- Under these
circumstances the paramagnetic contribution to the observed relaxauon rate, Tlp
is the weighted average of the nuclear relaxation rates when the molecule is in the
bulk solvent and when it is in the first coordination sphere of the metal. If /V is the
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number of ligand molecules in the coordination sphere of the metal ion and n is
the metal: ligand concentration ratio, then

=2r )

The conditions of fast exchange implicit in eqn. (7) apply to transition metal ions in
aqueous solution; if the metal is bound to a macromolecule they may no longer be
applicable. Since ligand molecules may reside on the metal longer than the minimum
time required for relaxation to occur, inefficient relaxation of the bulk solvent
molecules results. The paramagnetic contribution to the relaxation time becomes
correspondingly longer. The residence time, 7y, of the nucleus in the first coordmaﬂ
tion sphere is taken into account in egn. (8) (refs. 19, 20)

1 Nn 1
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where T (0) 1 is the outer sphere contribution arising from interactions between
the paramagncnc centre and all of the nuclei beyond its first coordination sphere.
For fast exchange T',,, > 7\, and eqn. (8) becomes

Nn + 1
T\ Tl(c))

1
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ifT (0)“’ is small compared with T, M then eqn. (9) reduces to eqn (7). For slow
exchange Ty > Ty and eqn. (8) becomes
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and if Tl(o)"1 is small compared with r;ll,

Tip ™

Equations similar to (7) — (11) hold for T{P! of some transition metal ions!?.

As can be seen from eqn. (8) the observed value of 7, depends upon N, n, Ty, Ty
and possibly T';(0). Equation (3) shows that T, is a function of r and 7 which
could be dominated by 7,, 7, or T,. Hence in order to interpret experimental
values of T, we require independent estimates of limits of the range of values
taken by N, r, 7, 7_ and Ty (ref. 9). To obtain these it is often necessary to con-
sider the relaxation rates as a function of temperature and frequency.

If the temperature coefficient of Ti‘?l is negative it is unlikely that chemical ex-
change is the rate-limiting process since the rates of chemical reactions have positive
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temperature coefficients. Consequently for fast exchange Tipis thus controlled

by T}y as shown by eqn. (7), where T, can be determined by either 7_or 7. The
value of 7_ usually decreases with increasing temperature whilst 7_ may enhcr be
increased or decreased in magnitude 28,

If the temperature coefficient of T; P is positive then further data are required
in order to distinguish between three possﬂ:de situations: (a) fast exchange is taking
place as described by eqn. (7) and T}, is controlled by 7, which has a positive tem-
perature coefficient. This may be verified by obtaining an estimate of the lower
limit of 7, from EPR data if available. If 7 is found to be shorter than the lower
limit of 1' then situation (a) does not occur. However, if 7 is unobtainable from
mdependent data or if 7 <7, then the situation is less clear since (b), the chemical
exchange rate could be sufficiently slow for T]p to be dominated by TMI as in-
dicated by eqn. (8). Measurement of T, could clanfy this situation, since if T'p is
exchange limited T, must also be exchange limited™. Frequency dependence
measurements of T3 may be used to distinguish between situations (a) and (b),
if no frequency dependence 1s observed then (b) is the relevant situation. Finally,
©@ifr. > 10"' sec then co L 2> 1 and the dipolar term in eqn. (3) becomes a
function of T, ! Thusan mcrcase in temperature will lead to smaller values of 7,
and a posmve temperature coefficient T'p 1 This situation can be distinguished from
(b) by frequency dependence studies.

Experimentally, re!axatxon times may be obtained from either continuous wave
or pulsed NMR techmques . Both have been used to provide estimates of N and r
for metal-enzyme systems”. The type of interpretational problem that can arise is
illustrated in Fig. 1 for solutions of £. coli ribosomal RNA containing Mn!! jons3?.

It is considered that the chemical exchange rate is fast over the entire temperature
range consxdeted and that 7_ is the dominant correlation time at the lower end of
this xange Consequently, the data presented in Fig. 1 can be accounted for on
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Fig 1.A plot of MT; against reciprocal temperature for solutions of E. coli ribosomal RNA
containing Mn Il jons at 20 MHz (ref. 39).

* We are very grateful to a referee for bringing this point to our attention.
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the basis of rapid chemical exchange provided that 7_ for Mn" has a positive tem-
perature coefficient. However, there are conflicting views on this point in the
literature 13+40, Variable-temperature EPR data could decide the sn of the tem-
perature coefficient of 7, and consequently whether the reported interpretation
of the NMR data is cortect

{iii) Relaxation rate enhancement in paramagnetic systems

The effect of Crm, Mn!! and Cu" on the relaxation rate of water protons is in-
creased in the presence of nucleic acids?!. The major contribution to 7 arises
from 7_in the aquo-complexes of these metal ions. Upon binding to a macro-
molecule 7. shows a significant increase, consequently the nuclear spin relaxation
becomes more efficient and the proton relaxation rate (PRR) is enhanced..

The presence of nuclelc acids has little effect on the PRR of the aquo-complexes
of Fell, Co'! and Ni¥! since the dominant contribution to 7 . for these jons arises
from 7_ which most probably does not undergo great changes upon binding to
macromolecules A large PRR enhancement is to be expected for metal ions with
TS 10~ 1 sec, organic free radicals may also be sunable 22 However, free radicals
may provide structural changes of unknown magnitude 2

The dominant correlation time for a system showing PRR enhancement could
be 7, 7, or possibly 7. In both binary, enzyme-metal, and ternary, enzyme—metal
substrate, complexes of Mal! 7. > 7 thus 7 is the dominant correlation time m
these systems 24,25 Much of the early work on PRR enhancement due to Mnl!
bound to macromolecules has been interpreted® ~ 1! on the assumption that
T, > 1., this work requires reappraisal?S.

The enhancement factor, €, for the longitudinal relaxation time is defined 21

€ = = 1)

where T, is the contribution of the paramagnetic ion to the observed relaxation
time T, (obs) and T, is the relaxation time in the absence of a paramagnetic ion.
The asterisk indicates data obtained in the presence of a macromolecule. A sumlat
enhancement factor, ¢, has been defined for the transverse relaxation time 2

The observed enhancement factor €, is a weighted average of the enhancement
due to paramagnetic ions bound to macromolecules, €,,,, and that arising from
free paramagnetic ions in solution, €,,. In the absence of macromolecules the value
of €, is unity from eqn. (12). However, since the structure of bulk water can be
modified close to macromolecules, T; and T1 * are not necessarily equal, hence
€,¢ may differ slightly from unity. By measuring €, for a series of macromolecule
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concentrations, M, in the presence of a constant total concentration of paramag-
netic centres it is possible to obtain €, from a plot of (e1 -n-t against M ey
assuming g, to be unity. At infinite macromolecule concentration, all of the para-
magnetic centres are bound to the macromolecule and €, tends toe; asM -1
tends to zero. Some of the applications of €,, measurements to the determination
of metal-enzyme parameters are discussed in Section C.

(iv) Nuclei with 1> L in a diamagnetic environment

Nuclear relaxation measurements of atoms with quadrupolar nuclei provide a
sensitive indication of weak molecular interactions. This technique has been used
to study metal-enzyme systems by means of the following quadrupolar nuclei,
35¢1, 7Br, 8!Br and 39K with =3, Mg with /=5 and **Ca with 7= 1.

_ Usually a solution of protein in an aqueous sodium halide solution is titrated
with a solution containing metal jons which bind to specific protein sites and sub-
sequently with halide ions from the solution. In the majority of halide ion probe
studies on proteins the number and availability of metal ion binding sites have
been determined from continuous wave 3> Cl NMR line width measurements.

Abragam 28 has described an extreme narrowing approximation which occurs
when

1

where 7 is the correlation time for molecular Brownian motion and w, is the nu-
clear Larmor frequency. Equation (13) is frequently satisfied by quadrupolar
nuclei??. Under these conditions the influence of the quadrupolar moment on the
nuclear relaxation times is given by 30

L=L=L=M(z@)2(ﬁ)z (4
To Ty Ty 4012q-n\# dz2 ’ )

where @ is the nuclear quadrupole moment and d%v/dz? is the maximum electric
field gradient at the nucleus. When eq. (14) is obeyed the quadrupolar relaxation
time, T, is felatéd to the observed NMR line width at half-height, A, for a
Lorentzian line’ by

.
A= %—7—,(—2 (15)
From eqns. (.14) and (15) it follows that

A= 3(21+3) (equ )2 , (16)
1)

40nI2(20 — K
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where eq, the electnc field gradient at the nucleus, is assumed to have cylindrical
symmetry. For the 35Cl nucleus, eqn. (16) be(:omes30

9 2
A= (‘"———‘?;Q) r (17)
In aqueous solutions the 35CINMR signal is usually fairly narrow, 12.5 £ 1Hz, due
to the symmetrical environment within its hydration shelt3! . If the rate of ex-
change of chlonde ions between various sites is rapid, compared with the width of
the broadest 33Cl signal from any of these sites, then a composite 35C1 NMR

signal is given by a weighted average 32

A=Z AP, (18)
i
where A, is the linewidth correponding to site i and P, is the probability of the
35C1 nucleus being at this site.
In order to compare the effect of metal ions in various environments on the
351 relaxation rate, a quadrupolar enhancement parameter €q is defined by 33
- A% - A%0)
€= A a0 (19)

where A and A(o) are the line widths in the presence and absence respectively of
the metal ions, the asterisk indicates the presence of a chelating ageni. For chloride
jons bound to macromolecules the line width is often greater by a factor of 105 than it
is for chloride ions in aqueous solution due to enhanced values of eq and 7. Hence
relatively low concentrations of metal-enzymes produce measurable line broademng.
This techmque has been applied to 35C1 NMR studies in the presence of Zalt, call,
He'l, Mo, Cul, Po™ and TI' (refs. 32—38).

C. APPLICATIONS OF NUCLEAR MAGNETIC RELAXATION DATA FROM METAL-
ENZYME SYSTEMS

Metal ions of similar size are able to reqlace each other in enzymes, usually
without loss of activity, Consequently Mg which is the natural activator for
many enzymes, can be replaced by Mnll whlch produces a PRR enhancement.
Similarly for the peptidases, Mn", co'l, Ni! and Zn'! are often interchangeable.
The resulting enhancement factors can provide information on metal-enzyme as-
sociation constants, the appropriate binding sites and the mechanisms of metal-
enzyme catalysis. In some cases quadrupolar enhancement parameters also provide
relevant data.
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{i) Determination of association constants

If a hydrated metal ion binds to a macromolecule the resulting value of €, for
the water protons, depends upon the mole fraction of the metal jon in the bound
state. Therefore graphical treatment of the titration data obtained from solutions
containing suitable concentrations of appropriate metal ions and enzymes provides
estimates of binary association constants and the number of binding sites per macro-
molecule?. 7

A number of ternary complexes of the type enzyme~Mnl —substrate (EMS)
have been investigated. Association constants for the binding of EM with S and of
E with MS have been reported following both graphical and computer analysis of

the experimental data”. In the case of adenylate kinase—Mn"—-ATP s c:igmﬁcanﬂy

different results have been obtained from these two forms of analysis 1,42 The
iterative solutions of the equations describing the system are supported by other
data, thus a reinvestigation of the earlier results obtained by graphical extrapola-
tion methods is called for.

(ii) Qualitarive identification of binding sites

By comparing the PRR enhancement of water protons in the presence of the
binary complexes MS, ¢, ., and ME, €,,, with the enhancement of the ternary com-
plex EMS, €, . Mildvan and Cohn have classified 26 metal-enzymes according to
three coordmanon schemes® . Type 1 enzymes produce little or no enhancement of
the PRR in binary complexes of Mn!l; however, when a substrate is added a large
enhancement is observed and therefore €,, < ¢ ,. This is consistent with the
formation of a substrate bridged complex E—S—M, in which the substrate is re-
sponsible for bringing the hydrated Mn!! ion into the environment of the macro-
molecule The relatively small values of €, and €, indicate weak binding between
Mn and either the enzyme or the substrate in binary complexes. Hence type I
enzymes are usually taken to be metal-ion-activated.

Both type II and type 11 enzymes produce significant enhancements of the
PRR i m hydrated complexes of Mn!l. Addition of a substrate to a type Il enzyme
- Mn complex reduces the enhancement, this differs from a type 111 enzyme —
Mnl complex where the addition of a substrate does not significantly influence
the PRR enhancement? . In comparison with type I enzymes, type II behaviour
indicates an increase in metallo-enzyme character. This is consistent with the
presence of a bridged structure for the ternary complex which could be either
linear, E-M--S, or cyclic E\S‘ .

Type 11l enzymes probabl)fgi form a ternary complex of the type M—E—S in
which the metal is not involved in any bonding changes which may occur when
the substrate is added. Since the tabulation of Mildvan and Cohn was pubhshed
other metal-enzymes have been classified according to their coordination schemes.
Aconitase?3-45, DNA polymerase“, yeast aldolase?8 and fructose 1,6-diphos-
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phatase49 are reported to be type 1l enzymes.

3C relaxation rate studies on the quaternary complex pyruvate Kinase
— Mn!! — phosphate — pyruvate show that the Mn!! jon is approxnmately the
same distance from the carboxyl and carbonyl carbon atoms of pyruvatet? The
estimated distances, 0.71 — 0.85 nm, are consistent with the presence of pyruvate
in the second coordination sphere of Mn'l.

Proton NMR data are consistent with carbonyl and phosphoryl coordination
in the type II temar}r complexes yeast aldolase — Mn!! — acetal phosphate and
yeast aldolase — Mn" — fructose dlphosphate48 31 P NMR measurements on the
ternary complex fructose l 6 diphosphatase — Mn!! — fructose - 1 - phosphate and
13C data on the binary Mn!! — fructose - 1 - phosphate have led to the proposed
Mn" environment shown in Fig. 2, (ref. 49).

(ifi) Determination of some structural parameters

As indicated by eqn. (3), (4) and (7) — (11), geometrical information concerning
metal-enzyme systems may be obtained from nuclear relaxation rate measurements
By assuming that 7_ is dominated by 7_for small rigid complexes of Mnl and
that7, =3 X 107" sec, the dlpolar term in eqn. (3) provides an estimate of metal-
ligand nucleus separation -0 1n this manner, distance values have been re gorted
which are comparable to those obtained by X-ray diffraction techniques?

However, when the relaxation rate of the coordinated ligand is too rapid or when it is
not possible to obtain a high concentration of the complex in solution, as occurs with
many complexes involving macromolecules, then eqn. (8) has to be considered. In gen-

eral, the calculated distances are not obtained with such accuracy as they are for small
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Fig. 2. Some dxstances between MnH and 3P and '3C nucleiin a fructose-1-phosphate com-
plex with Mn!!, obtained from NMR data. For clarity, protons are omitted*?. (A) The 1-C g-
fructopyranose complex; (B) the twist S-fructofuranose complex.
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rigid molecules. Errors of £ 30% are present in some distance values>47:49,50
These are generally due to uncertainty in the value of 7_. If 7_ is evaluated in-
dependently from a frequency-dependent study of T',p, errors of less than 5% may
be found®7.

An alternative approach is to employ a metal ion which is less effective than
Mn!! in producing nuclear relaxation. This technique has been used in the case of
carbonic anhydrase where the natural activator, Znl! , is replaced by Co'l. The
Coll proton separation in the binary complex is reported to be 0.25 — 0.29 nm
(ref. 51).

By means of eqn. (7)—(11) it is possible to estiiate the number of water mole-
cules, M, in the first coordination sphere of a metal ion in a binary or ternary com-
plex with a macromolecule from relaxation studies. A necessary prerequisite is the
availability of acceptable values for 7_ and the metal-nuclear separation, r. A
value of 7_ has been obtained for the protons of water molecules coordinated to
Mn*! from frequency-dependent relaxation data??. By taking this together with
r=0.29 nm a value of 3 has been estimated?* for N for the binary complex formed
between pyruvate kinase and hydrated Mn'!. In a similar investigation on the
quaternary complex, creatine kinase—Mn!! — ADP-—creatine, when r is taken to be
0.286nm NV is found to be less than one half?3. Frequency and temperature de-
pendent measurements of T',,, show that this low value of NV cannot be attributed
to slow exchange. It seems likely that outer sphere relaxation, described in eqns.
(8)—(10), plays an important role in this system. However, since the metal—proton
separation for protons residing beyond the first coordination sphere can only be
crudely estimated, it is not at present possible to decide how important outer
sphere contributions to the relaxation data are?3,

(iv) Some studies of the role of metal-enzymes in biochemical reactions

Information relating to the electronic and geomeiric structures of the active
sites of an enzyme as well as the chemical processes involved in the catalytic reac-
tion may be obtained from NMR data. We consider here the results of some para-
magnetic and quadrupolar probe studies for a number of metal-enzymes treated
under six classifications.

1. Transferases

These enzymes catalyse the transfer of a functional group, e.g. carbonyl, amino,
between molecules. Included amongst them are a group of phosphotransferases,
the kinases, most of which em;ﬂoy Mg“ as an essential activator. Creatine kinase and
pyruvate kinase have been studied extensively, the results obtained show that there
is no general mechanism for the action of enzymes in this group.
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Creatine kinase (E.C.2.7.3.2) catalyses the reaction
ATP + creatine = ADP + phospho-creatine

and has a dimeric structure with one essential thiol group per subunit®2”3, The results
of paramagnetic probe NMR studies on the mteractlon of creatine kinase and vari-
ous substrates have been comprehensively reviewed?-10 . Recently a nitroxide
radical, N-(1-oxyl-2,2, 5, 5-tetramethyl-3- pyrrolxdmyl) iodoacetamide has been
used in a study on the active site of creatine kinasse >?. The modified enzyme lacks
phosphotransferase and ATPase activities but retains the ability to bind nucleotide
substrates. The PRR enhancement for water in ternary complexes enzyme— Mn'l—-
nucleotide are found to be 13 % 2 for the ADP complex and 11 % 2 for the ATP
complex. These enhancements are lower by 38% and 15% respectively than those
for the unmodified enzyme. From EPR data the dipolar interaction between Mn!!
and the nitroxide radical corresponds to a separation of 0.75 £ 0.15 nm for the
ADP complex and 1.16 * 0.06 nm for the ATP complex55 This suggests different
conformatmns for the two complexes analogous to that reported for the corre-
sponding Mg!! complexes®.

NMR and EPR experiments have shown that the addition of creatme kinase to
solutions of creatine kinase—Mn'!—ADP and creatine kinase—Mn'!—ATP produces
a rearrangement at the active site which results in a less symmetrical environment
for the Mn!! jon37. The addition of nitrate or chloride ions produces further
changes in the EPR spectrum and in the PRR of water in the complex c¢reatine
kinase—Mn!l ~ADP-creatine>’. These observations have been accounted for by the
binding of creatine with Mn!! whilst the anions are assumed to bind at the vacant
phosphoryi site in the quaternary complex.

Modification of the thiol groups of the enzyme reduces its ability to undergo
confonnatmnai changes when creatine is added to the ternary complex creatine
kinase—Mnll—ADP. This loss of conformational adaptability of the enzyme appears
to be related to the inability of the modified enzyme to catalyse the phosphoryl
transfer reaction6.

Pyruvate kinase (E.C.2.7.1.40) requires both Mg" and K! as natural activators.
It catalyses the reaction

ATP + pyruvate = ADP + phosphoenol pyruvate

Pyruvate kinasg is reported to show type II behaviour towards all substrates so far
studied?.

Rabbit muscle pyruvate kinase consists of four sub-units of the same molecular
weight. It has four binding sites for Mn!! (refs. 10, 61). The addition of urea is re~
ported to transform the tetramer into an active dimer whilst the number of Mn'!
binding sites remains unchanged ®}.

The presence of four bound Zn!! jons per mole of enzyme has been established
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Fig. 3. Comparison of a composite model of the ternary analogue complexes of pyruvate kinase
(upper figure) with the ternary complex formed with P-enolpyruvate (lower figure) 59,

by 35C1 NMR data’8. The role of the K! ion is uncertain; it could be important in
determining the proper conformation of the binary and ternary complexes or it may
be directly involved in the binding of the carbonyl group of phosphoenolpyruvate
to the enzyme 60,

NMR relaxanoq studies on the interactions between muscle pyruvate kinase and
three competitive analogs of phosphoenolpyruvate reveal that the unmoblhzauon
of the bound analogs increases as the reaction centre is approached>?. This immo-
bilization of bound substrates at the reaction centre could allow orientational effects
to be operative in enzyme catalysis3?. A composxte model of the ternary analog
complexes has been derived from NMR data®®. This is given in Flg 3 where it is
compared with the ternary complex formed with P-enolpyruvate . A corresponding
model of the phosphoenolpyruvate analogs at the active site of pyruvate kinase in-
cluding the nuclear ccrrelation times is presented in Fig. 4 (ref. 59} 3C nuclear
relaxation studies of the quaternary complex pyruvate kinase—Mn —phosphate-— i
pyruvate mdxcate that enzyme bound pyruvate is onented differently with respect
to the Mn!! jon than it is in the Mn' — —pyruvate complex . A possible mechamsm
for the enolization reaction of pyruvate kinase which is consistent with ! 3Cand
31p NMR data, is shown in Fig. 5.

Rhodanese (E.C.2.8.1.1.) catalyses the reaction

thiosulphate + cyanide < sulphite + thiocyanate

T 17x10%s ec

wv’
2 sSx10 " sect I
-rcmaxvo" sect
:6.6x10" sec
Fig. 4. A composite model of the phosphoenolpyruvate analogues at the active site of pyruvate
kinase including the correlation times>?®

s HaQ
]
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Fig. 5. Mechanism of the cnolization of pyruvate kinase consistent with 13C and 3'P NMR data®’?

35C1 NMR data has been regorted for beef liver rhodanese??. Although the enzyme
binds one equivalent of Zn" it can also be prepared zinc-free in which case xt retains
its activity. The activity 1s found not to be enhanced by the addition of Zn" jons?0.
It is thus unlikely that Znl! takes part in the enzyme-catalysed cleavage of the sul-
phur—sulphur bond of the substrate. Obviously the function of the strongly bound

zinc atom in this enzyme requires further investigation.
2. Lyases

These enzymes catalyse reactions in which a complete group of atoms is re-
moved from a molecule, e.g. decarboxylation, deamination. Early NMR work on
enolase, histidine deaminase and citrate lyase has recently been reviewed ?

Aldolase (E.C.4.1.2.6.) catalyses the reaction

dihydroxyacetone phosphate + g]yceraldchyde 3 phosphate < fructose diphosphate

Yeast aldolase contams Zn! which can be removed to give an apoenzyme which is
reactivated by Mnl! Co" or Znl! (ref. 9). PRR enhancement, EPR and kmetlc data
on the apoenzyme have revealed two catalytlcally active sites which bind Mn"
tightly as well as some weaker binding sites*8, From PRR enhancement measure-
ments it has been reported that enzyme-bound Mn!! coordinates with acetal phos.
phate d:hydroxyacetone phosphate, dihydroxyacetone phosphate hydrate and
fructose dlphosph:«xte4 Some probable structures and mechanisms for yeast
aldolase--substrate complexes based upon these observations are given in Fig. 6.
The high dissociation constant for the bmary Mnll —fructose diphosphate com-
plex suggests independent binding of Mn'! to the phosphoryl groups. As indicated
in Fig. 6, carbonyl group coordination to the enzyme-bound Mn'! ion reveals that
the metal ion plays the role of electrophile %2

Aconitase (E.C.4.2,1.3.) catalyses the dehydration of citric and isocitric acids
to form cis-aconitic acid,-the reverse reactions and the interconversion of citric and
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Fig. 6. Some [probable structures and mechanisms of yeast aldolase — substrate complexes
(A) The Mn! bridge complex of acetol phosphate with yeast aldolase; (B) the Mn!! bridge com-
plex of dihydroxyacetone phosphate with yeast aldolase.

isocitric acxds Its activity depends upon the presence of Fell.

The Fe'! free-enzyme has an EPR spectrum which has been attributed to the
presence of high-spin Felll (ref. 43). This spectrum is unchanged when either Fe
or citrate jons are added implying a structural rather than a catalytic role for Fe!l
Although aconitase specifically requires Fe!! for its activity it also binds with
Mn!! but this does not activate it. There are reported to be two tight binding sites
for Mn!! together with five to seven weaker ones in acomtase“

Relaxation time measurements have demonstrated that Mnl! induces type Il De-
haviour i m aconitase suggesting the formation of ternary metal brldged complexes45
The Mn"! -to-proton separation in the ternary complex aconitase— Mn!!—citrate is
reported from NMR data to be 0.4 % 0.05 nm and the Feu—to-proton distances in
the aconitase—Fell-monodeuterocitrate complex to be 0.38 £ 0.02 nm (—CH,~-)
and 0 31 + 0.02 nm (—CHD-) which are in good agreement with X-ray diffraction
data®3. A contact mteracuon is found in the proton spectrum of citrate ions when
enzyme-bound Fe!l is present This is consistent with direct coordination between
citrate and the bound Fe!! jons.

Three possible mechanisms for the action of aconitase in the conversion of
citrate to isocitrate, which are consistent with the NMR data, are presented in
Fig. 7 (ref. 45). Following the elimination of water to form the cis-aconitate com-
plex (B) the substrate may change from a citrate-like to an isocitrate-like conforma-
tion by routes I, ILor III. Route I comprises the ferrous wheel mechanism63,
route II the reverse ferrous wheel mechanism and route 111 the Bailar twist mech-
anism 2. Finally water is added to form isocitrate.

Soft m bonding ligands such as sulphur, coordinate to Fell and undergo the
Bailar twist mechamam which is associated with a rapid change from high-spin to
low-spin Fe!! (refs. 12, 64, 65). The fact that Fe“ is a unique activator for aconitase
together with the formation of 42% low-spin Fell upon combination between the
enzyme and Fell (ref. 44) and the requirement of a reducing agent as a co-factor
which could produce a sulphur donating centre on the enzyme favours route I11.
However, none of the routes described in Fig. 7 can be ignored at present45

Carbonic anhydrase (E.C.4.2.1.1.) catalyses the hydration of carbon dioxide
at high pH. It contains one firmly bound zinc atom per molecule which is neces-
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Fig. 7. Three alternative mechanisms for the conversion of citrate to isocitrate by aconitase
which are consistent with NMR data 5.

sary for its activity. Variation in the 35C1 NMR line width during titration demon-
strates the presence of one coordination site which is available for chloride or
cyanide binding, but which can be inhibited by acetazolamide 33,

Bovine carbonic anhydrase is found to be a thousand times more effective than
hydrated Za' ions in broadening the 35¢ signal whereas the zinc-free apoenzyme
is twenty five times less effective 33,67 These observations have been interpreted
in favour of a chloride ion exchange process and a molecular rotational interaction
with correlation times of ~ 10~ 8 sec for carbonic anhydrase and = 10~ gec for
hydrated Zn! jons33:67,

PRR enhancement data have been obtained by replacing Zall by Col! (ref. 51).
The Co—proton separation is estimated to be between 0.25 and 0.29 nm by as-

suming that the correlation time for the Co!! enzyme binary complex is = 107!
sec and that only one water molecule is present in the first Col!! coordination

sphf:re5 1 However, if the Co'! ion has only one bound water molecule then it is
most probably four coordinate, the electronic spectrum does not provide unam-
biguous information on this point71 72 Some ligand binding studies have been
recently reported66 on carbonic anhydrase with encouraging results.

3. Lygases

These comprise a small group of less than fifty known enzymes which catalyse
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condensation reactions. Over half of the lygases require Mg" as the natural activator
and are thus amenable to paramagnetic probe studies using Mn!!.

Pyruvate carboxylase (E.C.6.4.1.1.) from chicken liver was the first naturally
accurring Mnl! metalloezyme to be discovered. Consequently it has been the focus
of much research activityg*“. Pyruvate carboxylase catalyses transcarboxylation
reactions. When purified from calf liver it is found to contain both Mg!! and Mn"
bound in a combined stoichiometry equivalent to the biotin content of the enzyme
which implies a different structure to that found in the enzyme obtained from
chicken liver. However, it is possible to substitute Mg" for Mn'! with retention of
catalytic activity in the pyruvate carboxylase purified from chicken liver. Further
studies are required in order to differentiate between a number of possible models
which have been proposed to describe the mechanism of this enzyme 7-47,68.69

4. Oxidoreductases

As implied by the title, these enzymes catalyse oxidation—reduction reactions.
The results of NMR studies on cytochrome C, some nonheme-iron proteins and
some copper enzymes belonging to this category have been recently reviewed 12,

Liver alcohol dehydrogenase (E.C.1.1.1.1.). The role of zinc in the binding of
the co-enzyme NADH and in maintaining the structural integrity of horse liver
alcohol dehydrogenase (LADH) has been the subject of numerous investigations®:79.
LADH consists of two sub-units each containing two zinc atoms, it is rendered in-
active if zinc is either removed or chelated 73.

The presence of LADH in sodium chloride solutions produces an increase in
the width of the 3°C1 NMR signal which increases with protein concentration 74,75
A similar study involving 818 NMR has not revealed any line broadening in the
presence of LADH 76 However, the addition of NADH to a solution containing
LADH in aqueous sodium chloride produces a decrease in the 35C1 NMR signal
width as demonstrated in Fig. 8. The differences in the titration curves could arise
from a heat denaturation step employed in the preparation of the enzyme’’,
Lindman et al.”> report the NADH : LADH stoichiometry ratio to be 1 : 1 at the
end point of the titration, whereas Ward et al.’? report a ratio of 2 : 1 from spec-
trophotometric data taken under identical conditions to those used in the 3¢
NMR experiments 8. From the data available it is not possible to imply that NADH
binds to zinc in LADH but merely that the presence of NADH prevents the zinc—
chloride interaction from taking place in aqueous sodium chloride solutions. Since
the 33Cl line broadening produced bgr LADH could arise from specific zall —35¢)
interactions, non-specific protein — S Cl interactions or possibly from viscosity ef-
fects33-%7 the role of zinc in LADH remains undecided.

Other dehydrogenases which should be amenable to study by means of the para-
magnetic jon probe technique include the Mr! activated enzymes, malic enzyme
{E.C.1.1.1.40) and isocitraie dehydrogenase (E.C.1.1.1.41).

Xanthine oxidase (E.C.1.2.3.2.). Although molybdenum metallo-flavoproteins
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Fig. 8. Plots of 35CI NMR line width against the molar ratio of NADH to LADH (refs. 74
(bottom), 75 (top)).

are not readily amenable to paramagnetic probe studies, due to long electronic
relaxation times, they may be investigated by EPR. With the exception of milk
xanthine oxidase, molybdenum enzymes have not been frequently investigated by
magnetic resonance techniques. It appears that the molybdenum ion plays a direct
role in the redox catalysis. In both xanthine oxidase and aldehyde oxidase
(E.C.1.2.3.1.) the metal is involved in the interaction of the enzymes with reducing
substrates, while in nitrate reductase (E.C.1.6.6.3.) it apparently interacts with the
oxidising substrate 70_

5. Hydrolases

These enzymes catalyse hydrolysis reactions.

Carboxypeptidase A (E.C.3.4.2.1.) is a zinc metallo-enzyme. The results of para-
magnetic probe studies on this enzyme have been recently reviewed?. It contains
two half-cystine residues whose function in the native enzyme has been the sub-
ject of much discussion8!. Protein thiol groups have been investigated by 3¢l
NMR probe studies3!»34 and recently this technique has been used to assay car-
bo)lc]ypeptidase A for active thiol groups by titration with HgCl, (ref. 86). Although
Hg™ does bind to the enzyme it is not removed by dialysis indicating that the bind-
ing is unlikely to be through a sulphur atom %6, This implies the absence of free
thiot groups and lends support to the proposal of a disulphide bond linking the two
half cystine residues®’.
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19 NMR data have been reported for solutions containing fluoride jons and
carboxypeptidase A in which Zn'! has been replaced by Mn! (ref. 88). An increase
in the I9F relaxation rate implies binding between fluoride ions and Mn! which is
inhibited by S-phenylpropionate 88 From a consideration of the PRR enhancement
studies on the Mn!! substituted enzyme 9 and X-ray diffraction data®7 on the
pative enzyme it has been reported that in both cases the number of metal-to-ligand
bonds is five or more

Alkaline phosphatase (E.C.3.1.3.1.) catalyses the hydrolysis of orthophosphoric
monoesters. It is a zinc metallo-enzyme considered to contain four zinc atoms per
mole of proteingo The role of the zinc atoms has been studied by various authors
(ref. 81, 82). Recently 1t has been demonstrated that the zine-free apoenzyme is un-
able to bind phos;:hate which suggests that zinc plays an important part in the phos-
phate binding of the native enzyme.

35C1 NMR linewidth data have been used in the investigation of the zinc—alkaline
phosphatase interaction by two research groups with apparently conflicting results
(refs. 34, 85). The differences are most probably due to the different enzyme pre-
parations used and thexr residual zinc content. The titration curve of apo-alkaline
phosphatase with Zn!! obtained from 3°CI NMR data, together thh changes in
specific ac tmty84 is shown in Fig. 9. The dramatic increase in 35C1 NMR linewidth
when the Znll : : protein ratio increases beyond four is in agxeement with the pre-
sence of four zinc atoms per mole of protein in the en:zyme8 However, it 1s note-
worthy that the maximum specific activity of the enzyme occurs before the 35¢1
linewidth increases. This could be accounted for either by the protein providing all
of the donating centres to satisfy the coordination of Zall or by the observed NMR
line not being a composite 3¢ signal due to the slow exchange of chlorlde 1ons be-
tween the bulk solution and a coordinated position on the metallo»enzyme . If the

)
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1 1 1 1 L 1 1
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Fig. 9. Data obtained from the titration of apo-alkaline phosphatase with Zn jons®
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former is correct then the primary function of zinc in alkaline phosphatase appears
to be to hold the protein in the active conformation rather than in promoting the
formation of a bridged enzyme—metal—substrate complex. However, the possibility
remains that the substrate could displace one or more metal-enzyme linkages to
form such a complex84. PRR enhancement data on binary and ternary Mn!! alkaline
phosphatase complexes could provide valuable information on this matter. Studies
on the rate of chloride exchange with the metallo-enzyme would also help to
clarify the function of zinc in alkaline phosphatase.

There are a number of metallo-enzymes in this class which are candxdates for
future NMR investigations using paramagnetic probes, these include the Cal!
activated enzymes lipase (E.C.3.4.4. 13? and myosm (ATPase) (E.C.3.6.1.3). Some
further hydrolases are activated by Mg CoII and Zn'l.

6. Isomerases

The members of this small group of enzymes catalyse isomerisation reactions.
D-xylase isomerase is a Mg activated enzyme which catalyses the interconversion
of D-xylose and D—xylulose the results of NMR studies on this enzyme have recent-
ly been reviewed?. Some other Mg -activated enzymes in this class which could
lend themselves to paramagnetic probe studies using Mn I include arabinose isomerase
{E.C.5.3.1.3.) and isopentyl pyrophosphate isomerase (E.C.5.3.3.2.).

D. CONCLUDING REMARKS

It has been our aim in this review to report on magnetic resonance data from
metal-enzyme systems which have extended or revised opinions and conclusions
reached earlier?-19-30_ The results obtained from PRR enhancement and EPR data
are largely complementary. PRR enhancement experiments are best suited to the
determination of equilibrium data for ternary and quaternary complexes, while
some structural information may be obtained if sufficient knowledge of the system
is available. On the other hand EPR measurements using spin labels can be more in-
cisive in distinguishing subtle structural and dynamic perturbations in the immediate
environment of the metal ion activators.

Until recently little progress has been reported in the utilisation of alkaline or
alkaline earth metal cations as NMR probes. The mcreasmgly widespread utilisation
of pulse and Fourier transform NMR techniques?’ will doubtless lead to studles on
these and other quadrupolar nuclei in biochemically interesting systems Bryant
and his co-workers have reported the results of some initial investigations on? Mg,
39K and #3Ca NMR in biochemical systems9

The addition of pyruvate'kinase to a 2 M solution of potassium chloride results
in an approximate doubling of the 39K NMR line width. Control experiments with
bovine serum albumin signify that direct binding occurs between potassium and
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pyruvate kmase. The results of a 295T1 NMR mvesngatxon9 indicate that Mn! and
T occupy positions in close proximity to one another on the enzyme. Obvxously .
further information of this nature would be of great interest.

Of the non-metallic quadrupolar nuclei so far used as probes in enzyme systems,
35Cl has proved to be the most fruitful. It is particularly useful in investigating the
number and strength of metal ion binding sites in zinc-enzymes and as a reporter in
the study of conformational changes occurring during the formation of binary and
ternary complexes

Recently the 79Br and 8!Br nuclei have been used as NMR grobes of protein
conformation using pulsed NMR with promising results®® and 7?Br relaxatlon mea-
surements have been used to study the mteractlon of DNA with the Zn'! metallo-
enzyme DNA polymerase 100 170 and 23Na are other quadrupolar nuclei of bio-
‘chemical interest97—99_ It is to be hoped that further advances in NMR instrumenta-
tion will permit the omni resent **N nucleus to be studied in macromolecular sys-
tems in the near future 194,
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