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Complexation between 3-Methylorotic (3-Methyluracil-6-carboxylic)
Acid Dianion and Divalent Metal Cations. The Slow Acid Dissociation of
Transition Metal Complexes and its Possible Relevance to Orotic Acid
Phosphoribosylation

By Denis Lalart, Jean Guillerez, Guy Dodin, and Jacques-Emile Dubois," Institut de Topologie et de
Dynamique des Systémes de I'Université Paris VII, associé au C.N.R.S., 1 rue Guy de la Brosse, 75005 Paris,
France

3-Methylorotic (3-methyluracil-6-carboxylic) acid dianion gives 1 : 1 complexes with divalent metal ions. Their
stability constants were determined by u.v. spectroscopy for Ca2*, Mg?+t, Co?+, Ni%*, and Cu?t. The kinetics of
formation of these complexes was investigated by T-jump relaxation in the alkaline pHrange. Therate constants thus
determined for complexation by Ca?+, Mg2*, Co2*, and Cu?* show that it fits the Eigen mechanism. Complex
dissociation was studied by the stopped-flow technique in the acidic pH range. Surprisingly, the observed first-
order rate constants for transition metal ions (Co2*, Ni2+, and Cu?+) are found to be dependent on the final acidity.
These results indicate a mechanism involving the slow protonation of these complexes (kx+ < 104l mol-1s-1). A
possible explanation of the inhibiting properties of transition-metal ions in the enzyme-catalysed syntheses of
6-carboxyuridine 5’-monophosphate is inferred.

In basic aqueous solutions, orotic (uracil-6-carboxylic)
acid dianion is a mixture of two isomeric forms, N(3)H
and N(1)H. Specific complexation occurs between the
N(3)H isomer and divalent metal ions. A previous T-
jump study ! showed that complexation occurs much
more quickly with Ca?* than with Mg?* (ky,. 5.5 X 10°
1 mol™? s1). These prior results provide some insight
into the role played by metal ions in the phosphoribosyl-
ation of orotic acid (the fifth step in the de novo bio-
synthesis of pyrimidines). Indeed, phosphoribosylation
involves the specific attachment of a phosphoribosyl
group to the N(1) atom of orotic acid, in the presence of
Mg2+t.2 Tt is known 3 that Mg2?" acts as an activator,
while Ca?* is an ineffective bystander and the transition-
metal ions Co2*, Cu?*, and Ni?* act as inhibitors.

One of the roles thought to be played by the metal ions
is making orotic acid available in the form of its reactive,
N(@3)H tautomeric dianion, where the N(1) atom is
unsubstituted. Moreover, the difference in behaviour
between Mg?* and Ca?" might be explained by the differ-
ence between the lifetimes of their complexes. This
hypothesis is supported by kinetic studies carried out
in this laboratory on OPRTase, the enzyme involved
in phosphoribosylation,* which have established that the
N(3)HMg?* complex is the true substrate of the enzyme.
However, this reasoning does not account for the inhibit-
ing properties of the transition-metal ions. Indeed,
these ions form complexes with the N(3)H tautomer of
the dianion which are stabler than those formed with
Mg2".56

Before seeking a broader explanation, it is necessary to
delve into the mechanism(s) involved in the formation
and dissociation between a divalent metal ion and the
N(3)H tautomeric dianion, and to determine the kinetic
parameters. In order to avoid kinetic coupling with the
tautomerism ! in orotic acid, the study reported here
has been carried out on 3-methylorotic acid, whose
dianion is a model for the N(3)H tautomer of orotic acid.

EXPERIMENTAL

Products.—3-Methylorotic acid was obtained as pre-
viously described,” and recrystallized from ethanol. Its
purity was checked by u.v., mass spectroscopy (M* 170)
and tl.c. Metal salts were analytical grade (Merck; Pro-
labo).

Potentiometry.—pH Values were monitored by a Radio-
meter PHM 64 pH-meter equipped with a Radicmeter G
202 C glass electrode.

U.v. Spectroscopy.—U.v. spectra were recorded on a Cary
118 u.v. spectrophotometer fitted with thermostatted cells.
For the determination of complexation constants, suitable
buffers were used, as previously described.! The following
aqueous solutions were chosen: for pH 4.40, CH,COOH-
CH,COONa (0.1m); for pH 5.00, KH,PO,~K,HPO,
(0.1m); for pH 7.32, primary NBS buffer-KH,PO, (0.025M)—
Na,HPO, (0.025M); and for pH 9.18, primary NBS buffer—
Na,B,0, (0.01m).

T-Jump Experiments.—For the experiments with mag-
nesium, cobalt, or copper salts, the classical procedure
described elsewhere 8 was used with Ty 4 and gy,
13 °C; I 0.2 (NaClO,). Since, as noted previously,?!
relaxations involving calcium binding with orotic acid and
its derivatives generally last only a few us, they are too
fast to be investigated by classical procedures with a Joule
T-jump spectrometer and require new operational condi-
tions. Therefore, a 4 °C T-jump in less than 1 ps was
obtained by using a 0.01 pF capacitor in a 0.5M-NaClO,
solution.

U.v. spectroscopy was used to check the absence of ionic
strength effects. A 0.2mM-Tris buffer solution containing
7 x 1075m Cresol Red at pH 8 was used to determine the
minimum time of rising temperature (0.8 ps) of the T-jump
apparatus for which the sensitivity was 5 x 107 OD units.
Relaxation signals were recorded in the digital mode over
512 points by a fast transient digitizer (Tektronix R 7912
equipped with a 7A13 plug-in unit). Three to six relaxation
curves were then summed up in the memory of a PDP-11
computer (Digital) thereby increasing the signal: noise
ratio.

Since, in many experiments, relaxation times are in the
107—1075 s range, the distortion of the signal by the instru-
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mental response should be taken into account.®!0 For
accurate kinetic measurements, a deconvolution procedure
by a curve simulation method was used. This numerical
deconvolution method takes into account that the observed
signal F(f) is the convolution product of the true relaxation
signal f(¢) and the apparatus response function %(¢) [equ-
ation (1)].

t
F() = 7t = Hhnax M
0

Stopped-flow Experiments.—Fast pH-jumps were per-
formed by rapid mixing of solutions of complexes of 3-
methylorotic acid with HCI solutions in a stopped-flow
apparatus (Nortech SF-3A Mark IV) at 20 -1 °C. The
solutions of complexes were initially at a pH high enough
(i.e. pH 7.0 for transition-metal salts, or 9.0 for alkaline-
earth metal salts) to ensure complete complexation which
was checked by u.v. spectra. The acidic solutions were
made from commercial Titrisol doses (Merck).

RESULTS

Definitions.—H,L refers to the neutral form of 3-methyl-
orotic acid, HL.- to the monoanion, L2~ the dianion, M2?*
divalent metal cations, LM the complexes between M?*
and L2~, and HLM™" the complexes between M?* and HL".
C;, and Cy designate the analytical concentration of 3-
methylorotic acid and of metal salt, respectively.

U.v. Spectroscopy.—The first and second dissociation
constants, pK, and pK,, of 3-methylorotic acid at [/ 0.1
(NaClO,) and 20 °C are 1.71 4+ 0.13 and 10.11 £ 0.07,
respectively. Adding divalent metal salts to solutions of
3-methylorotic acid dianion induces a significant batho-
chromic shift in the maximum absorbance wavelength,
Moy 298—ca. 310 nm. A similar effect is observed when
alkaline-earth metals are added to solutions of 3-methyl-
orotic acid monoanion in the neutral pH range, and when
transition-metal salts are added to them even in acidic
media.
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Ticure 1 Effect of the addition of NiCl, on the u.v. spectra of
3-methylorotic acid: Cp 2.0 x 10*M; ¢ 2041 °C; I =
0.1m(KH,PO,~K,HPO,); pH 5.0 (1—5) and 7.0 (6); Cw
0 (1), 1x 10%m (2); 5x 102M (3); 1 x 102w (4); 5 X

10-2m (8); 1 x 1071w (6)

The isosbestic point obtained indicates the existence of
an equilibrium (¢f. Ni2* in Figure 1). Benesi—Hildebrandt
plots of the inverse of the absorbance (A4 — A4,)7! versus
Cy! can be used when it is possible to apply the hypothesis
of buffered concentration of metal cations and to neglect
the formation of metal hydroxides. These conditions are
met when experiments are performed in the presence of
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metal salt in excess, at a sufficiently low pH. The linear
relationships thereby obtained (Figure 2) make it possible
to determine the stability constants (Table 1) via equation

).
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In methanol, complexation is greatly enhanced and the
stoicheiometry between the ligand and the metal salt in the
complex is found to be 1: 1.
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Kinetic Experiments by T-Jump —In the pH range 7—11,
two relaxations are observed.

Fast velaxation. The amplitude of the fast relaxation
does not vary significantly with the nature of the metal ion,
but is considerably pH-dependent and is a maximum around
pH = pK,,. In experiments with the calcium salt, use of
deconvolution method gives a relaxation time 1, of ca. 0.4
us at pH 10.3 and Cp, 3 X 107*M.

Slow relaxation. Since the slow relaxation depends on the
nature of the metal ion, two cases must be distinguished.
First, for alkaline-earth dications (Ca?* and Mg?"), the

TABLE 1

Metal salt log Ky

CaCl, 3.40 4 0.18 ¢
Mg(ClO,), 4111 0.15°
CoCl, 6.70 + 0.12®
NiCl, 7.77 £ 0.12%
CuCl, 9.14 £ 0.15°

Measured at 20 4 1°C. *pH 9.18,70.01. % pH 5.00, 70.1.

¢ pH 4.40, I 0.1.

signal corresponds to an increase of optical density at 312 nm
which has a pH-dependent amplitude. When metal is
added, the amplitude is enhanced and the pH of the maxi-
mum is shifted to lower values. The relaxation time 7, is
in the microsecond range (Ca?*) or in the millisecond range
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(Mg?*). Itis slightly dependent on pH and Cy (¢f. Mg?t in
Figure 3). These experimental variations in <, (Figure 4)
can be expressed by equation (3). The rate constants %,
Ty = ——@1—- + ko, (3)
L
K,

and £_, are given in Table 2.
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FIGURE 3 Relaxation time of 3-methylorotic acid dianion
complexation by Mg2+: — log(r,) versus pH in H,O: I 0.2
(NaClOy); finitiat 4 °C; tana 13 °C; Cp 3.6 X 107%M; Cyy 1.8 X
103m (O), 3.6 X 10%m (A), 54 X 107°m (@), 7.2 x 102m
(I, 9.0 X 1073m ()

For transition metal salts, a decrease in optical density at
312 nm is observed with cobalt (in the millisecond range),
and with copper (in the microsecond range), but no signals
are detected with nickel. Although the amplitude is also

TABLE 2
log
Metal salt ky/1 mol™ 571 k_gfs™t (RolR_s)
CaCl, ® (8.7 & 2.1) x 10 (8.5 4+ 1.5) x 10* 3.0
Mg(ClO,), ¢ (4.3 + 0.4) x 10° (7.1 + 0.5) x 10? 2.8
CoCl, ¢ (1.1 4+ 0.3) x 10% (2.9 4+ 0.2) x 102 3.6
CuCl, ¢ (1.5 & 0.7) x 10* (3.0 4- 0.3) 6.7

@ Measured for I 0.5, T;1° 9°, Cy/Cy, 10—100.
10.2,T,°13° Cy/Cr, 10—50.
3—10.

b Measured for
¢ Measured for 1 0.2, T;° 13°, Cy/CL
4 Measured for I 0.2, Ty° 13°, Cy/Cr, 1—3.

pH-dependent, it decreases when metal ions are added,
thereby preventing a study of relaxation time with metal
salt in excess. The relaxation is slightly catalysed by OH~
or by metal salt addition. Since these variations in =, are
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FiGure 4 Relaxation time of 3-methylorotic acid dianion com-
plexation by Mg?+: 1,7 wersus 1/(1 + ((H*])/K,,) in H,O:
1 0.2 (NaClO,); fimign 4 °C; fanu 13 °C; Cp 3.6 X 107%M;
Cy; 1.8 X 107°M (@), 3.6 X 10%m (O), 5.4 x 10°m (A),
7.2 X 1073m (A), 9.0 x 1073Mm ([7])
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qualitatively the same as with alkaline-earth metals, the
results are adjusted to fit equation (3), thereby giving the
complexation rate constants (Table 2).

Kinetic Experiments by Stopped-flow.—Fast pH-jump
studies of the dissociation of the LM complexes from the
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FiGurRe 5 TFast mixing of a (3-methylorotic acid + NiCl,)
solution with IN-HCIl. First-order rate constants wversus
[H*]gua. Experimental conditions after mixing: £20 4 1°C;
CLb5 x 105%—5 x 104Mm; Cy 5 X 10¢+—5 x 1073m

neutral to the acid pH range indicate that for transition
metals (Ni2*, Co?*, and Cu?*) the kinetics are of the first
order. The observed rate constants vary linearly with the
final acidity (¢f. Ni?* in Figure 5). The slope 4g and inter-

TaBLE 3

Metal salt kyu/l mol™ s71 kofs™t

CoCl, (3.4 + 0.8) x 108 36 4 10
CuCl, (1.7 X 0.5) x 102 15+ 5
NiCl, (1.2 ¥ 0.3) x 102 ~0

cept %, of these correlations are given in Table 3. For a
pH jump from 7.0 to 1.1 in a solution of LNj, the variation
of the amplitude relative to the wavelength lies between the
differential spectra of LNi-H,L and LNi-HL"™.
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FIGURE 6 Fast mixing of a (3-methylorotic acid + NiCl,)
solution with IN-HCl. Amplitude of the signal () wversus
wavelength. Experimental conditions after mixing: ¢ 20 - 1
°C; Cr 1.2 x 10™M; Cy; 5.0 X 107*m; pH 1.1. The dashed
lines are the differential spectra LNi-HL— and LNi-H,L for the
same concentration in 3-methylorotic acid
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Dissociation also occurs with alkaline-earth metals, but
the observed kinetics are too fast to be time-resolved.

DISCUSSION

The two dissociation constants of 3-methylorotic acid
correspond to ionization of the carboxy-group (pKa,
1.71) and to cleavage of the N-H bond of N(1) (pKa,
10.11), respectively. Since the values of the two
constants obtained here lie between those determined
by Fox et al.l (pK,, < 1, pK,, 10.52) and those reported
by Davidenko ef al.l?2 (pK,, 2.22, pK,, 9.81), they seem
to be realistic.

LM

The dianion of 3-methylorotic acid forms 1:1 com-
plexes, LM, with metal dications. Their stability
constants determined by u.v. spectroscopy are close to
those obtained recently by potentiometry.l2 These
complexes are slightly more stable than those with orotic
acid dianion, V%6 je A =log (KnL)3Meort — log
(Kyb)ort = 0.3 -+ 0.2. This difference could be ex-
plained by the tautomerism of orotic acid dianion. If
the stabilities of 3-methylorotic acid complexes are
assumed to be equal to those of the N(3)H tautomer,
then 1 + K11 = 102 and Kt ~ 0.9, which, given the
approximations made, is consistent with the value
Ky = 0.4 obtained from u.v. spectra.!

In the pH range 7—10, the LM complexes form via

M2+ 4 HL- _k—; M2+ 4 L2~ 4 H* :#

LM HY (4)
reaction (4). This reaction corresponds to the two
relaxations observed by T-jump experiments.

The fast process is proton exchange, for which the
relaxation time is given by equation (5). The value of

(7)™ =k + B, ((L*] + [H*)) (5)

7, obtained by deconvolution in the presence of calcium
salt gives k_; ca. 2 X 10 1 mol™? s7L, which is a diffusion-
controlled rate. It can be assumed that, in the presence
of the other metal salts, the proton exchange fits the
same kinetic law with a similar rate constant.

The slower process is metal-ion exchange, for which the
relaxation amplitude 4 can be expressed by equation
(6), assuming Cy and H* to be buffered. This ex-

L s, (H*]
Cot AH AT Ky Cy| (er, — erm) + K (enr. — erm)
A4 = 22 =
G
K.,

pression satisfactorily explains the observed variations
relative to those of [H*] or Cy. Thus, the difference

RT%[l ER A o (6)
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between alkaline-earth and transition metals stems from
the difference between the stability constants of the
complex. Moreover, it is possible to use equation (6)
to estimate the relative order of enthalpy variations for
complexation: AHy, < AHg, <0 ~ AHy < AHgy <
AHg,. The relaxation time for the formation of the
metal complex LM from the dianion when there is an
excess of metal salts is expressed by a relationship
similar to equation (3). The values of the rate con-
stants for metal-ion exchange are those assigned to %,
and %k, in Table 2. The rate constants for complex-
ation, k,, are close to those determined by Hague and
Eigen 1314 for other substrates. This suggests that the
rate-limiting step in the complexation is also the replace-
ment of water molecule(s) on the metal ion by the ligand.
The ratio of k, with the reciprocal constants, k.,
agrees well with Kyl equilibria constants for alkaline-
earth metals. However, for transition metals, the
observed discrepancies between this ratio and K"
constants might be related to the fact that the hypothesis
of buffered metal ion concentration was not obeyed.
Dissociation of the LM complexes was studied in
acidic media by stopped-flow experiments. As the
final pH is in the 0—3 range, near pK,, the medium at
the end of the feaction is a mixture of the neutral species
H,L and of the monoanion HL~. Therefore, the wave-
length-dependent variation of the amplitude indeed
corresponds to the differential spectra between the
initial and the end product: thus, the intermediate
species remain in small amounts during the reaction.
The acidity-dependence of the kinetics obtained by
stopped-flow experiments is not explained by the pre-
vious simple mechanism. This suggests that there is an
alternative pathway involving the protonation of the
LM complex, thereby yielding the intermediate species
HLM* which in turn gives the monoanion HL-, and
then the neutral species H,L [reaction (7)]. At this

LM + 2H* :=_~ HLM* + H+ :# HL + H* :..—__~
© H,L + M2 (7)

stage it is not possible to identify a priori the rate-
limiting step.

If, at first, it is assumed that both protonations are
faster than the dissociation of protonated complex
HLM*, one obtains an expression of the first-order rate
constant which fits the linear relationship observed
between kos and [H*]. However, the values of %, and
k_, resulting therefrom are either unrealistic or in total
disagreement with those obtained by Lligen’s theory 13
when using the Kyl equilibrium constants determined
by potentiometry.!? It would be more realistic to
assume that the protonation is slow. As the inter-
mediate species, HLM*, has not been detected by u.v.
spectroscopy, and its stability constants!? are always
low (log Ky <3), it reasonably follows that HLM*
is in much smaller concentrations than the other species,
and the steady-state approximation can be applied.
This would also very simply explain the identity of the
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variation of the amplitude versus the wavelength, with
the differential spectra HL™-LM or H,L-LM. Under
these conditions, kg+ can be assumed to be the ratio
(kgky) :(k—g + k4) which reduces to k; when using the
values of stability constants.12

The values of k; thus obtained are surprisingly low for
a protonation with a rate which is generally diffusion-
limited. However, these results should be compared to
those obtained for multidentate ligands, such as amino-
polycarboxylic complexes.’® In the latter cases, the
mechanism involves a fast protonation (but not at the
reactive site), followed by a fission of the metal-nitrogen
bond, and then by a transfer of the proton to the reactive
site.’8 Such a mechanism might also satisfactorily
explain the slowness of the protonation of the 3-methyl-
orotic acid complex.

Thus, two distinctive pathways for the complexation
may occur depending on the pH: wia dianion L2~ when
in the alkaline range, and wia protonated complex
HILM* when in the acidic range [reaction (8)]. In

ky

~f——
—_—

kg

HL- + M2+ HLM* (8)

- it~

kﬁ

12”4 M2t + H* :k_? LM 4+ H*
neutral solution, which is also the physiological condi-
tion, the two pathways should be competitive. Such a
mechanism is classical,’® but the protonation pathway
is generally neglected when studying the influence of
metals in biochemical processes. However, if, as our
results indicate, it indeed plays a role in this process, this
could account for the optimum pH of 8 for phosphori-
bosylation and of 6 for the reverse reaction.?

Conclusions.—These kinetic studies on 3-methylorotic
acid have led to two conclusions: that the kinetics of
dianion complexation by divalent metal ions occurs via
the classic Eigen mechanism,!® and that the attachment
of a proton to transition ion-bearing complexes is
especially slow.

By analogy, these observations can be extended to
orotic acid and can serve to shed light on the role played
by metals in the biochemistry of this compound. Since
the complexation specifically stabilizes the N(3)H
tautomer, it therefore seems likely that it contributes to
the orientation of phosphoribosylation on the N(1) site.
Moreover, recent work carried out in this laboratory on
the kinetics of OPRTase suggests that the dianion-metal
complex might be the substrate recognized by the
enzyme.r The variety of behaviours observed for
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different metals {no effect for Ca%*, catalysis for Mg2*,
inhibition for Cu?*, Co?**, and Ni%?") might therefore be
related to the kinetic properties of their complexes.

The fact that calcium is not a cofactor in phosphori-
bosylation could indicate that a rearrangement of the
enzyme—metal-substrate complex might occur after the
recognition of the substrate® As the lifetime of
complexes with calcium is shorter than that of all the
other complexes, it would seem that dissociation might
occur before the enzyme has the structure required for
phosphoribosylation.

Moreover, the results reported herein indicate that
proton attachment to the transition-metal ion complexes
is particularly slow. If, as is indeed the case in the
attachment of the proton to the complex in water, the
attachment of the phosphoribosyl group to the metal
ion—orotic acid dianion complex in the enzyme is
assumed to be an electrophilic addition, such an analogy
would indicate that phosphoribosylation on transition
metal complexes is also very hindered. This would
account for the inhibiting properties of the transition
metal ions.

Kinetic studies involving the overall enzymatic system
are currently under way in order to test the validity of
these conclusions.

We are grateful to O. Bruno for helping us to prepare
the manuscript.

[1/066 Received, 16th January, 1981]
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