2160

and 76.39 for K+, Na* and Cl—, respectively; the
values obtained from the extrapolated transference
data'® are 73.50, 50.10 and 76.35.

0.810

0.806 ! !
0 0.01 0.02
C.
Fig. 1.—Thc quantity #’s as a function of KCl conceutra-
tion: the radii of the circles correspond to the apparent
precision of the nieasurements.

The results obtained here for the limiting trans-
ference numbers and ionic conductances illustrate
one restriction on this method. Although the ex-
trapolated 7o differs from that computed from the
limiting transference data by no more than the
numerical precision of the latter (a part in 4000)
the ionic conductances deviate by a part in 1800 for
the faster ions, and by a part in 1000 for the slow-
est. Inspection of eq. 5 shows that this is due to the

WiLLiaMm H. R. SHaw

Vol. 76

relatively sinall difference between A®aud A7, with
a resulting limiting Kohlrausch ratio not differing
greatly from unity. Thus to attain as high a nu-
merical precision as possible in the ionic quantities,
leading and indicator ions should have as large u
difference in ionic conductance as possible, and this
should be borne in mind in selecting the electrolytes
for study in any new solvent.

It should also be noted that while the extrapola-
tion procedure outlined above is probably adequate
{or strong electrolytes, the extrapolation, if ion pair
formation is appreciable, would probably require
the use of ionic rather than stoichiometric concen-
trations in eq. 6 and in the analog of eq. 7. We
believe, however, that these results show that limit-
ing ionic conductances can be determined with rea-
sonable precision for any solvent in which precise
conductance measureinents are possible.

In conclusion, we wish to express our thanks to
Mr. R. H. Chappell for constructing the conduct-
ance cells, and to the National Research Council of
Canada for a graut in aid of this research and for
the award to D.R.M. of a studentship and a fellow-
ship.
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The Inhibition of Urease by Various Metal Ions

By WiLLiam H. R. Saaw
RECHIVED JUNE 17, 1953

Data on the relative toxicity of metal ions toward the enzyme urease have been collected from the literature.
been found possible to arrange the common metal ions in a toxicity sequence.

It has
Correlation of toxicity with various proper-

ties of the metal ions is discussed and illustrated on the basis of a model mechanism.

Introduction

Tlie enzyme urease is highly sensitive to trace
quantities of metal ions. Different metals exhibit
quite different behavior in their ability to act as
enizyme inhibitors. In the case of urease, for ex-
ample, the silver ion'? is an extremely efficient in-
hibitor, while the manganous ion is relatively very
weak.® A search of the literature has revealed that
enough data are now available to order the common
metal ions in a tentative sequence of relative in-
hibitory efficiency. Tt is the purpose of this investi-
gation: to summarize the available data in such a
sequence; to define a quantitative functional meas-
ure of inhibitory efficiency; and to correlate this
quantity, if possible, with sonie fundamental prop-
erty of the metals.

Mathematical Development

It was demonstrated in a previous comiunication* that
the inhibition index., for a first-order Michaelis~Meuten
svstem, was given by the equation

(1) J. B. Sumner and K. Myrbiack, Z. physiol. Chem., 189, 218
(1930.

(2) J. F. Ambrose., G. B. Kistiakowsky and A. G. Kridl, Tu1s
JournNawL, 78, 1232 (19531).

(3) A. L. Dounce, National Nuclear Energy Series, Div. VI, Vol. 1,
McGraw-Hill Book Co., Inc., New York, N, Y., 1849, pp. 839-848.

(4) G. B. Kistiakowsky and W. H. R. Shaw, TH1S JOURNAL, TG,

66 (1933).

Vo — Vi
A S ¥ K )
S is the substrate concentration, V. is the uninhibited
rate of urea hydrolysis by urease and V; is the inhibited rate.
K is Michaelis constant, K the equilibrium constant for
the combination of the free enzyme with the inhibitor, and
K, an analogous constant involving the enzyme-substrate.
The concentration of inhibitor not bound to the enzyme?® is
designated by °'z.”” At an experimentally fixed substratc
concentration, it has been common practice to determinc
the concentration of inhibitor (I) necessary to produce some
arbitrary inhibition (¢a). Thus for all the types of inhibi-
tion listed in Table I, equation 1 may be rearranged to rcad

p1 = const. + log K; 2

where K; may be Ki, K; or K, and p refers to the negative
logarithm of the quantity involved. For an euzyme obcy-
ing the inhibited Michaelis-Menten mechanism with tlic
above restrictions, a comparison of pI's for various inhibi-
tors corresponds to a comparison of fuictions that are, at a
given temperature, linear functions of the’ free energy of
inhibition

—AF® = RT 1u K; )

If K; = K. the total free energy of inhihition will be twice
that given by equation 3, since two inhibition reactions are in-
volved. The larger the value of pI the more efficient the
inhibitor, since there is a greater loss in the free energy of

(5) In what follows it is assumed that the amount of inhibitor bound
to the enzyme is small compared to the total inhibitor concentration.
For inhibitor concentrations that greatly exceed the total enzyme con-
centration, this assumption is entirely justified. For very strong iu-
hibitors, such as silver ion, it should be considered as un approximation.
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TABLE I

VALUES OF THE PARAMETERS IN EQUATION 2 FOR THE VARI-
ous TYPES OF INHIBITION

Logarith-
Type of mic Constant
Case inhibition Condition term term
1 Competi- _ Kn
tive Ky =0 log K Dpa + log S—-——‘+ .
2 TUncom- _ S_
petitive Ki=0 log Ky poa + log ST Ko
3 Non-com- Ky=Ki =K log K poa
petitive
4  Others K3S > KiKn Same as case 2
KnK1>>> SK, Same as case 1
inhibition. The quantity pI is thus a quantitative measure

of toxicity based on the thermodynamic consequences of the
inhibited Michaelis~-Menten model.

Data

Using crude preparations of urease from jack bean meal,
Schmidt® determined the minimum concentration of metal
salt necessary to so reduce the rate that no detectable quan-
tity of ammonia could be found under his experimental con-
ditions. Very dilute solutions of urea were employed
(approx. 30 p.p.m.). The reaction mixtures were incu-
bated at 50° for five minutes in unbuffered solutions initially
at pH 7. The results obtained have been recalculated to
express the inhibitor concentration in moles per liter, and
the pI values derived from these calculations are recorded
in Table II.

TABLE II

pI VALUES OBTAINED BY VARIOUS INVESTIGATORS
I

Ion Salt used Schmidts Dounce?
Ag*+ AgNO;, 4.73 7.1
Hg++  HgCl® 4.7 8.7 (pH 5)

5.6 (pHT)

Hg(CN),* 4.7 Ce
Cu ++ Cu( Cszoz)g'Hgo 3 . 8 e

CuS0,-5H,0 . 4.5
Zn ++ Zn(C2H302)2‘3H20 2 N 8 P
Cda++ CdcCl, 2.6 3.9
Pb++ Pb(C.H;0,),-3H,0° 2.3 e
Co*+ CoCl, 0.90 2.4
Ni++ NiCl, .77
Mn*+ MnCl, .04 e

MnSO, 1.5

@ Not completely dissociated. Unless the enzyme has
equal affinity for dissociated and undissociated form, the re-
sults are somewhat ambiguous.

The best recent comparative study is that of Dounce.?
The observations were made at various pH values in several
buffers. Crystalline urease was used throughout; measure-
ments were made at 25° with a urea concentration of 3%.
To make the data comparable to those of Schmidt, the re-
sults have been converted to approximate pI values by cal-
culating the inhibitor concentration in moles/liter necessary
to produce 95% inhibition at pH 7.

In view of the semiquantitative character of the data,
the pI values reported in Table II should be considered as
rough estimates—probably good at best to two significant
figures.

Several qualitative statements concerning the relative
inhibitory efficiency of metal ions can also be found in the
literature. In many cases, however, it is impossible to
evaluate critically the significance of these data because the
original articles were not available. The results of two such
researches”’ 9 are presented in Table IITA.

(6) E. G. Schmidt, J. Biol. Chem., 78, 53 (1928),

(7) M. Kitagawa, J. Biochem. (Japan), 10, 197 (1929): C. 4., 28,
3242 (1929).

(8) A.J.J.Vande Velde, Meddel. Koninkl. Viaam. Acad., 9, No. 12,
13 (1947); C. A.. 42, 7803 (1948).

(9) Ibid., 11, No. 11 (1949): C. A.. 46, 9581 (1951).
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TaBLE III
A, ReLATIvE ToxrcrTies oF THE VARIOUS METAL IoNs
Investigator Toxicity sequence
Schmidt® Agt~Hg** > Cu** > Znt+* >
Cd*+ > Pb**t > Co*t+ >
Ni++ > Mn++*
Dounce? Ag+t>Hg**> Cut+t*>Cd*+ >

Co* > Mn™**
Agt, Hg**, Cu**t > Co*++ >
Nit+ > Cd*+ Pb*+ Zn*+ > Mn™*+
Hg*+*, Cu** > Zn*+
Agt~Hg++ > Cu*+ > Cd+* >
Cot** > Ni+* > Mn™+ with
Pb*+ and Zn** unassigned
but less thau Cu*+

Van de Velde®

Kitagawa?
Best sequence

B, OTHER PROPERTIES OF THE METAL IoNs
Property Sequence
Insolubility of the sulfide Ag*~Hg** > Cut* > Pb**+ >
Cd** > Zn** > Cot*t >
Ni+* > Mn*+
Hg++ > Cutt > Zn++ > Cd++
ond ionization poten- > Ni** > Co** > Mn** >
tials of the gaseous atoms Pht++
Chelate stability series Hgt+* > Cu*+ > Ni++ > Pb*+
> Co+*+ > Zn*+ > Cd+* > Mn*++
Ag < Hg < Cu < Pb < Ni <
Co< Cd <Zn < Mn

Sum of the first and sec-

Electromotive series

Soy bean urease preparations were used in all of these in-
vestigations. The over-all agreement of the data collected
in Table IITA is remarkably good. when one considers that
enzyme preparation of various degrees of purity? from two
different sources were employed.

Before turning to the correlation and interpretation of
these data, the importance of the buffer in experiments of
this type should be considered. Because of its excellent
buffering qualities phosphate buffer has unfortunately been
widely employed. Phosphate exhibits a strong complexing
tendency toward metal ions.l® Measurements made in this
buffer may not reflect the true inhibitory efficiency series
of the metals but only a sequence of relative complexing
tendencies. As an additional complication it has been well
established that phosphatel!!:!2 buffer interacts quite strongly
with the enzyme urease. On the basis of these facts the
work of M. Jacoby!® has been omitted because strong
phosphate buffer was employed, and the data so obtained
were in conflict with results reported above.l4

Correlation

Rather extensive experimental data are available support-
ing the contention that urease contains one or more sulfhy-
dryl groups!:16 as integral parts of its catalytically active
site. In view of this evidence the inhibition of urease by
m?tal ions has been assumed to result from a reaction such
asl?

SH (=) + H*
E - E<s 4
<SH SH ®

(10) J. B. Sumner and K. Myrbick, **'The Enzymes,"” Vol. I, Part 1,
Academic Press, Inc., New York, N. Y., 1951, p. 11,

(11) K. M, Harmon and C. Niemann, J. Bifol. Chem., 177, 601
(1949).

(12) G. B. Kistiakowsky, P. C. Mangelsdorf, Jr., A. J. Rosenberg
and W, H, R. Shaw, THIs JoURNAL, T4, 5015 (1952).

(13) M. Jacohy, Bfochem, Z., 259, 211 (1933).

(14) In the work of Dounce.4 measurements with the Hg *+ were con»
ducted in phosphate., but other ions were studied in maleate or un-
buffered solutions. This author recognized and emphasized the com-
plexing tendencies of phosphate, and observed that Hg ++ is probably a
stronger inhibitor than he reported.

(15) L. Hellerman, ""Cold Spring Harbor Symposium Quant. Biol,,"
VII, 165 (1939).

(16) C. V. Smythe, J. Biol. Chem., 114, 601 (1936).

(17) L. Massart, ref, 10, p. 328,
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S(— S(=) T

S I GRS -
SH Ng(-)
S(—) + M++ S

E<S(_) — E<S>M (6)

From a consideration of the last reaction in this sequence,
it becomes evident that those metal ions that have the
greatest affinity for the negatively charged sulfur in the sc-
tive site will be the most toxic. As a first approximation
the insolubility of the corresponding sulfide may be taken as
a rough estimate of this affinity. The metals that form the
most insoluble sulfides should cousequently be the best iin-
hibitors of sulfhydryl enzymes. Tuble III shows that, in
the case of urease, this conclusion appears to be qualita-
tively quite satisfactory. In hope of obtaining semiquan-
titative correlation, the solubility product constants for the
various metal sulfides were obtained from the literature.’s-2

The loss in free energy ( — AFs) associated with the forma-
tion of the metal sulfide is given by

—AFQ = RT In (1/K4) = 2.303RT(pKs) (7)

A comparison of pK,, values at a given temperature corre-
sponds to a comparison of functions that are proportional
to the standard free energy changes. The pK,, values from
various sources are listed in Table IV. The most receut
data, those of Kapustiusky,? were obtained from thermal
measureutents. His values have been used for the plot in
Tig. 1. The other data in Table IV demonstrate the rather
wide range of values reported by various investigators.
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Fig. 1.——Upper plot: correlation of the toxicity (pI) of
various metal ions toward urease with the insolubility of the
correspouding sulfide (pK.,). Lower plot: correlation of
toxicity with the sum of the first and second ionization
potentials (e&,42) of the corresponding guseous uatoms.
Circles, data of E. G. Schmidt; squares, data of A. L,
Dounce.

(18) 1. M. Kolthoff, J. Phys. Chem., 85, 2711 (1431).

(19) S. F. Ravitz, 1bid., 40, 61 (1936).

(20) A. F. Kapustinsky, Doklady Akad. Nawk. S.S.S.R., 28, 144
(1940); C. A, 85, 3144 (1941).

(21) M. A, Lange, ""Handbook of Chewmistry,” 7th Edition, Hand-
book Publishers, Inc., Sandusky, Ohio.
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TaABLE 1V
pKsp VALUES FOR THE METAL SULFIDES

Metal Kapustin-
sulfide sky20 Ravitz!? Kolthoff18 Lange?2t
Ag:S 51.23 51.48 50 48.8°
HgS 51.52° C 53.5 48.7-52.4
CuS 37.50 37.46 41.46 44 .1
Zus 26.13 25.4 25.3-23.96 22.9
Cds 27.92 27.94 27.15-28.29 28 .4
PhS 28.17 29.16 27 .47 27.5
CoS 22.50 26.72 25.5
NiS 26.96 23.9
MnS 14.96 15.16 140

*W. D. Treadwell and F. Schufelsbergen, Helv. Chim.
Acta, 29, 1935 (1946). ° These values are for 18°, the
others are for 25°.

Considering equations 2, 3 and 7 it becomes apparent that
if a quantitative or semiquantitative relationship between
sulfide insolubility and toxicity exists, a plot of pKs, vs. pl
will be nearly linear (Fig. 1, upper plot) .22

Several other correlations were atteinpted with varyving
degrees of success. From a somewhat uiore generalized
poiut of view the iuhibitiou reaction may be regarded as the
combination of a positive nietal iou with a negative group.
Thus the bivalent imetal fon that has the greatest aflinity
for the two electrons on the sulfur atoms in the active site
will be the strougest inhibitor. If the sum of the first and
second ionization potentials?® of the gaseous atoms, e s, is
chosen as a measure of the affinity of the ietal ion for tliese
two electrons, a linear relationship betweeit e 2 and pI may
be expected (Fig. 1, lower plot) .

Attempted correlations with the standard electrode po-
tentials, with the stability constants of metal chelates,**
with the ionic radii, and with the reciprocal ionic radii were
tess successful (see Table III).

Discussion

It appears from the arguments presented above
that it is possible to draw several rather general con-
clusions concerning the relative toxicity of metal
ions toward the enzyme urease. The metal ions
that form the most insoluble sulfides are also the
strongest inhibitors. Whether this conclusion is
applicable to all sulfhydryl enzymes or is limited to
urease cannot be determined on the basis of the data
presented here.

According to the reaction scheme presented above
{equations 4-6), an intensified inhibition would be
expected with increasing pH. In qualitative analy-
sis certain metal ions may only be precipitated as
sulfides from basic solutions of hydrogen sulfide.
whereas others (such as the silver ion) are insoluble
enough to be precipitated from both acidic and
basic solution. An exactly analogous situation
would be expected in the case of metalion inhibition.
The data of Kitagawa® are in excellent agreement
with this contention. The findings of Dounce? for
Cu*~ and Agt are also in accord with this hy-
pothesis. For Hg++, Douuce observed exactly the
opposite behavior.®

The correlation of inhibitory efficiency with the

(22) The inclusion of the data of Schmidt is open to criticisin on the
grounds that the solubility product constants were determined at 25°
and Schmidt incubated his reaction mixtures at 50°. A rigorous coin-
parison would involve a knowledge of the various enthalpy chauges.

(23) G. Herzberg, “Atomic Spectra and Atomic Structure,” 2ud 1id.,
Dover Publications, New York, N. Y., 1944, p. 200.

(24) A. E. Martell and M. Calvin, **Chemistry of the Metal Cliclate
Cetpounds,” Prentice—-Hall, Inc., New York, N. Y., 1052,

(23) Wlhether this is due to the phosphate buffer, the partiul dis.
sociation of tlie HgClz, or to the formation of mercurie iydroxide in
basic solution is difficult to say.
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sum of the first and second ionization potentials is
also quite suggestive. Such a correlation may be
applicable in general to metal ion inhibition that
involves reaction with negative groups.

Further investigation of the above points is being
undertaken in this Laboratory.

Previous work? has demonstrated the existence
of a linear relationship between pKsp and the lat-
tice energy of the crystal. Consequently, the cor-
relations of pI with pKs and with e, cannot be
considered as independent relationships.

Although good correlation with the general che-

(26) See, for example, O. K. Rice, ""Electronic Structure and Chemi-

cal Binding," McGraw-Hill Book Co., Inc., New York, N. Y., 1940, p.
417,
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late stability sequence was not obtained, it is still
quite possible that this process is involved in metal
ion inhibition. In a complex protein molecule like
urease, with the large number of electron donor
groups available, it would be rather surprising if
chelation were not involved.

Since more detailed knowledge of true inhibition
mechanism was not available, the mathematical
development of the pI concept was based on the
inhibited Michaelis-Menten mechanism. Within
this framework the conclusions presented above
appear to constitute an acceptable tentative expla-
nation of the relative toxicity of metal ions toward
the enzyme urease.

AusTIN, TEXAS
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The Physical Chemistry of Insulin. I. Hydrogen Ion Titration Curve of Zinc-free
Insulin'®

Bv CHARLES TANFORD AND JACK EPSTEIN
REeceIVED Aucust 21, 1953

The hydrogen ion titration curve of zinc-free insulin indicates the presence of 4 a-carboxyl groups, 8.5 8- and ~y-carboxyl
groups, 4 imidazole groups, 4 e-amino groups, 10 phenolic plus e-amino groups (which could not be separated iu the analysis)
and 2 guanidine groups per insulin monomer, in complete agreement with the best available amino acid analyses. The
intrinsic pK’s of these groups are, respectively, 3.6, 4.73, 6.40 (or 6.0), 7.45 (or 7.2), 9.60 and 11.9. These values suggest
that all of the acidic and basic groups freely into the solvent and do not participate in intramolecular bonding. Empirical
values for the electrostatic interaction energy are used to estimate rough values of the degree of association of insulin at
various pH values. The results are in fairly good agreement with the molecular weight determinations of Doty and others,
and difficult to reconcile with a molecular weight of 6000 in aqueous solution below pH 10. About one chloride ion is bound

per insulin monomer at pH 2. and some potassium binding may occur above pH 10.

The work described in this paper is part of a long-
range program to investigate the reactive groups
of protein molecules, with emphasis on their in-
teraction with other molecules or ions, and on
changes in chemical structure accompanying such
interaction. In the case of insulin, the primary ob-
jective has been to gain an understanding of its in-
teraction with zinec, since insulin, as isolated from
living tissue, always contains combined zinc., How-
ever, prerequisite to an investigation of this inter-
action is a knowledge of the behavior of the reactive
groups of the protein in the absence of zinc and of
other ions with which they may combine. The
present study was therefore undertaken, using a
preparation from which all or most of the zinc had
been removed.

Experimental

Insulin.—The insulin used was lot no. 190-4B-213A, and
was donated by Eli Lilly and Co. It contained 0.027% of
zinc or less, and had an activity of 27 u./mg., indicative of a
high order of purity. The sample was completely amor-
phous, and dissolved in water to give a pH of 3.31, and in
0.075 M KCl to give a pH of 3.48. From the final assign-
ment of the end-points of the titration curve, the latter pH
value was found to correspond to 7.5 bound hydrogen ions

(1) Presented at the 124th meeting of the American Chemical So-
ciety, Chicago, Ill., Sept. 6-11, 1953,

(2) This investigation has received its principal support from a re-
search grant by Eli Lilly and Co. The general program, of which this
investigation is a part, has been supported by a research grant (RG-
2350) from the National Institutes of Health, Public Health Service,
and by a grant from the National Science Foundation.

(3) Abstracted from the dissertation submitted by Jack Epstein in
partial fulfillment of the requirements for the Ph.D. degree, State
University of Iowa, August, 1953,

per insulin monomer.* From e.m.f. measurements with
silver-silver chloride electrodes (see below) a water solution
was found to contain 8.0 == 1.0 chloride ions per insulin
monomer, %.e., a number equal to the number of bound hy-
drogen ions. It was therefore concluded that the sample
supplied was an insulin hydrochloride (Insulin, 7.5HCI).
The insulin was stored in a stoppered bottle below 0°.
Samples were allowed to come to equilibrium in a room at
constant temperature and humidity before being weighed.
Under the conditions used the moisture content, determined
by heating to constant weight at 105°, was found to be
5.7%. Correction for this, and for an ash content of 0.37%,.
was made in all calculations.

Other Reagents.—Hydrochloric acid solutions were pre-
pared by weight from a stock solution of constant boiling
HClL.* Potassium hydroxide solutions were prepared by
the method of Kolthoff,” and standardized against HCI.
Potassium chloride solutions were prepared by weight from
reagent grade KCI of low iodide and bromide content (J.
T. Baker Chemical Co., Phillipsburg, N. J.). Conduc-
tivity water was used throughout. .

Solutions for Measurement.—Solutions for all measure-
ments were prepared by weight. About 0.05 g. of insulin
was used for each determination, and the other reagents and
water were added so as to attain a final ionic strength of
0.075 in each case.

Determination of pH.—All pH measurements were made
with a Beckman model G pH meter, using an external glass
electrode of type 1190-80. The instrument was standard-

(4) Throughout this paper the term insulin monomer will be used
to refer to the molecular unit of molecular weight about 11,500, con-
sisting of the four polypeptide chains described by Sanger (ref. 5).
It appears to be fairly well established that this is the lowest molecular
weight unit of insulin which exists in aqueous solution, at least below
+H 8.

(5) F. Sanger and E. O. P, Thompson, Biochem. J., 53, 353, 366
(1953): F. Sanger and H. Tuppy, ¢bid., 49, 463, 481 (1951).

(6) C. W. Foulk and M. Hollingsworth, This JoURNAL, 45, 1220
(1923).

(7) I. M. Kolthoff, Z. dnal. Chem.. 81, 48 (1922),



