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At low pH, EDT A promotes the loss of the tightly bound nickel ions from jack bean urease.
The specific activity of soluble enzyme after partial EDT A-promoted inactivation is a linear
function of the nickel content. The results are consistent with the presence of 2.0 nickel ions per
97 000-dalton subunit in pure urease. The time scale for loss of enzymatic activity and nickel
under these conditions is similar to that for loss of the "abnormal" tail absorption in the ultravioJet and visible absorption spectrum of urease (including the shoulder at ......,420 nm). This
indicates that nickel in urease is essential for enzymatic activity and establishes that the metal
ions are in part responsible for the tail absorption in the ultraviolet spectrum of urease. After
partial inactivation in the presence of EDTA either at low pH or in 2.5 M guanidinium chloride
at neutral pH. urease did not regain activity in the presence of Ni2+. As yet apourease has not
been produced reversibly. Jack bean seeds grown hydroponicaHy without added nickel were
low in both urease activity and nickel (10 and 6~:(, respectively, of parent seeds). Several other
metal ions were readily available. This result suggests that metal ions other than nickel cannot
substitute for nickel in the formation of normally active urease.
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A faible pH, l'EDTA favorise la perte des ions nickel etroitement lies l'urease de la feve
Jack. L'activite specifique de l'enzyme soluble apres inactivation partielle produite par l'EDTA
est une fonction lineaire de la teneur en nickel. Les resuhats confirment la presence de 2.0 ions
nickel par sous-unites de 97 000 daltons dans l'urease pure. Dans ces conditions la perte de
l'activite enzymatique et du nickel en fonction du temps est semblable celle de la perte de
l'absorption "anormale" (rail absorption) dans le spectre ultraviolet et visible de l'urease
(incluant l'epaulement a"'420 nm). Ceci indique que le nickel de l'urease est essentiel al'activite
enzymatique et montre que les ions metalliques sont partieltement responsable de !'absorption
anormale (tail absorption) dans le spectre ultraviolet de l'urease. Apres inactivation partielle en
presence d'EDTA, soit faible pH soit dans le chlorure de guanidinium 2.5 ,F\lf pH neutre,
l'urease ne recouvre pas son activite en presence de Ni 2+. Jusqu·a present, l'apourease n'a pas
ete produite de fa~on reversible. Les graines de feve Jack croissant dans des conditions hydroponiques, sans addition de nickel, ont une activite ureasique faible (10% des graines parentes)
et contiennent peu de nickel (6% des graines parentes). Plusieurs autres ions metalliques sont
facilement disponibles. Ce resultat suggere que les ions metalliques autres que le nickel ne
peuvent se substituer au nickel dans la formation de l'urease normalement. active.
[Traduit par le journal]
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ABBREVJA TIONS: EDTA, ethylenediaminetetraacetic acid; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid;
Tris, tris(hydroxymethyl)aminomethane; kat, katal; A :?so. etc., absorbance at 280 nm, etc., using a cuvet of 1-cm path length.
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Introduction
The discovery of stoichiometric amounts of tightly
bound nickel in jack bean urease ( l , 2) raises many
interlocking questions regarding the role of nickel in
the growth and development of the jack bean and in
the structure and mechanism of action of urease. In
this paper, we describe the effect of EDT A at low pH
in promoting the irreversible loss of both enzymatic
activity and nickel, accompanied by alterations in the
ultraviolet and visible absorption spectra of the enzyme.
Some attempts at reversible removal of nickel from
urease are described, and the metal ion and urease
contents are reported for jack beans grown in a medium
low in nickel. Results of these experiments establish
firmly that urease, as it finds itself in the jack bean, is a
nickel metalloenzyme.
Materia]s and methods
Materials
Distilled water was deionized immediately before use to
give a conductivity of <2 X 10·s 0- 1 cm- 1• For preparation
of solutions free of oxygen or carbon dioxide (saturated with
nitrogen), this water was boiled for --20 min, then cooled
and manipulated under nitrogen. All glassware was cleaned
as previously described (3). All plastic or rubber material
was cleaned with detergent, boiJed in the presence of EDTA,
and then boiled in water. Dialysis tubing was washed thoroughly (internaUy and externaUy) with distilled water and
buffers containing EDTA and ,9-mercaptoethanoJ. N-Ethylmorpho1ine (hp 137.5-J38°C) was distilled from KOH and
collected under N:i and stored at 4 °C in the dark. Buffers
were otherwise prepared from reagent grade components.
A]) measurements of pH were made at 25°C using a
Radiometer PHM4c pH meter fitted with combination electrode GK2401C and standardized to three decimal places
according to Bates ( 4).
Urease was extracted and crystallized from six 500-g portions of defatted jack bean meal exactly as described (3).
The yeUow-green urease crystals were dialyzed (normally
to give a specific activity of 68 to 70 ( mkat/L) I A:!"") and
applied to recycJing gel chromatography (3) on Sephadex
G-200 (three cycles) in the presence of 5 mM ,9-mercaptoethanol. The specific activity after this step was normally
85 to a maximum of 93 (mkat/L)/ A:: .... (cf. Ref. 5). Some
preparations have been further chromatographed on DEAEcellulose.0 After this step, concentration by ultrafiltration
and dialysis into a storage buffer (0.02 M phosphate buffer,
pH 7.14, 1 mM in EDTA and 20 mM in p-mercaptoethanol), the specific activity of freshly prepared urease
was normally 86 to a maximum of 93 (mkat/L)/A~... , (6).
Urease was diluted into a neutral buffer (usualJy 5 mM
in {3-mercaptoethanol) prior to assay at pH 7.0 and 38°C
with a pH-stat exactly as described (3 ), unless otherwise
specified. Spectra were recorded using a Cary 14 or 17
spectrophotometer at 25.0 ± 0.1°C. Specific activity is expressed in terms of (mkat/L)/A:?i;O (7), where A:..oc.n refers
to the net absorbance after correction as described elsewhere (footnote 6 and Refs. 3, 6, 7). Concentrations of
"Hinds, J. A., Gazzola, C., Dixon, N. E., Fihelly, A. K.,
Winzor, D. J., Blakeley, R. L. & Zerner, B.• manuscript submitted.
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urease (protein) were evaluated spectrophotometrically at
pH 7 (3, 7) using 6.20 as the value of the net A 1%1 cm at
280 nm (6).0 The concentration of active sites (normality,
N) is based on an equivalent weight (5, 6) of 96 600 for
enzyme of maximal specific activity (93 (mkat/L) I A:....... ).;
The specific activity of highly purified samples of urease
always fell slowly over several months to 60-80 (mkat!L)/
A:so.
In one instance, the normal purification procedure (3)
was modified to include 1 mM dimethylglyoxime in the initial extraction of commercial jack bean meal and 1 mM
dimethylglyoxime plus 10% (v/v) ethanol in a1J subsequent
steps. After gel chromatography on Sephadex G-200, the
enzyme was dialyzed into oxygen-free disti11ed water prior
to analysis.

lnactfration of urease by EDTA at low pH
Stock urease in oxygen-free 5 mM HEPES buffer, pH
7.00, had a specific activity of 81.1 (mkat/L) I A~. The
effect of EDTA on the rate of inactivation of urease at
..-3 X 10-1 N was studied in oxygen-free 0.1 M acetate
buffers at 0°C. Samples were periodically assayed using a
pH-stat (3) with 50 mM urea at pH 3.50 and 38°C. Since
urease is slowly inactivated during the assays, initial
gradients were used ( 6).
For preparative-scale experiments, stock urease was prepared by exhaustive dialysis at 4°C against oxygen-free
0.05 M N-ethylmorphoJine buffer {pH 7.1, 1 mM in p-mercaptoethanol) and then against oxygen-free distiUed water.
Samples of stock urease were treated at 0°C with aliquots
of concentrated acetate buffer. Inactivation was halted by
the addition of sufficient N-ethylmorphotine to produce a
pH of _.7, The solutions were immediately dialyzed at 4°C
against the N-ethylmorpholine buffer and then clarified by
centrifugation (6). Samples for metal ion analysis (atomic
absorption) were dialy-zed against oxygen-free distiJled
water.
To investigate the possibility that EDTA-inactivated enzyme may have been capable of reactivation, aliquots were
diluted (to a concentration of 0.12 µM with respect to the
97 000-daJton subunit) into oxygen-free 0.05 M N-ethylmorphoJine-HCl buffer, pH 7.16 (5 mM in p-mercaptoethanol). To each sample was added a smaJl volume of
NiCl:.i solution, and enzymatic activity was measured (3)
periodically during equilibration at 4 °C. A similar experiment was carried out at 0°C in O. l M acetate buffer. pH
3.50, in the presence of 7 X 10-11 M ,9-mercaptoethanol.
A sample of stock urease in oxygen-free distiJled water
was treated at 25°C with an aliquot of concentrated acetate
buffer in the presence of 1 mM 13-mercaptoethanol and an
absorption spectrum was recorded. At 21 min after acidification, EDTA was added. The absorbance at 385 nm was
monitored until a second spectrum was recorded at 100 min
after addition of EDTA. In independent experiments. the
rate of loss of enzymatic activity was measured under conditions identical to those of the spectral study. Periodica11y,
aliquots were diluted into the acetate buffer containing no
EDTA and assayed immediately at pH 3.50 and 38°C as
described above ( 6).
Inactivation of urease by guanidinium chloride and by urea
Native urease at 4.8 mg/mL was dialyzed against oxygenfree 0.1 M Tris-HCI buffer (I 0 mM in EDTA, 2.5 M in
'Dixon, N. E., Gazzola, C .. Blakeley, R. L. & Zerner, B .•
manuscript submitted.
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guanidinium chloride (Schwarz-Mann, Ultrapure), pH 7 .6)
at 4°C (two changes, 24 h) and then against a similar
buffer containing no EDT A (four changes, 16 h). An
aliquot was dry ashed and assayed spectrophotometrically
for nickel (2). After dilution into 0.1 M Tris-HCI buffer.
pH 7.6, containing 10-11 M Ni:.i•, or 10·:1M Ni 2 •, or 10-:iM Ni:!•
plus -15 mM µ-mercaptoethanol at 0°C, followed by periodic assay (3) over 18 h, no reactivation was detected. On
dialysis at 4°C against 0.1 M Tris-HCI buffer, pH 7.6, containing 10-s M Ni2 \ or 10· 1 M NF., or 10· 1 M NF· plus
1 mM {:1-mercaptoethanol (two changes, 24 h), a heavy
precipitate of protein formed in each case. After further
dialysis into the same buffer containing 1 mM EDT A and
5 mM {:1-mercaptoethanol, the turbid samples had no enzymatic activity.
Urease ( 18 µg/mL) was equilibrated at 38°C with
oxygen-free 2.0 M guanidinium chloride in 0.1 M TrisHCI buffer (pH 7.60, 12 µMin p-mercaptoethanol and either
2.5 µ.M or I 0 mM in EDT A). Aliquots were assayed by
the normal procedure (3) except that 2.0 M guanidinium
chloride was present in the assay system. For native urease.
the rate of uptake of acid under these conditions was 37%
of normal; the enzyme appeared to be slowly inactivated
during the assay.
Urease (4 mg/mL) was dialyzed at 25°C against two
changes (24 h) of 0.05 M Tris-HCI buffer, IO mM in
EDTA and initially 9.0 M in recrystallized urea, and then
into 0.10 M Tris - acetic acid buffer, pH 7.4 (first with
10·:; M Ni::· for 48 h, then wilh 1 mM EDTA and 5 mM
fj-mercaptoethanol for 24 h). Because of the urease-cutalyzed hydrolysis of urea, the pH of the blJffer containing
urea rose rapidly to pH -9. The remaining soluble protein
was assayed.

Jack bean seeds
Jack bean seeds were germinated on moist paper towels
and grown to maturity in Hoaglnnd's No. 1 solution (8)
which had been modified by reducing the levels of phosphate and manganese to 500 and 25 µM, respectively. and
substituting Sequestrene 138 (Geigy Chemical Co .. New
York, NY) for ferric tartrate as the iron source. Molybdate
was added at 1.8 µM. Sodium silicate was ndded to the
solution as a precaution against che possible development
of manganese toxicity (9). The plants were supplied with
combined nitrogen (15 mM nitrate). but no cobalt was
added to the nutrient solution. Analytical grade reagents
and deionized water were used. At all stages, plant growth
and seed development were apparently normal.
Four washed beans from each source were transferred to
two 500-mL conical flasks. To each vessel were added
5 mL of redistilled 70.5% nitric acid and 1 ml of 30%
hydrogen peroxide. The vessels were heated at -100°C
on a hot plate and further similar quantities of these
reagents were added after ,...., 1 h. After the initial reaction
had subsided ( _,3 h ), 40 ml of nitric acid was added to
each flask and the temperature was increased over 8 h to
_, l 60°C. More nitric acid ( 50 mL) was added and evaporated over 24 h at ,_,I 60°C. The residues were dry ashed
at 450°C for ,...,,, 16 h. Two more cycles of wet ashing with
4- to 5-mL portions of nitric acid at -160°C followed by
dry ashing at 450°C overnight gave a whitr. ash which was
solubilized by treatment with 10-mL portions of nicric acid
(evaporated off at 160°C) and distilled -5.8 M HCl
(evaporated off at J00-120°C). The residues were completely dissolved at -100°C in -0.1 M HCl containing

10-• M EDTA and transferred quantitatively to 10-mL
volumetric flasks ( 6).
For measurements of the total urease activity, beans
were crushed between brass plates and chloroform-acetone
powders were prepared on a small scale (3 ). Weighed
quantities (5-7 g) of the powder were subjected to four
cycles of extraction at 25°C into 25 mL of 0.1 M citrate
buffer (pH 6.26, 1 mM in EDTA and 5 mM in p-mercaptoethanol) for 1 h, followed by centrifugation ( 14 000 X g,
4 °C, 30 min) and assay (3). The percentages of total extractable urease recovered in each successive buffer extraction were as follows: parent seeds, 71, 21, 6, and 2 % ;
low-nickel daughter seeds, 72, 20, 6, and 2%. A portion of
the buffer extract of the low-nickel seeds was made 1o-• M
in NP• and equilibrated at 38°C for 14 h, during which
time the urease activity did not change significantly in comparison with a control.

Results
EDT A-promoted inactfration of urease at low pH
The loss of activity of ureasc at 0°C at low pH followed a first-order rate law. At pH values of 3.57 and
3.75, k .,'io in the presence of 1 mM EDTA was 2.1 X
10-~ s- 1 and 1.0 x 10-~i s- 1 , respectively. while at pH
4.02 in the presence of 2.4 mM EDT A, k.. b,,. was 4.4 X
10--1 s- 1 • Each of these values was about 10 ti mes the
corresponding value in the absence of EDT A and, when
the EDTA concentration was douhlcd, k0 b.,,. was almost
doubled. These results establish that EDT A promotes
the inactivation of urease at low pH.
When urease was tr~ated with EDT A at low pH on
a preparative sca1e for different periods of time at 0°C.
the residual soluhle enzvme was deficient in hoth nickel
and specific enzymatic ~ctivity. as shown in Fig. 1. The
line drawn describes a theoretical relationship between
nickel content and urcase activity. hased on the assumptions that these two properties are linearly correlated
and that fully active ureasc (specific activity.r. 93
(mkat/L)/ A :.i~o) contains 2.0 g-at. Ni/96 600 g of protein (2). The presence of ,8-mercaptoethanol did not
prevent the EDTA-promoted loss of activity and nickel
at low pH (points 3, 4, and 5 in Fig. I).
Urease, whose residual specific activity after treatment with EDTA at low pH was 18Ck of the
maximum value. displayed. on analytical ultracentrifugation at pH 7.0, two well-resolved symmetrical peaks
(Fig. 2). The two peaks have s:!v.w values of 11.5 and
19.4 S. with areas in the ratio 47:53. respectively. Fu11y
active urease displayed a single peak. s:!o.w 18.8 S, under
the same conditions (Fig. 2).
In an attempt to bring about reactivation. EDTAinactivated urease (Fig. 1. point 2) was equilibrated at
pH 7. 16 and 4°C in an oxygen-free N-ethylmorpholine
buffer in the presence of Ni 2 + (0, 0.20, 1.0, or 10 µM).
A 10-15% loss of activity occurred over about 25 h.
independently of the concentration of Ni:!+. In analogous reactivation attempts at pH 3.50, the same enzyme
lost -75% of its residual specific activity over I h,
independently of the absence or presence ( 17 µM) of
11
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SPECIFIC ENZVMATIC ACTIVITY
( ( mkat/ L) / A 280}
FIG. 1. Correlation of the residua l specific enzymatic activity (3) with nickel content for pa rtiall y inactivated ( 6)
and native ( O) urease samples. The line corresponds to
2.0 g-at. of Ni/ mo! of 96 600-dalton subunits in fully active
urease. Prior to neutralization and dialysis, urease was
equilibrated in oxygen-free 0.1 M aceta te buffers under various conditions: (I) 11. 3 m g/ mL, pH 3.8, 1 mM EDTA.
I mM ,B-mercaptoet hanol, 2.5 h at 25°C and 20 h at 4°C;
(2) 4.0 mg/ mL. pH 3.75, 5 mM EDTA, 17 min. o•c; (3)
6.6 mg / mL, pH 3.7, 1 mM EDTA, 5 mM p-mercaptoethanol, 20 min, o•c; (4) as in (3). but for 5 min; (5) as
in (3), but for 100 s.

N i!!+ . No evidence has been obtained for reac tivation
of EDTA-inactivated urease by low concentrations of
Ni'.?+.
The absorbancc of urease a t 385 nm ( 10) started to
decrease with time immediately u pon acidification to
pH _'{.8 at 25 °C. Upon subseq ue nt addition of EDTA
(to a fina l conce ntra ti on of I mM ), th e ra te of d ecrease
in A a s ~. was accelerated (data not s hown). A graph o f
A:is~. as a fun ction of time afte r add itio n of EDT A is
shown in Fig. 3. Progress curves for the decrease in
enzymatic activity wi th a nd without EDTA un der th ese
condition s arc al so shown in Fig. 3 . A gain inacti vation
is promoted hy EDTA. T h e ti me course for loss of
act ivity cannot he simply correlated w ith the ch a nge in
A 3 s 5 in Fig. 3 beca use nearly h a lf the ove rall total loss
of A:is 5 h ad taken place whil e the initial s p ectrum was
reco rded at low pH prior to addi tio n o f EDT A. Furth e r,
th e tail absor ptio n is partly due to Rayleig h scattering
associat ed with the large size of th e urease h examer
(molecular weigh t. 59 0 000) G and the dissociation to
s ubunits wh ic h occurs after acidification ( 1 1) must
cause a n absorbance decrease d u e to decreased Rayleigh scattering. ind ependently of absorbancc ch anges
associa ted with the nickel io ns.

Efjects of dimethy lglyoxime, gua11idini11m chloride. and
9 M urea on 11rease
When urease was prepared by the norma l procedure
(3) . modified to include I mM dime thylgl yox ime (plus

10% ethanol where necessary for solubilit y) throughout, the yield of urease act ivity was normal a t a ll stages.

FIG. 2. Sedimentation velocity experimen ts at 20°C in
0.029 M phosphate buffer (p H 7.00, 1 mM each in EDTA
a nd .B-mercaptoetha no l). Above: na tive urease, 0.87 mg/
mL. 92.I (mka t / L) / A "~ .. Below: EDTA-treated urea se, 1.2 1
mg.' mL, 17 (mkat/ L) / A,..,. from fig. 1 (poi nt2). A Spinco
model E ultracentrifuge equipped with Schlieren opti cs a nd
two 12-mm single-sector ce lls was used a t 40 000 rpm. Sedimentation coeffi cients in water (s,... ".) were calcula ted from
th e va lues determined in buffer, using th e specific viscosity
( 1.016) and densi ty ( 1.00 18 g cm-") of the buffe r at 20°C.
and assuming a i' of 0. 734 cm' g· 1 for both samples of urease
(see footnote 6 in text).

After gel chromatography o n Scphadcx G-200. this
urcase had a specific activi ty o f 78.7 (mkat/ L) / A 280
and a nickel cont ent of 0.99 µg N i/ mg u rease (atom ic
abso rpti on s pectrometry ). These are both so mewh a t
less than the values for pure urease (93 (mkat/ L) I A:.isu
a nd 1. 21 1; µg N i/ mg urease. respecti vely (footnote 6
and Ref. 2)) a nd it is li kely that th e e nzyme pre pared
in the prese nce of dimethylglyox ime was o nl y about
S 1-869(; p ure , possibly because of a n a ltered fr actionat ion o n ge l ch rom a tograph y in the presence of l 0 %
ethano l. Manga nese was u nde tec table ( less than 0.2
g -at. / mo ! of subunit s) .
After dialysis in 2.5 M guani dinium chloride a t pH
7.6 for 40 h in the prese nce of 10 mM EDT A, urease
con tained less than 0.2 g-a t. Ni / mo! of 97 000-dalton
suhunits, was completely inactive. and was not reactiva ted in the prese nce of Ni'.? + under vario u s conditions
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TABLE

J. Metal ion and urease content of jack bean seeds

Value
Parameter

Parent seedsa

Low-nickel
daughter seeds"

Metal ions
(µg/g of seeds)c

Ni
Mn
Co
Fe
FIG. 3. Inactivation of urease ( 11.0 mg/ml) in oxygenfree 0.1 M acetate buffer (pH 3.8, 1 mM in p-mercapto-

ethanol) at 25.0°C. Progress curves for the loss of enzymatic activity in the presence ( • ) and absence ( .& ) of
J mM EDTA. Progress curve for the loss of absorbance at
385 nm ( e ) in the presence of 1 mM EDTA: in this experiment, the enzyme had undergone substantial loss of
tail absorption at pH 3.8 prior to addition of EDTA and
initiation of the absorbance trace (see Materials and
methods).
in Tris buffers. Nickel ion complexes to urease ( 12)
much more tightly than it does to Tris ( 13), so that
if simple equilibria are involved, urease should have
been reactivated.
In 2.0 M guanidinium chloride at pH 7.6 and 38°C,
urease lost 50% of its activity gradually over 2.0 h in
the presence of 2.5 µM EDTA. The initial rate of loss
of enzymatic activity was only half as great in the
presence of 10 mM EDT A. Evidently EDT A is stabilizing the enzyme in 2.0 M guanidinium chloride. presumably by removing traces of adventitious metal ions or
by binding to the enzyme-bound nickel ions or by complexing the liberated nickel ions.
After treatment of urease with 9 M urea at pH ,_ 9
and 25°C for 24 h. precipitation of about 75% of the
protein occurred on removal of the urea (and ammonium carbonate) by dialysis in the presence or
absence of Ni 2 +. The residual soluble urease had specific activities of 88.9 (mkat/L) I A 2 so in the control
and 83.3 ( mkat/ L) I A 1 s 11 in the nickel-treated sample.
These experiments provide no evidence for the reversible formation of apourease in the presence of high
concentrations of urea.
Metal ion and urease content of jack bean seeds
Table 1 shows the metal ion and urease content of
normal jack bean seeds (parent seeds) and of heans
grown hydroponically from these in the absence of
added nickel. The low-nickel seeds had only 6% of
the parental level of nickel. while the levels of manganese, iron. and cobalt were 70, 128. and 299(. respectively. of those in the parent seeds. The amount of
extractable urease in the parent seeds corresponded to
0.11 % of the weight of the seeds. in excellent agreement with the value of 0.10%- calculated from Sumner's
data ( 14). The low-nickel seeds had only t 0% of the

Urease
(µkat/g of seeds)d
Powdert
Seeds/
Ureasc/nickel
(kat/g of nickel)u
Proportion of total Ni
in active urease (':'~)h

8.0

22.6
0.56
15 .1

72.9
........,66

......,8,2

......,17

0.48
15.9
0.16
19.3

7. I
........,6,4
,......,13,3
........,28

"Sigmn Chemical Co., lot No. I 78·0920.
bFrom n crop of jack beans raised hydroponically with no added nickel.
rAssesscd by atomic absorption spectrometry following wet and dry
ashing. The re<igent blank contained no Ni. Mn, or Co. The reported values
for Fe ha\'e been corrected for a reagent bhink corresponding to 1.5 µg/g
of seeds.
dAssessed by pH-stat assay of serial buffor extracts.
'Chloroform-acetone powder of crushed beans.
I A wdght loss of -103 occurs during the preparation of the chloroformacctonc powder of jack beans.
!!This rntio for pure urcase (specific acti\'ity. 93 (mkat/L):'Az~ll: 2.00 g-at.
Ni 96 600 g protein) is 47.44 knt/g Ni.
11Calculated from the rntio of urease acti\'ity ro nickel for the beans and
for pure urcasc.

normal urease activity. which reflects closely the decreased nickel content. Equilibration of the extracted
proteins with nickel ion did not produce any increase
in enzymatic activity.

Discussion
Urease contains 2 (2.00 ± 0.12) g-at. of Ni/mol of
96 600-dalton subunits (1, 2) and this nickel is retained
in the presence of EDTA at neutral pH even when the
enzyme has lost up to 30% of its origina] specific
activity (2). Building on work of Gorin (I 1), we found
that under acid conditions (pH 3.5-4.0), EDTA promotes the inactivation of urease. The residual specific
activity is a linear function of the nickel content of
partially inactivated enzyme (Fig. 1) and is completely
consistent with the presence of 2.0 Ni2+ ions/96 600dalton subunit in fully active urease. Further, the
data in Fig. 1 suggest that the inactive subunits have
lost both nickel ions.
After partial inacth~ation in the presence of EDTA
at low pH, followed by neutralization. the residual
soluble urease displayed roughly equal amounts of a
l 9S species (same as for the native enzyme) and an
l lS species (Fig. 2). No other species could be detected. Since the residual soluble urease retained ,..,.18%
of the maximal specific activity of the enzyme and
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-25 % of the normal nickel content of the enzyme,
nickel-deficient enzymatically inactive ureasc with a
molecular weight near that of the native enzyme must
be capable of existence. This is the first indication that
some of the nickel is not essential for the maintenance
of quaternary structure.
The ultraviolet spectrum of urease has an "abnormal" tail absorption which extends into the visible
region (footnote 6 and Refs. 1, 10, 12). A characteristic
feature of this spectrum at pH 7.0 in the presence and
absence of ,8-mercaptocthanol {1, 10) and also at pH
3.8 ( l ) is a shoulder near 420 nm. This shoulder is
apparently associated with Ni!?+ ion in an octahedral
environment ( 10, 15); the nickel (Fig. 1). the shoulder
( 1). and much of the tail absorption (Fig. 3) arc lost
on the time scale of loss of enzymatic activity. Further,
reversible inhibition by acetohydroxamic acid. phosphoramidate, fluoride ion, and ,8-mcrcaptoethanol correlates with their reversible effects on this region of the
urease spectrum. strongly indicating that these inhibitors bind to the nickel ions (footnote 7 and Refs. t.
5, 10). It follows that the nickel in jack bean urcase is
part of the active site, and a detailed catalytic role for
nickel ion in the enzymatic hydrolysis of urea and
other substrates has been postulated.s
Attempts to reactivate the soluble EDTA-inactivated
urease hy addition of Ni4!+ at pH 3.50 and at pH 7.16
were not successful, despite the fact that the partially
inactivated enzyme was not substantially denatured
(judging from the velocity sedimentation results). Since
urcase is reported to he fulJy active after treatment with
2.0 M guanidinium chloride in the presence of EDTA
( 16). but to lose activity rapidly and synchronously with
the loss of nickel in 3 M guanidinium chloride at pH 7
( 17), and since the manganese in superoxide dismutase
from Escherichia coli is reversiblv removed in 2.5 M
guanidinium chloride ( 18). a variety of attempts was
made to use this denaturant to form an apourease
capable of reactivation. Our failure reversibly to form
apourease in the various experiments may reflect compJications associated with the sulfhydryl groups. the
large polypeptides, the quaternary structure ( 19), or
the possible role of nickel in the correct refolding of
urease (20).
....
Ureasc which was prepared at aJJ stages in the presence of dimethylglyoxime had a specific activity and a
nickel content which were essentially normal. Dimethylglyoxime is a good chelating agent for Ni2+ ions and its
lack of effect renders very unlikely the possibility that
nickel in purified urcase is an artifact due to the replacement of some other metal ion by adventitious Ni2+
during purification.
Seeds from jack beans grown hydroponically in the
absence of added nickel had a normal size and appearance and therefore presumably contained the normal
8Dbcon, N. E., Riddles, P. W .. Blakeley. R. L. & Zerner,
B., manuscript submitted.
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amounts of most proteins and carbohydrates. However, these seeds were low both in urcasc and in nickel
(I 0 and 6%, respectively, with respect to the parent
seeds). If an apoureasc is present in buffer extracts of
the low-nickel beans, it, too, is not activated by addition of Ni:?+. These results would be partially explained
if (a) nickel is required to bring about synthesis of
apourcase in the developing seed, and (or) if (b) no
other metal ion will substitute for nickel to produce a
normally active holoenzyme. In consideration of the
latter possibility. the growth medium contained Mg:!+,
Ca 2 +, Fe 2 +, Mn 2 +, zn2+, cu2+, and Mo0,. 2 -, and
the daughter seeds which were low in both nickel and
urcase. contained manganese and iron in nearly normal
amounts. The total nickel in the low-nickel seeds is only
--35% of that present as ureasc-bound nickel in the
parent seeds. The fact that depressed urcase activity
parallels depressed nickel content in the presence of all
of these other metal ions is consistent with the proposition that of these. only nickel can produce fully active
urease.
Urcase in the seeds of legumes is involved in the
mobilization (upon germination) of nitrogen stored as
arginine or canavanine ( 12). Purified soybean urease
has recently been reported to contain nickel (21) and
Polacco has suggested that nickel may be a universal
requirement for plant urcascs (22).
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