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x {A + BMax [0, COS(+,-+~)] s ina tanp} 
(1)  

where E, is the intensity of the source, (Or, 
4,) and ( O i ,  +i) are the observer and illumi- 
nant directions in a coordinate frame with its 

axis aligned with the surface normal, and a 
= Max(0,, 0,) and p = Min(0,, 0,). 

Our model may be viewed as a general- 
ization of Lambert's law. which is s im~ lv  an  

1 ,  

extreme case with u =' 0. The model has 
direct im~lications for s h a ~ e  recoverv in 
machine ;ision (28) and f i r  realistic ;en- 
dering in computer graphics (29). Further, 
it provides a firm basis for the study of visual 
perception of three-dimensional (3D) ob- 
jects. T o  illustrate this, we compared digital 
images of several objects constructed from 
materials such as porcelain and stoneware 
with synthetic images of the objects ren- 
dered by using the model (Fig. 4). The 
images closely matched. Both real and ren- 
dered shadings vary synchronously, and sig- 
nificantly, with macroscopic roughness. 

These ex~eriments have led to a curious 
observation: Our model predicts that for very 
high macroscopic roughness, when the ob- 
server and the illuminant are close to one 
another, all surface normals will generate 
approximately the same brightness. This im- 
plies that a 3D object, irrespective of its 
shape, will produce nothing more than a 
silhouette with constant intensity within. In 
the case of polyhedra, edges between adja- 
cent faces will no longer be discernible (Fig. 
4A), and smoothly curved objects will be 
devoid of shading (Fig. 1A). This visual am- 
biguity may be viewed as a perceptual singu- 
larity in which interpretation of the 3D 
shape of an object from its image is impossi- 
ble for both humans and machines. This 
phenomenon offers a plausible explanation 
for the flat-disc appearance of the full moon 
(Fig. 4E). 
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Requirement of Carbon Dioxide for in Vitro 
Assembly of the Urease Nickel Metallocenter 

11-Seon Park and Robert P. Hausinger* 

Assembly of protein metallocenters is not well understood. Urease offers a tractable 
system for examination of this process. Formation of the urease metallocenter in vivo is 
known to require four accessory proteins: UreD, postulated to be a urease-specific 
molecular chaperone; UreE, a nickel(l1)-binding protein; and UreF and UreG, of unknown 
function. Activation of purified Klebsiella aerogenes urease apoprotein was accomplished 
in vitro by providing carbon dioxide (half-maximal activation at -0.2 percent carbon 
dioxide) in addition to nickel ion. Activation coincided with carbon dioxide incorporation 
into urease in a pH-dependent reaction (pK, 2 9, where K, is the acid constant). The 
concentration of carbon dioxide also affected the amount of activation of UreD-urease 
apoprotein complexes. These results suggest that carbon dioxide binding to urease 
apoprotein generates a ligand that facilitates productive nickel binding. 

Urease, the first enzyme crystallized (1) and 
the first shown to include nickel (2), is found 
in certain plants, fungi, and bacteria. It par- 
ticipates in environmental nitrogen transfor- 
mations and is a virulence factor in certain 
pathogenic microbes (3). According to x-ray 
absorption spectroscopic analysis (4),  the 
protein contains a dinuclear Ni(1I) active 
site (5) in which each metal atom has a 
Ni(imida~ole)~(N,O), - , ( x  = 2 or 3) coor- 
dination environment. In vivo assemblv of 
this metallocenter in  K. aerogenes (6)  'in- 
volves the participation of four accessory 

Departments of Microbiology and Biochemistry, Michi- 
gan State University, East Lansing, MI 48824, USA. 

gene products: UreD, UreE, UreF, and 
UreG (7). 

UreD has been ~ostulated to function as a 
molecular chaperone that stabilizes a urease 
apoprotein conformation that is competent 
for nickel incorporation (8). Evidence con- 
sistent with this hv~othesis includes (i) our , L . . 
ability to purify several forms of a UreD- 
urease apoprotein complex of the formula 
(urease),UreD,, where (urease), is the na- 
tive (spy), protein (n = 1, 2, or 3); (ii) the 
demonstration that these complexes can be 
partially activated by addition of nickel ions 
(increasing amounts of activation correlate 
to increasing n); and (iii) the finding that 
UreD dissociates from urease during activa- 

*To whom correspondence should be addressed tion. UreE has been proposed to serve as a 
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nickel donor for urease activation (9) on  the been related in sequence to HypB, a 
basis of its ability to bind approximately six guanosine 5'-triphosphate-binding protein 
nickel ions per dimer (dissociation constant that is required for incorporation of nickel 
K, - 10 kM)  with rather high specificity. into hydrogenase (hydrogen:acceptor oxi- 
The roles of UreF and UreG in urease acti- doreductase) (1 0, 11 ). Here, we demonstrate 
vation are unknown, but they are absolutely that CO, is required for in  vitro activation of 
essential for activation in vivo. UreG has urease apoprotein. W e  detail several proper- 

Fig. 1. In vitro activation of l o o  A 
urease apoprotein. Urease . .. 

apoprotein ' was purified ""I *'.** from Escherichia coli DH5 
cells bearing plasmid 
pKAU22AureD-1, contain- 200 

ing the K, aerogenes gene 
cluster deleted in ureD (7). 0.01 
Enzyme activity was as- - loo 

sayed in 25 mM Hepes, 0.5 cn 

mM EDTA. and 50 mM 5 0.00 

urea(pH 7.751.Thespecific L. 0 60 120 180 240 300 0 3 6 9 1 2  - 
activity of urease was cal- 
culated from linear regres- $ 

Time (rnin) Time (min) 

sion analysis of the rate of 400 200 - ,, released ammonia, deter- i mined by conversion to in- . dophenol (221, and from 
protein concentration (23). 
One unit of urease activity 
is defined as the amount of 
enzyme required to de- 
grade 1 pmol of urea per 100 

minute at 37°C. (A) Ap- 
oprotein (final concentra- 
tion of 0.8 mg/ml or 9.6 0 60 120 180 240 300 6.5 7 7.5 8 8.5 9 
pM) was added to an acti- 
vation buffer [I00 mM Time (min) PH 

Hepes (pH 8.3), 150 mM NaCI, and 10 pM EDTA] containing 100 pM NiCI, and 0 (+), 1 (W), 3 (A), 10 (a), 
30 (A), 100 (O), or 200 (0) mM NaHCO, at 35°C. Samples were removed over time to monitor urease 
activity. The results are representative of four independent preparations. (B) Apoprotein (as above) was 
placed in an activation buffer containing 200 pM NiCI, at 0°C; NaHCO, was immediately added (final 
concentration of 1 mM) from stock solutions (4 mM) that were prepared at pH 4.2 (a) or 8.5 (4, and timed 
samples were removed for assay. An identical low-pH NaHCO, stock solution experiment was carried out 
in the added presence of carbonic anhydrase (0.2 mg/ml) (0). The results are representative of three 
separate preparations. (C) Apoprotein (as above) was incubated at 35'C in an activation buffer containing 
100 mM NaHCO,, and NiCI, was added to yield final concentrations of 10 (+), 20 (W), 30 (A), 40 (O), 60 (A), 
or 100 (0) pM. Samples were removed and assayed at the indicated times. The results are representative 
of four independent experiments. (D) Activation buffers containing 100 mM Hepes (0 and a) or 2-[N- 
cyclohexylamino]-ethanesulfonic acid (CHES) (A and A), 100 pM NiCI,, and carbonic anhydrase (0.2 
mg/ml) (added to accelerate the approach to equilibrium) were incubated at 35°C in the presence of 0.3% 
CO, atmosphere. After a 30-min incubation, apoprotein (as above) was added and samples were removed 
for assay at 45 (0 and A) and 120 (a and A) min. The indicated pH values were measured at the conclusion 
of the experiment. The results are representative of two independent experiments. 

ties of this system, propose a mechanism for 
the in vitro process, and discuss how UreD 
may assist in urease activation. 

Purified K. aerogenes urease apoprotein 
was activated in the absence of any accessory 
protein by incubation with nickel ion in the 
presence of bicarbonate-containing buffers 
(Fig. 1A). Because bicarbonate is in equilib- 
rium with dissolved CO, in solution, it was 
imperative to  determine which species is the 
actual activating factor. By using N a H C 0 3  
from stock solutions that were adjusted to 
pH 4.2 or 8.5 [the dissolved CO, concentra- 
tion is much greater in the low-pH solution 
(12)], we demonstrated that urease activa- 
tion was C0,-dependent (Fig. 1B). Experi- 
ments in which carbonic anhvdrase was in- 
cluded in the activation mixture provided 
additional support for this conclusion. The 
initial rapid activation (complete by -5 
min) observed in the low-pH N a H C 0 3  so- 
lution was not observed in the presence of 
carbonic anhydrase; this result presumably 
was caused by the more rapid hydration of 
dissolved CO, at that pH (Fig. 1B). The  
bicarbonate (hence CO,) concentration af- ', 
fected the extent of activation (Fig. 1A); the 
maximal specific activity (-310 U/mg) in 
this preparation accounted for activation of 
approximately 12.5% of the urease apopro- 
tein, but activation of up to 30% was ob- 
served in another apoprotein preparation. 
Half-maximal activation of urease apopro- 
tein at pH 8.3 occurred at approximately 10 
mM bicarbonate, equivalent to about 0.063 
mM or 0.2% CO, (13) [by comparison, the 
CO, concentration in the atmosphere is ap- 
proximately 0.03% (1 2)]. Covalent incorpo- 
ration of the activating CO, molecule into 

u L 

the enzyme was shown with the use of 
['4C]NaHC03 ( 14). The  radioactivity repre- 
sented incorporation of 0.48 bicarbonate 
carbon atoms per spy unit. Because the 
specific activity generated in this experiment 
(241 U/mg) is much less than 48% of that 
expected for fully active enzyme (-2500 
U/mg) (15), C02 incorporation does not 
equate to enzyme activation, and other fac- 
tors must be important. 

Fig. 2. In vitro activation of UreD- 
urease apoprotein complex. A ' - c  
mixture of UreD-urease apopro- --, 500 .- 8 6!! 
tein complexes was enriched .$ g 5.. 
through the Mono Q HR 10/10 2 400 o 
step of purification (8). (A) The bi- .$ .O 4 -- - 
carbonate dependence of activa- s 300 .- 
tion and (B) the nickel ion depen- 
dence of activation for the protein 1 200 
complex (0.8 mg/ml) was carried i - + 
out as described for the apopro- rn 100 

tein alone (Fig. 1, A and C, re- t o 
spectively). (C) The ratio of the 0 7 I 

specific activities that were gener- 0 60 120 180 240 300 0 60 120 180 240 300 0 50 100 150 200 
ated during activation of the Time (min) Time (min) [NaHCO,] (mM) 
UreD-urease apoprotein and the 
urease apoprotein are compared as a function of bicarbonate concentration for 4 min (0) and 300 min (a) of activation. 
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The dependence of urease apoprotein 
activation on nickel ion concentration was 
assessed in buffer containing 100 mM 
NaHC0 3 (Fig. 1C). The activation rate 
appeared to saturate at approximately 60 
|xM nickel ion. This value is only about six 
times higher than the protein concentra
tion, or only three times higher than the 
concentration needed to load the bi-nickel 
site of the protein. Prior incubation of ure
ase apoprotein with nickel ion followed by 
addition of bicarbonate failed to yield ac
tive enzyme. This nonproductive interac
tion between apoprotein and nickel ion, 
which was reversible by prolonged incuba
tion of the sample in the presence of 
EDTA, may account for the low extent of 
activation described above. Activation of 
urease apoprotein under an atmosphere of 
0.3% C 0 2 exhibited a pH dependence 
(Fig. ID), with solutions of increasing pH 
leading to greater rates of activation. The 
pKa of the activation process is 9 or great
er; higher pH values could not be exam
ined because of the excessive amounts of 
bicarbonate that would be present in the 
reaction mixture. 

Urease activation kinetics, in which 
the extent of reaction was governed by the 
CO2 concentration (Fig. 1A) and the rate 
was controlled by the nickel ion concentra
tion (Fig. 1C), can be accommodated either 
by an interaction of C 0 2 with apoprotein 
before metal ion binding or by formation of 
a metal ion-C0 2 complex that binds to the 
apoprotein. A well-characterized biological 
precedent for the former mechanism in
volves ribulose-l,5-bisphosphate carboxyl
ase-oxygenase (RUBISCO). This magne
sium-dependent enzyme has been shown to 
be activated by reaction of a lysine residue 
with COz , where the resulting carbamate 
serves as a metal ligand (16). A similar 
activation step may occur in 1-aminocyclo-
propane-1-carboxylate (ACC) oxidase, a 
ferrous ion-dependent enzyme (17). As we 
observed for urease, the activation rates for 
these enzymes are enhanced at higher pH 
values (18, 19). We propose that metallo-
center assembly into urease apoprotein oc
curs by reaction of a deprotonated protein 
side chain with an activating CO z molecule 
to generate a ligand that facilitates produc
tive nickel binding. Unlike RUBISCO and 
ACC oxidase, however, urease activation 
was not reversed by addition of metal ion 
chelators. We speculate that urease activa
tion may include a protein conformational 
change that serves to trap the metallocenter. 

Our ability to partially activate urease 
apoprotein in the absence of any accessory 
protein compelled us to reevaluate the 
previous suggestion that UreD functions 
as a molecular chaperone (8). We there
fore examined the effect of CO z on the 
activation of a mixture of UreD-urease 

apoprotein complexes of the formula 
(urease)3UreDn (n = 0, 1, 2, or 3; n « 
1.6). The extent of activation depended 
on the bicarbonate concentration (Fig. 
2A) and the rate depended on the nickel 
ion concentration (Fig. 2B), with concen
tration dependences and kinetics that 
closely resembled data obtained for urease 
apoprotein alone (Fig. 1, A and C). In two 
separate preparations, 0.51 or 0.36 carbon 
molecules were incorporated per afty unit 
from [1 4C]NaHC03 treatment of the 
UreD-urease apoprotein complex mixture 
(20), again in agreement with the urease 
apoprotein studies. The incorporated ra
dioactivity was not removed by incubation 
of the protein with unlabeled N a H C 0 3 or 
urea, but it was lost by acid treatment 
(20). The final amount of activation for 
the UreD-urease apoprotein complex mix
ture was higher than for the urease ap
oprotein alone, although it was lower than 
expected on the basis of the amount of 
radioactivity incorporated; the effect was 
most pronounced at the lowest bicarbon
ate concentrations (Fig. 2C). Indeed, the 
indicated ratios for activation were under
estimated by a factor of 1.19 if specific 
activity is measured in terms of units per 
milligram of urease protein rather than 
units per milligram of total protein for the 
experiments that include UreD (21). 

To examine the effect of UreD on initial 
activation rates, we compared the activities 
(at 4 min) of the UreD-urease apoprotein 
complex and the apoprotein (Fig. 2C). The 
presence of UreD accelerated the rate at low 
bicarbonate concentrations, but at concen
trations above ~50 mM the rate was reduced 
in the presence of UreD. Like the apopro
tein, the UreD-urease apoprotein complex 
was shown to form a nonproductive nickel-
urease species; however, the presence of 
UreD appeared to reduce the rate of this 
inactivation step. For example, when urease 
apoprotein was incubated for 10 min with 
100 |xM nickel ion before addition of bicar
bonate, its ability to be activated was re
duced to 8.8% of that where nickel ion and 
bicarbonate were provided simultaneously, 
whereas UreD-urease apoprotein complex 
that was treated in a similar manner retained 
25% of its ability to be activated. 

These results confirm the importance 
of UreD in urease activation at low con
centrations of C 0 2 and suggest a mecha
nism for this activation. We propose that 
UreD functions, at least in part, to mini
mize nonproductive binding of nickel to 
apoprotein that lacks bound COz—that is, 
to the protein species expected to predom
inate at low CO z concentrations. Hence 
UreD may still be considered to act as a 
molecular chaperone that controls the 
proper sequence of activation steps so that 
CO z binds before nickel ion. 
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