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ABSTRACT. Urease fronmKlebsiella aerogeneflabri et al. (19955cience 268998-1004] is an ¢5y)s

trimer with eacha-subunit having andj3)s-barrel domain containing a binickel active center. Here we
examine structurefunction relations for urease in more detail through structural analysis of the urease
apoenzyme at 2.3 A resolution and mutants of two key catalytic residues (H219A and H320A) at 2.5 A
resolution. With the exception of the active site, in which a water molecule takes the place of the missing
carbamate and nickel atoms, the structure of the apoenzyme is nearly identical to that of the holoenzyme,
suggesting a high degree of preorganization which helps explain the tight binding of nickel. In the structure
of H219A, the major change involves a conformational shift and ordering of the active site flap, but a
small shift in the side chain of A§#! could contribute to the lower activity of H219A. In the H320A
structure, the catalytic water, primarily a Ni-2 ligand in the holoenzyme, shifts into a bridging position.
This shift shows that the nickel ligation is rather sensitive to the environment and the change in ligation
may contribute to the Pdfold lower activity of H320A. In addition, these results show that urease is
resilient to the loss of nickel ions and mutations. Analysis of the urease tertiary/quaternary structure
suggests that the stability of this enzyme may be largely due to its burial of an unusually large fraction
of its residues: 50% in thg-subunit, 30% in theg-subunit, and 60% in the-subunit.

Nickel-dependent ureases have been isolated from a widecompounds catalyze the hydrolysis reaction, and it is not
variety of bacteria, fungi, and higher plants (Hausinger, clear why nickel, rather than zinc or any other metal ions, is
1993). Among the nickel metalloenzymes, which also used in urease (Hausinger, 1993). It is known that nickel
include hydrogenase, methyl-coenzyme M reductase, andbinds specifically and tightly to urease. Unlike most other
carbon monoxide dehydrogenase, urease is the only one thainetalloenzymes, the removal of the metal ions from urease
catalyzes a hydrolysis rather than a redox reaction. Thecan only be achieved by harsh treatment with denaturants
primary physiological role of urease is to allow the organism gy acid conditions (Dixoret al, 1980; Zerner, 1991; Martin
to use external!y and internally generated urea as a nitrogeng, Hausinger, 1992). In addition, it has been recently shown
source [for reviews see Mobley and Hausinger (1989) and 4t thein witro incorporation of nickel requires carbon
Mobley et al. (1996)]. In the absence of enzyme, urea is ioxide (Park & Hausinger, 1995)In sizo the process
stable in aqueous solutions ranging in pH from 2 to 12, with requires a set of proteins which appear to act as urease-

a hali-lile of 3.6 years at 380 _The nonenzymatic specific chaperones (Moncrief & Hausinger, 1996).
breakdown proceeds via an elimination reaction to release

ammonia and cyanic acid (eq 1). In contrast, urease We have recently solved the crystal structure of urease
hydrolyzes urea to ammonia and carbamate (eq 2) and thefrom Klebsiella aerogene§labriet al, 1995). The enzyme
Ni%* ions are thought to act as Lewis acids in catalysis is a trimer of three T-shapedfy units (Figure 1), each
(Zerner, 1991). consisting of four structural domains: two in tlechain
and one each in thg andy-chains. Thex-subunit contains

|C|) the active site in ano(f)s-barrel domain which is homolo-
H,NCNH, —= NHg + HOCN @ gous to the Zn-dependent enzymes adenosine deaminase

o) o) (Wilson et al,, 1991; Wilson & Quiocho, 1993) and phos-

HZNQNHZ +H0 I N, + HZN(!OH @ photriesterase (Benningt al, 1995). The two active site

nickels are 3.5 A apart. Ni-1 has an unusual tricoordinate
Synthetic mono- and binickel model compounds have beengeometry, whereas Ni-2 is pentacoordinate. Finally, a
synthesized to study the nickel requirement of and the role carbamylated lysine, Ly3'™, serves as a bridging ligand
of the nickel center in catalysis. Unfortunately, none of these for the nickel ions, explaining why carbon dioxide is required
for the activation of urease apoenzyme (Park & Hausinger,
t This work was supported in part by USDA Grant 9303870 and by 1995). Only two other enzymes, ribulose-1,5-bisphosphate

NIH Training Grant ST32-GM08384 (to E.J.). carboxylase oxygenase (Rubisco) (Lorireéal, 1976) and
*The coordinates for all structures have been deposited in the y Y9 ( ) ( eal, )

Brookhaven Protein Data Bank with access codes 1KRA for the ureasethe urease homolog phosphotriesterase (Bereting, 1995),

apoenzyme, 1KRB for H219A, and 1KRC for H320A. are known to have carbamylated lysines involved in metal
; To whom correspondence should be addressed. = . binding. In contrast to urease, however, both Rubisco and
‘Current address: Department of Chemistry and Biochemistry, hosphotriesterase can be easily inactivated by metal chela-
University of Colorado, Boulder, CO 80309-0215. p p y y
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Table 1: Diffraction Data and Refinement Statistics

ideality
data set (no. unique reflections (% Ryn?  protein  solvent R-factor bond angles resolution (no. of
of crystalsy resolution (A) complete, redundancy) (%) atom$s  atoms (%) A (deg) reflectionsy (A)
Nat2 (2) 2.2 40641 (99, 7.9) 105 5787 175 17.4 0.008 2.0 -—21P(40157)
apoenzyme (2) 2.3 35214 (98, 7.3) 155 5784 179 19.0 0.009 1.9 —2.8034776)
H219A (1) 25 27 404 (98, 3.1) 9.5 5782 152 17.9 0.009 1.9 -—26(26626)
H320A (1) 25 28 672 (99, 3.3) 9.4 5782 159 18.0 0.008 1.9 —2A6(27755)

a Crystal sizes were-470 x 470 x 400 um for Nat2,~200 x 200 x 250 um for apoenzyme, ane+430 x 400 x 360 um for H219A and

H320A mutants® Rsym

S| — OOVy ) wherel is the integrated intensity of a given reflection from Scalepackpoenzyme contains 767

residues and lacks both nickel ions and the,@@dification of Lys?'”. H219A and H320A contain 767 residues and both nickel i8ridumber

of reflections used in the refinement.

Ficure 1: Urease structure. Space-filling image showing the tight
packing of the urease trimer, with the refereng® unit (yellow),

the o/f'y" unit (fuschia), and thea’"y" unit (white). The
y-subunits are at the front and center of the trimer. A bit of blue
background is visible at the very center because of the cavity
existing at the crystallographic 3-fold axis. This figure was prepared
with MIDAS (Ferrin, 1988).

For accurate interpretation of the properties of site-directed
mutants, structural information is very important, as it allows
the distinction between direct and indirect effects. Here we
probe the tight binding of nickel at the active site and the
catalytic mechanism by analysis of the 2.3 A resolution
structure of the apoenzyme and 2.5 A resolution structures
of the two catalytically impaired active site mutants, H219A
and H320A.

MATERIALS AND METHODS

Data Collection and ReductionDetails of the purification
and crystallization protocol were described previously (Jabri
et al, 1992). Crystals grew in hanging drops equilibrated
against 100 mM HEPES (pH 7.5) and 1.6 M LiSQ,. All
crystals were isomorphous, having cubic space gi@sp
with a= 170.8 A, and one3y unit in the asymmetric unit.
The holoenzyme structure (at 2.2 A resolution), designated
Nat2 in our original report (Jabret al, 1995), was our
reference structure for phase generation and model building.

Diffraction data for the apoenzyme, H219A, and H320A
were collected at room temperature on an ADSC multiwire
area detector system as described previously (Jhai.,
1995) (Table 1). The data were originally processed by the
ADSC software, but during preliminary refinement of the
apoenzyme, thB-factors refined to anomalously low values
(near 2 R), suggesting a possible problem with the data. A

Comparisons of small molecule binickel compounds, some Wilson plot showed unexpected behavior of the high-

which match the Ni+Ni distance (Stemmleet al,, 1995)
and one with a bound urea (Wagesal, 1993), with the

resolution data, which rescaling of the data with Scalepack
(Otwinowski, 1992) was able to fix (Figure 2). We do not

urease metallocenter emphasize that the asymmetric coorknow the cause of the problem, but it appeared to affect the
dination seen in urease and the environment provided byweak, high-resolution data from many of our data sets; thus,
supporting residues make the urease active site unique (Jabridata sets Nat2, apoenzyme, H219A, and H320A were all
1995). Site-directed mutagenesis identified *#i% and rescaled using Scalepack (Otwinowski, 1992).

His**?%as two residues probably playing key roles in catalysis  The overallRsym of ~15% for the urease apoenzyme data
(Park & Hausinger, 1993a). The M3 to Ala mutant  set (Table 1) is high enough to merit special comment. The
(H219A) had aKn of 1100 mM compared to 2.3 mM for  various analyses of the merging statistics of the data do not
wild type with aKcat 3% of the wild type (Park & Hausinger,  suggest that any major systematic difference exists between
1993a). The Hi¥% to Ala mutant (H320A) showed little  the two apoenzyme data sets. Figure 3 shows some relevant
change inKy, but had aKa value of 0.003% of wild type.  statistics as a function of resolution to allow a more complete
Furthermore, diethyl pyrocarbonate (DER)odification of evaluation of data quality. The apoenzyme data set was
the bacterial urease indicated that a histidine witrKa qf merged from two crystals, with crystal 1 data having a better
6.5 was essential for activity (Park & Hausinger, 1993b) overallR,mof 10.7% and crystal 2 having a “terrible” overall
and the residual activity of the H320A mutant was not DEP Ry, of 19.1%. However, a plot dRsym VS resolution reveals
sensitive (Park & Hausinger, 1993a). These results werethat the data from crystal 2 are only slightly worse than those
interpreted to implicate H#8'° in substrate binding and  of crystal 1 and that the major difference in ovem is
His®32° as the catalytic base. due to its sensitivity to how the redundant reflections are
distributed (Figure 3a). Furthermore, for the purposes of
evaluating reduced data qualifgsym is suboptimal because

it reflects the accuracy of individual measurements rather
than the accuracy of the reduced data. The main difference

1 Abbreviations: Fap, structure factor for apoenzym@yae, structure
factor for native enzyme; HEPESI-(2-hydroxyethyl)piperaziné¥-
2-ethanesulfonic acid; DEP, diethyl pyrocarbonate.
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because it is calculated from data that have been partially (b)

merged (Figure 3). ThR,, values for the apoenzyme data FIGURE 3: O(lgua(tjlitydassessmenlt of Ejhe urefase apoe?zymcla o_latafset.
set (Figure 3b) suggest the data are roughly comparable mfziglgsgr‘fn@),recr;;'ta?nzcéirzgdo?ﬁe r";‘qsefg ;ﬂé};{"?_ gggtlétllozn or
quality to other structures we have determined at a similar was somewhat smaller, and appropriately, g, values are
resolution [e.g., see Figure 2 of Rozwarsgtial. (1996)]. slightly higher. The crystal 2 data strategy was designed to
According toRy, the accuracy of the data sets used in this maximize the amount of high-resolution data collected. The
paper can be ranked Nat2Apo > H320A~ H219A (data distibution of redundancy vs resolution is such that the ovegll

. of crystal 1 (10.7%) is heavily influenced by the high redundancy
not shown). All four data sets have very high completeness, of the accurately determined low-resolution reflections, whereas

Wol= 2.5, andRi values near or better than 30% at the the Ry, for crystal 2 (19.1%) is high because it is most heavily
high-resolution limit reported. Thus, the stated resolution influenced by the less accurate high-resolution measurements. This
limits accurately reflect the information content of the data €mphasizes that even for data sets of similar quality, the overall

- : Rsym can vary over a wide range depending on how the redundancy
sets, and the data sets are all of sufficient quality to support is distributed. (bRn: andM/oThre plotted as a function of resolution

the results we report. for the merged data set. No absolute standards exist as to what
Model Building and RefinementFurther refinement of  constitutes acceptable data quality, but on the basis of experience,

: : - e use cutoffs oRn ~30% and/oil/o~2 in the high-resolution
the native structure against the rereduced Nat2 data yielde in, and this data set is well within those limits. See Table 1 for

an Rfactor of 17.4% at 2.2 A resolution (Table 1). The he' definition 0fRsym Rt is theR-factor summed over the Friedel
new Nat2 structure is nearly identical to the previously pairs,Ry = 25(F — F-|)/Z(F* + F), and is calculated from a

reported model (pdb entry 1KAU), except that Bifactors special data reduction run yielding unmerged Friedel pdts.
have increased by5 Az. underestimates the final data accuracy because an additional
) _improvement is expected to come from merging the Friedel pairs.
For the apoenzyme structure, electron density maps with /sLis the average signal-to-noise ratio based on intensities.

coefficients Fapo — Fnar and Fapo — Fnae and calculated

phases were used to assess changes in the structure. On th®loenzyme structure. The final urease apoenzyme model
basis of clear signals, both nickel ions, the Lbdification is at 2.3 A resolution with 767 residues and 179 solvent
on Lys*?7, and two water molecules at the active site were molecules and has a@Rfactor of 19.0%. It lacks the two
removed from the Nat2 model, and the active site loop nickel ions as well as the G@nodification of Lys2'7 (Table
(0.308—0336) was adjusted. This model was refined for 40 1).

cycles of conjugant gradient minimization and individual For the H219A mutant, thEy210a — Fnae map indicated
B-factor refinement against data from 10 to 2.8 A resolution. the loss of the Hi®° side chain and a movement and
After two rounds of manual rebuilding (Sack, 1988) and ordering of residuea316—0335 in the active site loop. This
refinement with X-PLOR (Bfoger et al, 1990), higher region of the model was rebuilt, and Wat-1, Wat-170, and
resolution data (to 2.3 A) were collected and used in the the Hig29 side chain were removed. A subsequent differ-
refinement, resulting in a model with &factor of 21.2% ence map showed clear density for both water molecules
and anRgee Of 26.5%. For the final round of refinement, which were then added back. Two more rounds of positional
the relative weight for the individual B-factor restraints was refinement resulted in a model with good geometry with an
set to 0.25 to make it equivalent to that applied to the R-factor of 17.9% andRye. of 22.3%. Further refinement
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using the rescaled H219A data set resulted in a final model account when discussing structaifeinction relations. For
with the sameR-factor (Table 1). clarity, residues will generally be identified by the subunit

Mutation of Hig32°to alanine resulted in minor movement to which they belong, followed by the residue number (e.g.,
of the chain but large shifts in the position of Wat-1 and Sef? for serine 2 in theo-subunit). Of the conserved
Wat-170. The model was adjusted accordingly, and Wat-1 residues, six are involved in nickel ligation, and five (4§
and Wat-170 were removed. After refinement, clear density His**2%, Gly*277, Ala®*%, and Met3%) are implicated, either
could be seen for Wat-1 bridging the nickel ions, so it was by biochemical means or by the structure, in substrate
positioned into the density and the model refined to an binding or catalysis. In addition, 144 are involved in
R-factor of 17.4% and witlRqee Of 22.3%. This model was  hydrogen bonding and hydrophobic interactions within one
subsequently refined for two more rounds using the rescaleda/3y unit, and 34 are involved in such interactions to build
data set and resulted in a final model with Bfactor of the (By)s trimer (described below).

18.0% (Table 1). The Actie Site Emironment. The nickel-containing active

As with the wild-type enzyme, the metaigand distances ~ Site is located in domain 1 (residued30-a414) of the
were not restrained. The geometric parameters of all models®-subunit in the C-terminal portion of thexf)s barrel.
have been analyzed using the program PROCHECK While details of the binickel center have been previously
(Laskowskiet al, 1993). Because of the lower resolution described (Jabet al, 1995), we present here a somewhat
of the analyses for apoenzyme, H219A, and H320A, the expanded decsription of the active site including the environ-
isolated movements of buried atoms 9.5 A are generally ~ ment of the residues focused on in this study: €% (the
not discussed. COx-modified lysine), Hi&?'°, and Hig32° (Figure 5).

Quality of the Models.A Ramachandran plot (Ramachan-  BOth hydrophobic interactions and hydrogen bonds aid in
dran & Sasisekharan, 1968) for the holoenzyme and the thredPositioning the metal ligands (Figure 5). In particular,
new structures shows the same six residues in unusuaf’€*’*stacks beneath Hi&*. His*'*is positioned through
conformations [note 28 in Jabri et al. (1995)]. The average & hydrogen bond from dito the carbonyl of TH¥< The
B-value for the holoenzyme is 12.9%24or main chain and  imidazole ring of Hig*¢is packed roughly parallel with that
13.5 & for the side chain atoms. The least well ordered Of His***and forms an additional hydrogen bond with the
region of the model is a loop at the active sit808-0336).  Side chain of conserved residue G His**" hydrogen
Luzzati plots (Luzzati, 1952) (data not shown) suggest that Ponds to the carbonyl of GI§”® through Nb1. The car-
the coordinate error for the well-ordered portions of the Pamate oxygens of the carbamylated lysine "2y, form

holoenzyme is 0.2 A, whereas that for the apoenzyme and"9 sgg:qndary hydrogen bonds. However, thedlom of
two active site mutant structures is 0.25 A. The overall TN**”is positioned to accept a hydrogen bond from the

B-factors for the apoenzyme and the mutants are comparableP hybridized N atom of Lys='™ (Figure 5). Thfi®is

to those of the holoenzyme. conserved in all but the urease fraractobacillus fermentum
Sequence AlignmenSequence alignments for all ureases (F_igure 4).’ Wh?re i.t is an asparagine residue, which could

were initially generated with the program NCBI TBLASTN still substitute n th'.s _ro_le. 219 o .

(v. 1.4.5MP) (Altschulet al, 1990) using urease from jack _tA "eﬁ _Cat;"i’“;f fh's“d;\rl‘_ei ""‘5; L ?\“f“ed 'ﬂ-tge ﬁé‘;e

bean seed as a query sequence to identify other ureases ang'© an Ish .d rort? thﬁanl; ih rom h 2. it

related proteins. No other proteins shared significant se- receweg,zfl ydrogen bond t@lirom the main chain nitrogen

quence similarity to urease. Urease sequences were subs of Aspr**tand therefore exists in a neutral form, protonated

uently obtained from NCBI and aligned using the program " Ne. In the _Nat2 _structure, Nh_as no hydrogen-bonding
qPiIeUpyin the GCG package (Deve?eak al. 1884). pThge partner but points directly at and is 3 A away from the empty

alignment was manually edited where necessary (to remoVefourth coordination site on Ni-1. Modeling urea into this

incorrect gaps) and used for analysis. Secondary structurepOCket suggests thateNdonates a hydrogen bond to the

and solvent accessibility analysis of each residue in urease?XY9eN of urea and thereby helps position and polarize the

| ina th DSSP (K h substrate.
;vgggt;omp eted using the program DSSP (Kabsch & Sander, His*320, the putative catalytic base, hydrogen bonds to Wat-

. . 170 which in turn hydrogen bonds to Wat-1, a Ni-2 ligand.
Buried Surface Areas at Interfapethe splvent-accesslble Since Wat-170 appears to donate hydrogen bonds to two
surface area of urease was defined using the algorithm of

. . : carbonyl oxygenso363 andn277), Hig%2—Ne is probably
?CI:((:)?]?]rodllsy (11222)) a: F')rrr:ﬁ)lgmrzgfﬁg cl)rf] 1th4€ Apr\?vg;aané\(/ljS protonated and donates a hydrogen bond to Wat-170. The
Surface a'rea buriéd is defined d foy— (As.+ Ac) — A " pK, of His®?0 s influenced by a hydrogen bond to the side

. e chains of Asp??' and the close proximity of AR§6. His*320
where S is one subunit, % a second, and 3% the SS is positioned such that dis 4.3 A away from Wat-1, the

complex. putative nucleophilic water molecule, and is then too far
RESULTS AND DISCUSSION away to act as the catalytic base activating Wat-1. Since
we do not have a substrate- or inhibitor-bound structure, we

Secondary Structure and Residue Comaton. A com- cannot dismiss the possibility that a conformational change

plete description of the secondary structural elements andtakes place upon urea binding to position 68 in an

an indication of which residues are buriedkafaerogenes  appropriate position to act as the catalytic base.

urease (Jabet al, 1995) are summarized in Figure 4 along In addition to those within thet-subunit, residues from
with an alignment of 14 other representative urease se-two loops in a symmetry-relategtsubunit (designated')
quences. Among the 15 urease sequences, 189 residuegosition residues at the active site (Figure 5). Specifically
(24%) are identical. Although we do not expect that all of Gly**”, in a conserved glycine loop (GHf'—Gly**8"),
these residues will be crucial for catalysis or binding, the hydrogen bonds to the carbonyl of Ffi&’, and Phe#S' is in
conservation pattern of residues is important to take into van der Waals contact with A$f~. From the second loop,
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FiIGure 4: Secondary structure and sequence alignment. Results are shownHKoar@genesirease (ay-subunit, (b)s-subunit, and (c)
a-subunit. The residues are numbered according tdtheerogenesequence (identified residue is under the first digit), with conserved
residues highlighted in gray boxes and buried residwe394 accessibility) marked by an asterisk. DSSP refers to the secondary structure
(Kabsch & Sander, 1983) for that residue seen in the 2.2 A Nat2 structure: hidlix; E, 8 strand; T, hydrogen-bonded turn; B, residue
in isolatedf bridge; G, 3o helix; and S, bend. Nomenclature for the secondary structural elements is given below the sequences. Each
sequence is designated by a two-letter abbreviation (below) for the name of the organism from which it was isolated followed by 1, 2, or
3 to indicate the number of chains in that urease. Two-chain ureases have a single chain correspondingridtudains and one-chain
ureases have a single chain corresponding to all three subunits. The C-terminus of each subunit is designated Wwhere appropriate,
the fusion of subunits is indicated. Abbreviations used and GenBank accession numbers are as folltihebsiGla aerogene@36068)
(Mulrooney & Hausinger, 1990); PrRroteus mirabilisqtM31834) (Jones & Mobley, 1989); Sstaphylococcus xylosxX74600) (Joset
al., 1991); Lb,Lactobacillus fermenturfD10605) (unpublished); RnRhizobium melilot{S69145) (Miksclet al., 1994); SsStreptococcus
salivarius (U35248) (Cheret al, 1996); Uu,Ureaplama urealyticunfL40489) (Neyrollest al,, 1996); Ba,Bacillus species thermophilic
(D14439) (Maedat al, 1994); Bp,Bacillus pastuerii(’X78411) (unpublished); MtMycobacterium tuberculosi§€J33011) (Reyratt al,
1995); Ye, Yersinia enterocoliticaZ18865) (Skurniket al, 1993); Hf, Helicobacter felis(X69080) (Ferrero & Labigne, 1993); Hp,
Helicobacter pylori(X17079) (Claytoret al., 1990); Hh Helicobacter heilmanni{L25079) (Solnicket al,, 1994); Jb, Jack beaC&navalia
ensiformi3 (M65260) (Riddleset al,, 1992). Other known urease sequences not included here are =08t identical to a sequence
included here or in the case of urease from serotype Ureplasma urealyticuniBlanchard, 1990) known to have errors.

the carbonyl of Séf%4 hydrogen bonds to the main chain ligands shift by less than 0.5 A (Figure 6b) and maintain
nitrogen of Met®*%4 These prominent interactions and more their secondary interactions.
subtle ones link the structure of the active site to the Overall, the 767a-carbons overlay with 0.2 A rms
quaternary structure of urease and contribute to durability deviation. The only notable structural shifts which occur
of the active site toward the loss of nickel ions and mutations. involve the active site loopa808—a336), the least well
The Urease Apoenzymén order to understand the tight ordered region of the model, which changes its internal
binding of the metal ions in the urease active site, we structure and becomes more ordered. Specifically, the main
compared the structure of the urease apoenzyme to that othain of residues PH&2—Sef335 move up to 2.5 A such
the holoenzyme. Even in the firftp, — Fnare difference that helices H3 and H4, helical excursions between strand 7
map, it was clear that the apoenzyme lacked both nickel ionsand helix 7 of the ¢f)s barrel, merge into a single helix,
as well as the COmodification of Ly$?Y. Subsequent and the backbone of residues E&d—Leu*16, which pack
refinement at 2.3 A resolution shows that Wat-1B3gctor against the altered regions of H3 and H4, shifts by up to 1.5
of 19.1 A) takes the place of Ni-2 and hydrogen bonds to A (Figure 7). These changes position PRRgdeeper into a
Ne of His®t34 (3.0 A), Ne of His*!36 (2.9 A), and @1 of pocket formed by side chains of residues @) Asp???,
Asp360 (2.8 A) (Figure 6). We have modeled Wat-173 as Thre249 Leu?50 Leuw3?2 and Arg336. The connection
a water because the hydrogen-bonding distances and thdetween the active site change and the structural changes in
electron density match those expected for a water rather tharthe active site loop is not clear. In this regard, we note that
an alternate metal ion. All of the residues which were nickel whereas helices H2, H3, and H4 move, the loop located in
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FIGURE 5: Environment of Ly®1”, His*?19 and Hi$320, Metal ligands (medium lines) surrounding residues fromdksubunit (thick
lines) and thex''-subunit (thin lines) and some hydrogen bonds (dashed lines) are show#°Hydrogen bonds with K of Lys*1%,
Glu*?20 positions the nickel ligand Hi86 through a less commonly observed hydrogen bond involvingitttieorbital of the carboxylate.
His*219is positioned by a hydrogen bond from the main chain nitrogen of#&sm NJ. Furthermore, Hi®1° stacks closely with Hig46,
Asp*?2! and Arg336 hydrogen bond to Hi§2°, Wat-1 is a ligand to Ni-2 and hydrogen bonds to Wat-170, which in turn hydrogen bonds
to His*320, Residues F45-G48' and A463 —1465" from the o'’-subunit provide scaffolding for active site residues.
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FIGURE 6: Apoenzyme active site. (a) Thé&g2— F. difference electron density contoured at 1.5 times the rms density overlayed on the
apoenzyme model clearly shows that the nickel ions and carbamylation €#Lgee missing. (b) An overlay of the nickel center of urease
holoenzyme (thin lines) and apoenzyme (thick lines) is shown. In the apoenzyme, Wat-173 (bold) takes the place of Ni-2 and forms
hydrogen bonds to nickel ligands Mi8% His*36 and As3%% Otherwise, changes are very small.

between H2 and H3 does not. Ffi¥, the putative catalytic ~ observed in the enzyme phosphotriesterase, in which binding
base, is located in this loop and appears to act as a tether foof the metal ions to the apoenzyme drastically altered the
this region of the flap (Figure 7). path of the polypeptide chain surrounding the active site
Insertion of nickel ions into apoenzynie zitro andin (Benninget al, 1995). For the urease apoenzyme, however,
vivo requires the carbamylation of LY87. In wivo, the the fold appears to fix the nickel binding residues in
activation of apoenzyme is thought to be energy dependent,appropriate positions so that little if any conformational
and it has been proposed that efficient insertion of nickel change is associated with nickel binding. This high degree
ions into the apoenzyme requires the aid of accessoryof preorganization probably contributes significantly to the
proteins. It was thought that this might involve a structural tight binding of nickel.
change which traps the metal ions in the active site (Moncrief  The H219A Mutant.H219A shows a substantial increase
& Hausinger, 1996). Such a structural rearrangement wasin the K, in the mutant and a decreaselg,:to 3% of that
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Ficure 7: Mobility of the active site flap. An overlay of residue810—a340 of urease holoenzyme (line), apoenzyme (dash), H219A
(dash), and H320A (line) shows that the active site flap can adopt various conformations. The holoenzyme and H320A adopt similar
conformations. The urease apoenzyme and mutant H219A adopt nearly identical conformations, which are distinct from that of the holoenzyme.
In both the apoenzyme and H219A structures, the flap residues are better orderBefaditors~20 A2 lower than in the other structures.
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FiGURe 8: Overlay of the holoenzyme (thin lines) with H320A (thick lines) nickel centers. In H320A, Wat-1 (bold), which could also be
a hydroxide ion, is 2.4 A away from Ni-1 and 2.2 A away from Ni-2. The geometry of Ni-1 is tetrahedral, and that of Ni-2 is distorted
square pyramidal with Wat-1 at the apex.

of the wild type (Park & Hausinger, 1993a). These results a Ni-2 ligand to a bridging ligand, positioned 2.4 A from
implicated Hig2!? in substrate binding, either directly by Ni-1 and 2.3 A from Ni-2 (Figure 8). ThB-factor for Wat-1
forming hydrogen bonds to the urea or indirectly by also drops from 24 to 14 A In wild-type enzyme, Wat-1
maintaining accessibility to the active site. interacts with Hi&?° via Wat-170 (Figure 5), so it is
Overall, the 2.5 A resolution structure of the H219A shows understandable that Wat-1 is sensitive to this mutation.
only an rms deviation of 0.2 A from wild type for 767aC Because water and hydroxide cannot be distinguished in this
atoms. Difference maps showed that the major changes areanalysis, we cannot tell if the structural shift correlates with
the loss of Hig?!® and an ordering and movement of the @ change in ionization of Wat-1.
active site flap as had been seen for the apoenzyme (Figure With the shift of Wat-1, the Ni-1 coordination becomes
7). The nickel center and active site residues shift by less much less unique as it is coordinated by four (two N and
than 0.3 A. Wat-1 and Wat-170 maintain the same position. two O) ligands in a tetrahedral geometry (Figure 8). Ni-2
In wild-type urease, the backbone NH of A3 forms a maintains its pentacoordinate state, with no significant
hydrogen bond to N1 of His®?'% In H219A,%, of Asp*??! changes in ligation distances©.25 A). The ligation angle
changes from 5to 60° so that @2 of Aspg??! replaces N His*13Ne---Ni-2---Wat-1 decreases by30°, and the angle
of His®?® in this hydrogen bond. The hydrogen bond His®*3Ne---Ni-2:--Wat-1 increases by-30°, so that the
between Hi&*?° and Q91 of Asp??! is maintained by a  geometry at Ni-2 becomes more square pyramidal with
smaller movement of Hi€?%. Given the apparantimportance Wat-1 at the apex. Other than this, the only notable
of His*¥?9to K4, the small shifts of As{p?! and Hig=2° are movement is a 0.4 A shift of Met“—S5 away from the
likely to contribute to the impaireH.,.of H219A. However, open cavity above the nickel center. Residues*&@and
given that the H320A mutation has little effect &g, the Arg®336 which interact with Hi&%?° in wild type, move by
large increase ik, seen for H219A can be confidently less than 0.5 A.
assigned to a direct role for M in the binding of urea. As with the H219A mutant, the structure shows that the
The H320A Mutant.Mutation of Hig32°to Ala results in loss of activity of H320A is not due to a folding defect.
a~10°-fold drop inK¢ and a shift in the pH optimum from  However, in contrast to the H219A results, the H320A
7.75 in the wild type to 6.75. These results, as well as DEP structure shows a significant structural rearrangement at the
modification studies, have implicated this residue as the metallocenter which could be related to activity loss. If urea
catalytic base (Park & Hausinger, 1993b). The H320A does indeed bind at the normally empty fourth coordination
mutant structure shows an rms deviation of only 0.1 A from site on Ni-1, the filling of this site by Wat-1 in H320A could
wild type for 767 Gx atoms. Aside from the loss of the have major effects on the energetics of catalysis. Thus, in
His*32° side chain, the only major structural changes are the addition to its possible role as a catalytic base, the structure
loss of Wat-170 and a shift of Wat-1, which changes from shows that Hi$*2° may have an additional (or alternate) role
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in maintaining an active site geometry that allows productive T e -

Intersubunit Hydrogen Bonds in the Urease Trimer

urea binding. These results further emphasize the sensitivity

of the nickel coordination to the position of liganding B @ 4
residues like Hi$. Ligand-bound structures and additional 38720 e ;ﬁg‘éﬁ?&wz IO
. . 0 . . 1 —
site-directed mutants of I—H§ and_ its nelghbors Asg?land led—N lle13—0 Ser464-Ogl “GIUB3-0cl
Arg®336 should provide additional insight into the role of these  lle4—0 lle13—N *Thr467-Oyl  GIn81-Ne2
residues in the active site. *Asplo-001  Lys9-N GIn469-N GIn81-0O

Trimer of ay Units. The structural work reported here ~ -¥$20°N His7—0 His472-Ne2 ~ Asp3-002

L . . ys20-0O His7—N Argd74—Nnl  Asp9-0d1
and the original mutagenesis wqu (Park & Hausinger, +arg22-N Glu5—0 *Arga74-Ny2  Asp9-001
1993a) show that the conformation and stability of the *Arg22—Ny1  Glu5—0Oel GIn562-0 *Asn31—No2
enzyme are remarkably insensitive to loss of nickel ions and *A/I\rgiZ—ONWZ S:UZ”:—(,\)IQ ﬁrgggg:gé fT5|U37);—'(\?
active site mutations. Although extensive stability studies Tyr39-0 SASn16-N Phe565-0 *Asn31—NS2
have no_t been done oK. aerogenesurease, the closely CGlu41—0e2 Argl9-Nyl  Leu566-O Arg23—Ny2
related jack bean urease (Figure 4) shows remarkable Glu41—0Oe2 Arg19-Ny2
resistance to denaturation: 50% of its activity remains after g:ﬂﬂigi E'rzsé%‘_NNZ L
treatment with 2 M guanidinium chIondg, pH 7.6, and 2.5 501020 His87-N
uM EDTA at 38°C for 2 h, and 25% remains after treatment  Asp103-0 His87-N
with 9 M urea, pH 9, at 28C for 24 h (Dixonet al., 1980). Aspl03-001  His87-No
In light of these results, we describe here the extensive 22'0183}_8 ﬁlrggg_m
quaternary interactions which contribute to this remarkable ||efo4—o Alag85—N
stability.

Urease is a tightly associated trimer of thre@y units a o a B
located around a crystallographic 3-fold axis (Figure 1). *Lys49—N¢  *Asp329-002 Ala227-N Phe93-0
These units are described by the symmetry operatpzs :ﬁ;gggim’?% :g:zgg%:g% :/'—él;%g&*_ﬁ 52 ;?ég?a“
zxy, and yzx and_WiII be referred to _a&ﬂ% a'B'y, an_d Aspgsa—N g *Trp222—O€ *ASN251—0 *ASNA6—NS2
o''p"y", respectively. Eachnfy unit makes extensive Asp53-002  Ser200-Oyl *Glu252—0 *Asn46—N
contacts to build the trimer: the-subunit (in addition to GIn57-0el ~ *Lys196-Nf  *Glu252—Qe2  *Gly37—N
interactions with3- andy-subunits) packs betweer and Alab2-N Glu207-0e2  Ser253-0 Arg94—Ny2

" , " . . *Gly113—-0 *Lys196—N¢ *Glu257-0e2  *Arg32—Npnl
(08 and also ContaChg' ?ndj/ , the.ﬁ'subunlt paCkS Wlthl *Thr116—0O *Lys196-NC *Glu257—0cl *Arg32—Np2
(equivalent to thea-f" interaction), and they-subunit Glull7-Oel Thrl59-Oyl  *Asp283-051 *Arg32—N
interacts witha' (equivalent to thet-y" interaction) and with Glull7-Oel  Thrl65-Oyl  Glu328-O *GIn35-Ne2
y' andy” at the 3-fold axis. The packing involves numerous yg:lls—o Gly164-N

L . y451—-0 Trpl76-OH
hydrogen bonds and hydrophobic interactions betwg#n AsSnN462-082  *Gly369—N
units. Ser464-0 *Met364—N

Approximately 6130 A (23%) surface of eachBy unit Pro475-0 GIn141-Ne2
(~18 400 A total for the trimer) is buried upon trimer y Y o vz

. : 0 : .

formation SO that in a_\ll a rer;warkable 5_5/o.of the res!dues N o=l Tyr32—OH GIUL45-0c2 Arg6—Nn2
the (X.ﬂ’)/ -Uﬂlt are bU-rled €3/0 aneSSlble). 50/100|n the Glu21-0¢l Arg22-Ng2 Glu145-0Oc2 Arg6—N
y-subunit, 32/106 in the3-subunit, and 342/566 in the  Glu21—0e2 Arg22-Nyl  Thr305-Oyl Lys91-N¢
a-subunit. These buried residues include 150 (77%) of the "Glu45-Oel  Arg23-Ne Thr305-0y1  *Asp88-Odl
conserved residues. In thesubunit there is even one stretch *glﬂigjgi ﬁﬁggf’;m; *ﬁzﬂgggjm 52 *ﬁzggg;ggi
with 37/38 r_esidueso(3_41—a378)_buried (Figure 4). The *Glu45—0e2  Arg26—Np;2 *Asn307-No2  *Asp88—002
specific residues making 64 unique (192 total) hydrogen *Glu45—0Oel  Arg26-Nyl  *Asn307-06l1 Val53-N
bonds at the interfaces of the trimer and the surface areas :ﬁ:gig—mf *Léffggoo L :ﬂggéé:(’\l)fl :gljﬁg??_g )

. . . . —Ne —0e € — e
buried in these contacts are given in Tables 2 and 3, *Arg48—Ny2  *Glu34—Oel  *Arg366-Ny2  *Glug3—Ocl
respectively. Asp49-051  Arg26—Ne *Glu369-0el  Ser96-Oyl

Specifically, thea-subunits pack in a head-to-tail arrange- Asp49-001  Arg26-Np2  *Arg373—-Nz2 ;Ser9(+0
ment with domain 2 ofx contacting domain 1 of’. The tygﬁimg (Sl Ocl
main contacts involve residues in strand 7, helix H1, and V)él471—0 GIUZ—N
loops 3, 4, 5, 6, and 8 of thexg)s barrel interacting with Val471-0 Leu3-N
the loops after strands 4, 9, and 14 in domain 2 ofdhe His472-No Lys8—N¢
subunit. The interactions betweeranda'’ are simply the Tyrd73-N Leus-O

L : Leu558-N Pro87-0
reverse o_f thax-a” mteract'lons. Two s’egment,s from the GIN562—Ne2 *Alad7—0
o'’-subunit (Phe#s'—Gly*#® and Ala463'—11e®45%") make GIn562-Ne2  Thr85-0
contact with the active site residues (Figure 5), providing a LeuS66-N Glu7—0el

Phe5670 Thr85-N

link between quaternary structure and catalytic activity. The

@ Hydrogen bonds were identified using HBPlus (McDoneldl,,
1993). Conserved residues are denoted with an asterisk (*). Interac-
tions within the afy unit are shown in the top two columns and
interactions between symmetry-relategy units are shown in the
bottom four columns. Note that each interaction listed here occurs
three times in thedBy)s trimer.

interactions ofa. with g'" are primarily between loop 5 in
the ()s barrel and strand 2 and the following irregular loop
of the"-subunit. The N-terminus of" interacts with strand
15 in domain 2 of thex-subunit. Also, residues in strands
1 and 2 at the C-terminus of' interact with residues in
helical excursion H2 and helix 8 of thef)s barrel as well
as the C-terminal tail oé.. Both they'- and"-subunits
provide a scaffold for residues from the active site flap

(2308—0a336). Although few hydrogen bonds are involved
in these interactions, residugg68'—[(70' pack against
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Table 3: Buried Surface Areas at the Subwi8ubunit Interfaces

interfaces involving interfaces involving interfaces involving
a, o, o ﬁl ﬁ'l ﬁ” Vs )/', V”

oo NA of 2180 (8.5) oy 1030 (4.1)
oo’ 2930 (7.0) of’ 0 (0.0) oy’ 0(0.0)
oo 2940 (7.0) of" 960 (3.7) oy 1620 (6.3)
Po 2180 (8.5) BB NA By 110 (1.0)
pa’ 950 (3.7) Bp 0 (0.0) By 0(0.0)
pa’ 0 (0.0) BB 0 (0.0) By" 0(0.0)
ya 1030 (4.1) yB 110 (1.0) Yy NA
ya' 1630 (6.4) yp' 0 (0.0) yy' 630 (5.7)
ya'! 0 (0.0) yB" 0 (0.0) yy'" 620 (5.7)

a Areas are given in Afollowed by the percentage burieg-Pouied (As + A¢) x 100] in parentheses. Surface areas were calculated using MS
(Connolly, 1983). NA, not applicable.

FiIGURE 9: Interactions of ther-subunits around the 3-fold axis. Residues from helices a and b ip-dubunit (L11, F14, T15, L18, E21,
R22, R23, E34, E45, R48, and D49) are involved in interactions with residues in helices a and by'efatiéy"’ -subunits. These helices
pack around the crystallographic 3-fold and facilitate the interaction of symmetry-relgtednits. Some hydrogen bonds 8.4 A) are
shown as dashed lines.

residuesx328—a332, and residues36’'—y92" pack against (Chanet al, 1995), urease has only 81% of the surface area

residuest307—a316. expected for a protein of its size and buries (zero accessible
The packing ofy-subunits at the crystallographic 3-fold surface area) 59% of its atoms, making the urease values

axis is dominated by three copies of helix a, one each from even more extreme than those of AOR! Although

v, v', andy", which pack against one another in an almost aerogenesurease does have a relatively high thermal

orthogonal manner (Figure 9). A series of hydrophobic transition, near 80(Leeet al,, 1990), it loses activity upon

residues including Leti, Phe'4, Leu8, and Val'® and their prolonged incubations at 3§Park & Hausinger, 1993a),

symmetry mates provide a core for the helix-packing showing it has lower stability than enzymes from hyper-

interactions. Also, three acidic residues on helices a and bthermophiles. These observations are consistent with the

of ¥ make extensive interactions with three Arg residues on extensive core of urease being a major factor in its stability,

helix a of y' (Table 2, Figure 9). but they also emphasize that there must be other factors
Although they-subunits pack closely on the 3-fold axis, contributing to hyperthermostability which are not present

thea-subunits do not, so a large elliptical cavity exists which in urease.

extends 35 A along the 3-fold axis and has afn5 A

diameter at its widest point. The pocket is separated from ACKNOWLEDGMENT
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