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Histidine — Carboxamide Ligand Substitutions in the Zinc Binding Site of
Carbonic Anhydrase Il Alter Metal Coordination Geometry but Retain Catalytic
Activity '
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ABSTRACT:. The catalytic zinc ion of human carbonic anhydrase Il (CAll) is coordinated by three histidine
ligands (H94, H96, and H119) and a hydroxide ion with tetrahedral geometry. Structural and functional
analysis of variants in which the zinc ligands H94 and H119 are substituted with asparagine and glutamine,
and comparison with results obtained with aspartate and glutamate substitutions indicate that the neutral
ligand field provided by the protein optimizes the electrostatic environment for the catalytic function of
the metal ion, including stabilization of bound anions. This is demonstrated by catalytic activity
measurements for ester hydrolysis and,@@dration, as well as sulfonamide inhibitor affinity assays.
High-resolution X-ray crystal structure determinations of H94N, H119N, and H119Q CAlls reveal that
the engineered carboxamide side chains coordinate to zinc with optimal stereochemistry. However, zinc
coordination geometry remains tetrahedral only in H119Q CAIl. Metal geometry changes to trigonal
bipyramidal in H119N CAIl due to the addition of a second water molecule to the zinc coordination
polyhedron and also in H94N CAIl due to the displacement of zinc-bound hydroxide by the bidentate
coordination of a Tris molecule. Possibly, the bulky histidine imidazole ligands of the native enzyme
play a role in disfavoring trigonal bipyramidal coordination geometry for zinc. Protmietal affinity is
significantly compromised by all histidine- carboxamide ligand substitutions. Diminished affinity may
result from significant movements (up to 1 A) of the metal ion from its position in the wild-type enzyme,

as well as the associated, minor conformational changes of metal ligands and their neighboring residues.

Carbonic anhydrase Il (CAR)(EC 4.2.1.1) is a zinc
metalloenzyme that catalyzes the reversible hydration of
carbon dioxide (Silverman & Lindskog, 1988; Lindskog &
Liljas, 1993; Christianson & Fierke, 1996). It is widely
distributed in many cell types and involved in various
physiological functions, including pH regulation, ¢@nd
HCQO;™ transport, and water and electrolyte balance (Sly &
Hu, 1995). The structure of CAll from human blood has
been determined by X-ray crystallographic methods (Liljas
et al., 1972) and refined at 1.54 A resolution’kdasson et
al., 1992). The active site zinc ion is located at the bottom
of a cavity 15 A in depth where it is coordinated by three
histidine ligands (N of H94, N. of H96, and N of H119)
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and a hydroxide ion with tetrahedral geometry. These zinc
ligands are further hydrogen bonded to other protein groups
to form a hydrogen bond network: the™NH group of H94

is hydrogen bonded to the side chain carboxamide oxygen
of Q92; the N—H group of H96 is hydrogen bonded to the
backbone amide carbonyl of N244; the-NH group of H119

is hydrogen bonded to the carboxylate of E117; and zinc-
bound hydroxide donates a hydrogen bond to the hydroxyl
of T199, which in turn donates a hydrogen bond to the
carboxylate of E106 (Figure 1).

The CAll-catalyzed C@hydration reaction occurs in two
distinct steps, as shown in Scheme 1 (Silverman & Lindskog,
1988; Silverman, 1995). In the first step, zinc-bound
hydroxide attacks the carbonyl carbon of £30 form zinc-
bound bicarbonate (Coleman, 1967; Lindskog & Coleman,
1973); bicarbonate is subsequently displaced by a ligand-
exchange step with water. In CAll, the second-order rate
constant for C® hydration approaches the diffusion-
controlled limit, withke,/Ky ~ 1 Mt s, In the second
step, a proton is transferred from zinc-bound water to buffer
via shuttle group H64 to regenerate the catalytically active
species, zinc-bound hydroxide (Steiner et al., 1975; Tu et
al., 1989). The intramolecular proton transfer step is rate-
limiting for CO, hydration at high buffer concentrations
(Jonsson et al., 1976; Steiner et al., 1975).

In CAll, the protein scaffolding modulates the chemical
properties of the zinc ion and zinc-bound solvent. Specif-
ically, the protein plays a critical role in lowering th&p
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Ficure 1: Scheme of the zinc binding site of native CAll.
Scheme 1 ligands in CAll destabilize zinc-bound hydroxide and ionized
 H0 sulfonamide inhibitors significantly less than the correspond-
EZn-OH' + CO, === EZn-HCO; == EZn-OH, + HCOy’ ing isosteric substitutions of aspartate or glutamate. Fur-
thermore, the C@ hydrase activities of asparagine or
EZn-OH, === EZn-OH" + Buffer == EZn-OH" + BufferH" glutamine zinc site variants are higher than the corresponding
Hé4 HB4H" H64 activities measured for aspartate and glutamate variants.

. ] ) These results indicate that the neutral ligand field of native
of zinc-bound water to 6.8 from 10 in solution (Woolley, CAll is crucial for high catalytic efficiency at neutral pH.
1975) and increasing the second-order rate constant fgr CO Althouah the carbonvl oxvaen of the carboxamide side
hydration by more than f@old (Coleman, 1984). Structure- : 9 ; y! oxyge . .

chain of asparagine or glutamine may coordinate to zinc,

based dissection of the zinc binding site of CAll, including such an interaction is expected to be weaker than that
modification of the direct ligands (Alexander et al., 1993; u ' 1on IS exp W

Kiefer et al., 1993; Ippolito & Christianson, 1994; Kiefer & achieved by the side chams. O.f histidine, a§partate, or
Fierke, 1994; Xue et al., 1994; Ippolito et al., 1995) and the glutgmate with a comparable Z”“"ga_”_d separation (Gurq
indirect ligands (Kiefer et al., 1995; Lesburg & Christianson, & Wilcox, 1956)_' Neverthel_ess, traq5|t|0n metal coor(_jlnatpn
1995: Huang et al., 1996), suggests that the electrostaticbyacarboxam'de oxygen is occasionally o_bserved in native
environment of zinc is a principal feature governing the €NZymes such as kidney bean purple acid phosphatase [a
chemical properties of the metal site. In particular, substitu- F€(I)—=Zn(ll) metalloenzyme; Sttar et al., 1995] and
tion of negatively charged groups for neutral histidine ligands S€riné/threonine protein phosphatase-1 [a MA(Wn(l1)
significantly increases thekq of zinc-bound water while ~ Metalloenzyme; Goldberg et al., 1995]. Intriguingly, sub-
simultaneously decreasing its reactivity (Kiefer & Fierke, Stitution of a histidine ligand by asparagine or glutamine
1994). In fact, the hydrase and esterase activities of aweakens metal affinity, but only modestly decreases the
number of variants are inversely proportional to tf& pf catalytic activity of cytidine deaminase (Smith et al., 1994),
zinc-bound water, suggesting that electrostatic stabilization arginase (Cavalli et al., 1994; Scolnick et al., 1997), and
of the transition state by the positively charged zinc ion is a alkaline phosphatase (Ma & Kantrowitz, 1994, 1996; Ma et
dominant factor in catalysis (Christianson & Fierke, 1996). al., 1995). X-ray crystal structures of the arginase and
In this work, we further probe the electrostatic and alkaline phosphatase variants reveal that the engineered
structural features of the zinc site in CAll by makingutral carboxamide side chain does not coordinate to the metal ion
amino acid substitutions for histidine zinc ligands. Replacing (N0 crystallographic data are available for the cytidine
the imidazole side chain of histidine with the carboxamide deaminase variant). Therefore, the crystal structure deter-
side chains of asparagine or glutamifreeutral amino acids ~ minations of H94N (with and without bound sulfonamide
that are isosteric with aspartate and glutamatan possibly  inhibitor), H119N, and H119Q CAlls demonstrate that
maintain metal coordination and preserve the neutral elec-asparagine or glutamine side chains can coordinate zinc with
trostatic environment of the ligand field provided by the optimal stereochemistry as a substitute for histidine; however,
protein scaffolding. Here, we demonstrate that single-point protein—zinc affinity is severely compromised. Surprisingly,
substitutions of asparagine or glutamine for the histidine the structures of H94N and H119N CAlls reveal a novel
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change in zinc coordination geometry from tetrahedral to and buffers treated with Chelex-100 resin (Sigma). Free zinc
trigonal bipyramidal because of the displacement of zinc- was removed from CAIl variants by chromatography on a
bound hydroxide by Tris in the former variant and the Sephadex G-25M column (PD-10, Pharmacia). The rate
addition of a second water molecule to the zinc coordination constant for zinc dissociatioke, was determined by diluting

polyhedron of the latter variant. CAll variants (0.1-10 uM) into an assay buffer consisting
of 0.5 mM PNPA, 10 mM MOPS, pH 7.0, with 5 mM EDTA
MATERIALS AND METHODS to chelate zinc dissociating from the enzyme. Dissociation

Preparation of H119N, H119Q, H94N, and H94Q CAIl of zinc from CAIll was monitored by the time-dependent
Variants. The CAIl variants were produced using oligo- decrease in the PNPA esterase activity, reflecting the
nucleotide-directed mutagenesis of the cloned human CAIl concentration of enzyme-bound zinc. This decrease is not
gene in pCAM (Kunkel et al., 1985; Krebs et al., 1093) by dependent on the concentration of EDTA. Tkg is
replacing the H94 or H119 (CAC) codon with asparagine C@lculated by fitting the data to eq 3, where[fjpresents
(AACIT) or glutamine (CAA/G), and the entire CAIll gene the formation of p-nitrophenol at each time point, and
of the variants was sequenced (Sanger et al., 1977). CAll (activity)—o is the initial activity of the zinc-bound enzyme

was induced by the addition of 0.25 mM isoprogsip- assayed in the absence of EDTA.
thiogalactopyranoside to mid-logscherichia coliBL21- (activity)

(DE3)pCAM cells followed by incubation at 3T for 5 h [P], = —t:O(l _ e*koﬁt) 3)
and then purified by sequential chromatography on DEAE- Koft

Sephacel and S-Sepharose media (Alexander et al., 1993). ) ) o
Acetazolamide-complexed H94N CAIl was prepared by 10 measure the zinc dissociation constéf, 0.2 mL of
elution from sulfonamide affinity resin with acetazolamide CAll variants 60 uM) was dialyzed against 500 mL of
(Osborne & Tashian, 1975). The protein concentration was Zinc/dipicolinate metal ion buffers (65 uM total zinc/
determined by absorbance usiago = 54 000 Mt cm? 0.1-2 mM dlplcol|_nate) in 10 mM MOPS, pH 7.0. After
determined for wild-type CAll (Tu & Silverman, 1982). the samples were incubated for24 h at 30°C, the enzyme
Catalytic Actiity. The initial rate ofp-nitrophenyl acetate ~ concentration ([E) was determined by absorbance at 280
(PNPA) hydrolysis catalyzed by CAll was monitored by Nm- The total zinc concentration in the dialysate and enzyme
absorbancesas = 5000 M1 cm-1 (Armstrong et al., 1966). sample was measured by al:_)sorbance at 500 nm in the
The reaction was assayed un#tggKy conditions at 0.5-2 presence of 0.1 mM 4-(2-pyridylazo)resorcinol and 4 M
uM CAll variants, 0.5 mM PNPA in 50 mM buffer, either guanidine hydrochloride compared to a standard curve
MES (pH 6.0-6.5), MOPS (pH 7.67.5), TAPS (pH 8.6- (Kiefer & Fierke,. 1994; Hunt et al., 1977; Hunt et al., 1984).
8.5), or CHES (pH 9.610.0), with the ionic strength held ~ The concentration of enzyme-bound zinc -dB]) was
constant at 0.1 M with N®Q,. Background rates were determined from the difference in the total zinc concentration
measured in the presence of 0.1 mM acetazolamide. Inhibi-between the two samples. Alternatively, the fraction of zinc-
tion of the esterase activity of H94N CAIll was measured at bound enzyme, [&Zn)/[E]«, was determined from the
pH 9.0 in 50 mM CHES buffer with varying TAPS {aL00 relat|v_e specific activity for PNPA hydrolysis using the
of the CAIl variants were obtained by fitting the data to eq H119Q), 50 mM MOPS, pH 8.4 (H94N), and 50 mM TAPS,
1, and inhibition constants were determined by fitting the PH 9.4 (H94Q). The concentration of free zinc was
data to eq 2 using the curve-fitting program Kaleidagraph calculated from the dipicolinatezinc stability constants

(Synergy Software). (Sillen & Martell, 1964). The dissociation constants were
calculated using the Kaleidagraph 3.0 (Synergy Software)
Keof Kt curve-fitting program with eq 4 where C ranged from 0.9 to
(kca{KM)obs: A APK.—DpH) 1) 11
1+ 10P%PH
. .. [EzZn] C
K relative activity= = 4
(KalKis= 7 @ e 1 Kl
I

Sulfonamide Dissociation Constant®ansylamide (DNSA)

Initial rates of CQ hydration were measured by the dissociation constants were determined by measuring an
changing pH-indicator method (Khalifah, 1971) in a KinTek increase in fluorescence (excitatien280 nm, emissior=
stopped-flow apparatus using the following conditions:2@ 470 nm) upon binding DNSA to CAIl (Nair et al., 1995;
mM CO,, 0.2-5 uM CAII variants at 25°C, and either 25  Chen & Kernohan, 1967) at 25C in 50 mM MOPS, pH
uM mecresol purple, 50 mM TAPS, pH 9.0, or 2oM 7.9. In some cases, the concentration of enzymaN)
p-nitrophenol, 50 mM MOPS, pH 7:67.9, with the ionic was comparable to the dissociation constant; therefore, the
strength maintained at 0.1 M with B0, Background rates  DNSA dissociation constants were calculated using eq 5,
measured in the absence of CAll were subtracted from thewhere Fl is the observed fluorescence, IF is the initial
observed rates. Inhibition of Gydrase activity by Tris  fluorescence, [EJis the total enzyme concentration, [0
and TAPS was measured at 84 mM CGQ,, 1 uM H94N the total concentration of DNSA, ari€} is the dissociation
CAll, 25 uM m-cresol purple, 50 mM CHES, pH 9.0, 25 constant for DNSA. Acetazolamide (AZA) binding was
°C, ionic strength held at 0.1 M with N&QO,, and varying assayed by competition with bound DNSA as a decrease in
concentrations of Tris (62 mM) or TAPS (G-80 mM). fluorescence (excitatiosr 280 nm, emissior= 470 nm).

Zinc Dissociation Rate and Equilibrium Constanall These titrations contained M CAIl variants, DNSA (5-
solutions were prepared in plasticware using deionized water50 ¢M), 50 mM MOPS, pH 7.9, 25°C, and varied
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Table 1: Crystallographic Data Collection and Refinement Statistics

CAll variant (complex) H119N H119Q H94N (Tris) H94N (AZA)
no. of crystals 1 1 1 1
no. of measured reflections 73412 22514 45669 50903
no. of unique reflections 19942 11825 16217 19350
minimum resolution (A) 20.0 20.0 20.0 20.0
maximum resolution (A) 1.85 2.2 2.0 1.9
completeness of data overall (last 0.05 A shell) (%) 92.7 (81.0) 93.8 (93.0) 95.4 (70.3) 97.5(89.0)
Rsymoverall (last shelp 0.074 (0.236) 0.088 (0.318) 0.067 (0.223) 0.063 (0.375)
no. of reflections used in refinement (in test set) 18 815 (957) 11074 (597) 15259 (777) 18 626 (564)
Reryst (Riree)® 0.170 (0.230) 0.182 (0.249) 0.154 (0.207) 0.177 (0.219)
no. of water molecules in final cycle of refinement 181 38 137 49
RMS deviation from ideal bond lengths (A) 0.009 0.012 0.007 0.007
RMS deviation from ideal bond angles (deg) 1.6 1.7 1.5 15
RMS deviation from ideal dihedral angles (deg) 25.4 25.6 25.1 25.2
RMS deviation from ideal improper angles (deg) 1.4 1.6 1.3 1.3

a Rsym for replicate reflectionsR = Y |In — VY OhC) In = intensity measured for reflectidn OhC= average intensity for reflectiomcalculated
from replicate data? CrystallographicR-factor, Reryst = 3 [|Fol — |Fel|/3|Fol, for reflections in the working set. FreR factor, Ryee = ¥ ||Fol —
|Fc|I/Y |Fol, for reflections in the test sel,| and |F¢| are the observed and calculated structure factor amplitudes, respectively.

concentrations of AZA (6180uM). The AZA dissociation

plate detector. Individuap oscillation images spanning 2

constant was calculated from these data using eq 6, wherewere collected for 15 min each for a total sweep of 120
Kaza is the dissociation constant for acetazolamide. In these Rigaku RU-200HB rotating anode X-ray generator provided

titrations [DNSA] ~ [DNSAJw: and the [AZA}e. Was
calculated using eq 7.

fraction FI= H =
([E]; +[D]; + Kp) — \/ ([E], + [D], + Kp)* — 4[E]{D],
2[E],
®)
fraction FI= :TZI_—E:Z=
. ©)

1+ (Ko/[DNSAI)(L + [AZA]/ Kazn)

[AZA] free = [AZA] (o — [E-AZA] =
[AZA] o1 — [Elior + [E-DNSA] + [E] (7)

Crystallography. H94N, H119N, and H119Q CAlls were
crystallized using the sitting drop method:—%0 uL drops
of precipitant buffer containing 50 mM Tris-HCI (pH 8.0 at
25°C) and 2.6-2.5 M (NH,),SO, were added to 510 uL
drops containing approximately 10 mg/mL protein in the
crystallization well. The outer well contained 1 mL of
precipitant buffer. Crystals grew as very thin plates within
2 weeks at £C; accordingly, up to 10 mM-hexyl 5-p-
glucopyranoside was included in the crystallization wells to
facilitate the formation of larger single crystals suitable for
X-ray diffraction analysis (McPherson et al., 1986). Crystals
were isomorphous with those of the native blood and
recombinant wild-type enzymes and belonged to monoclinic
space groufP2; with unit cell parametera = 42.7 A,b =
41.7 A,c = 73 A, andp = 104.6 (Liljas et al., 1972;
Alexander et al.,, 1991). Crystals of the H94N CAll

Cu Ka radiation at 50 kV/100 mAA = 1.5418 A). The
crystal-to-detector distance was set to-9@0 mm and the
detector swing angle @ was set to 0. The crystal
orientation matrix was initially obtained using REFIX
(Kabsch, 1993), and reflections were subsequently integrated
with MOSFLM (Nyborg & Wonacott, 1977). Data reduction
was completed using the CCP4 suite of programs (French
& Wilson, 1978; Collaborative Computational Project No.
4, 1994).

The starting coordinate set for the refinement of each
variant CAll structure was that of native CAll {Kansson
et al., 1992) with the atoms of the variant side chain and all
water molecules deleted from the model. Each structure was
refined by simulated annealingif:» = 3000 K) with energy
minimization as implemented in X-PLOR (Bmger et al.,
1987). After initial rounds of refinement, electron density
for each variant side chain was clear and unambiguous. The
variant side chain and water molecules (and inhibitors in the
Tris and acetazolamide complexes of H94N CAll) were
modeled into electron density maps generated with Fourier
coefficients 2F,| — |F¢| and|F,| — |F¢| and phases calculated
from the in-progress atomic model. This work required the
graphics software O (Jones et al., 1991), installed on a Silicon
Graphics workstation.

During the refinement of each CAIll variant, electron
density maps were periodically calculated from the in-
progress atomic model, and only minimal manual adjust-
ments of atomic coordinates were found to be necessary.
The application of a bulk solvent model as implemented in
X-PLOR achieved a significant decrease in the crystal-
lographicR-factor and the fre®k-factor. Refinement ulti-
mately yielded structures with final crystallograpRidactors
of 0.154-0.182 and excellent stereochemistry (Table 1). The
RMS error in atomic positions for all CAll variants was
estimated to be 0-20.3 A using SIGMAA (Read, 1986).

acetazolamide complex were prepared by crystallizing protein Each engineered carboxamide group coordinated to zinc with

eluted from the sulfonamide affinity column with acetazol-
amide during the purification procedure.

Crystals were mounted in 0.7 mm diameter glass capil-
laries with a small portion of mother liquor and sealed with
wax. Intensity data were collected on an R-AXIS llc image

optimal coordination stereochemistry and separation, and
zinc—ligand separations are recorded in Table 2. Electron
density maps and coordinate superpositions shown in the
figures were generated using MINIMAGE (Arnez, 1994) and
MOLSCRIPT (Kraulis, 1991).
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Table 2: Zine-Ligand Distances in Histidine> Carboxamide and
Histidine — Carboxylate CAIll Zinc Site Variants

Lesburg et al.

substitutions, rather than solely from changes in the elec-
trostatic environment. X-ray crystallographic analysis of

these variants suggests that the principal structural change
responsible for the activity loss is the movement of the active
site zinc ion, as well as alternative zinc coordination
geometries. The crystal structure of H94D CAIl reveals a
distorted tetrahedral zinc coordination polyhedron; however,

HO4N H94N
ligand native H119N H119D H119Q(Tris) (AZA) H94D

His-94 21 2.0 2.2 21 2.0 2.0 21
His-96 2.1 2.0 2.0 2.0 2.1 2.0 2.4
His-119 2.1 2.3 2.8 1.9 21 2.0 2.2

SOL1 2.1 2.1 2.2 2.3 2.4 the zinc ion moves nearll A in order to maintain a

?SSL(ZO) 22 2.4 24 2.9 2.6 coordinatipn inter_actjon with the shorter D94 si_de qhair_l, and
Tris (N) 23 changes in the binding mode of the nonprotein zinc ligand
AZA(N) 1.9 2.1 are suggestive, but not conclusively so, of a partially

occupied zinc-bound Tris molecule (Kiefer et al., 1993). The
electron density map of the H94N CAIl active site conclu-
sively reveals that the engineered carboxamide side chain
coordinates to zinc in a trigonal bipyramidal coordination
polyhedron, in which two nonprotein ligands are supplied
by the primary amino group and one hydroxyl group of the
buffer Tris (Figure 3). The Tris molecule is additionally
stabilized by hydrogen bond interactions between its hy-
droxyl groups and the side chain amide group of N94, T199
1 (both main chain nitrogen and side chain hydroxyl group),
6 7 8 9 10 and T200 (side chain hydroxyl group). Additionally, the zinc
pH ion moves 0.8 A toward the variant side chain from its
FiIGURe 2: pH dependence of PNPA esterase activity of H119N position in the native enzyme. A comparison of the
CAll (), H119Q CAll (8), H94N CAll (O), H94Q CAll (@), structures of H94D and H94N CAlls is found in Figure 4.
and wild-type CAll (dashed line). The initial rate pfnitrophenyl . . .
acetate (PNPA) hydrolysis was monitored by absorbaage= Apart from minor conformational changes of the remaining
5000 Mt cmrt under kea/Ky conditions at 0.52 uM CAll protein—zinc ligands which optimize zinc coordination
variants, 0.5 mM PNPA in 50 mM buffer, either MES (pH 6.0 interactions, and the observation of both “in” and “out”
?gzj)MﬁtF;ﬁé‘é'?o?ﬁ 7s't5r«)a’n-|g—;t\r? ﬁé%Hcghes?aﬁ%gocﬂEnsvv(ﬁﬁ's’g conformations of H64 (as observed in the native structure;
The ﬁ(a values of the CAll variants were obtained by fitting the Hekansson et al., 199.2)’ no OFher .S|gn|f|cant structural
data to eq 1. changes are observed in the active sites of H94D or H94N
CAlls. If the active site zinc ions of these variants retain
RESULTS AND DISCUSSION trigo_nall bjpyram_idal coordination geometries in the_absence
of Tris, it is possible that the comparable decreases in esterase
Structure and Esterase Acty. To delineate the effect  activities measured for these variants result from similar
of the electrostatic environment of the zinc ligands on the changes in the coordination geometry of zinc and the position
reactivity and K, of the zinc-bound solvent molecule, we of zinc-bound solvent.
measured the pH dependence of the second-order rate Given that the crystal structure of H94N CAIl reveals a
constant for hydrolysis of PNPA catalyzed by the H94N, fully occupied Tris molecule coordinated to the active site
H94Q, H119N, and H119Q CAIll variants. As observed for metal ion through a bidentate coordination interaction and
wild-type CAll, the pH dependence of the esterase activity stabilized by the side chain amide group of N94, it is not
of each variant is consistent with the ionization of a single surprising that the esterase activity of this variant decreases
enzymic group (Figure 2, Table 3). The pH dependence of as the concentration of buffer, either Tris or TAPS, increases
the esterase activity of wild-type CAIl, and likely these (data not shown). At pH 9, the observed inhibition constants
variants as well, directly reflects the ionization of the zinc- (eq 2) are 0.04 0.01 and 4.Gt 0.7 mM for Tris and TAPS,
bound water (Coleman, 1967; Lindskog & Coleman, 1973). respectively. Tris and TAPS also inhibit the ¢g@ydrase
Except for H94Q CAIl, which is the least active variant with activity of H94N CAIl with slightly lower inhibition
a 130-fold decrease im./Kn, substitution of a single  constantsK(Tris) = 0.012+ 0.002 mM andK;(TAPS) =
histidine imidazole side chain with the carboxamide group 1.3+ 0.2 mM at 24 mM CQ, pH 9.0. Neither wild-type
of asparagine or glutamine reduces the pH-independentCAll nor any of the other carboxamide-substituted CAlI
esterase activity only moderately<{Z-fold; Table 3). In variants are inhibited by these buffers.
the remaining discussion of this section, we correlate the The electron density map of the H119N CAIl active site
activities of these variants with their X-ray crystal structures, reveals that the engineered carboxamide side chain coordi-
focusing first on asparagine variants and subsequently onnates to zinc; additionally, metal coordination geometry is
glutamine variants. trigonal bipyramidal due to the introduction of a second
The pH-independent esterase activities of CAll variants solvent molecule to the zinc coordination polyhedron (Figure
containing a neutral histidine> asparagine substitution are 5). This requires a slight movement of the zinc ion from its
comparable to those containing the corresponding negativelyposition in the native enzyme-0.2 A). No other significant
charged histidine~ aspartate substitution (Kiefer & Fierke, structural changes are observed in the active site of this
1994; Table 3). This comparison suggests that the modestvariant, and both of the zinc-bound solvent molecules
decreases in esterase activity resulting from these substituimaintain possible hydrogen bond interactions with Thr-199
tions most likely reflect structural changes in the active site (SOL1-T199 Q separatior= 2.9 A; SOL2-T199 O separa-
resulting from histidine—~ aspartate or histidine- asparagine  tion = 3.2 A).

aFrom Vidgren et al. (1990).




Histidine — Carboxamide Ligand Substitutions in CAll Biochemistry, Vol. 36, No. 50, 199715785

Table 3: Steady-State Kinetic Parameters for PNPA Hydrolysis and Dissociation Constants for Sulfonamide Inhibitors

CAIl kca[KMa (M -1 Sfl) pKaa KAZAb (,MM) KDC (,MM)
wild-type? 2500+ 200 6.8+ 0.1 0.006 (0.005%) 12
H94N 370+ 30 7.3£0.2 0.002+ 0.001 (0.0016) 0.20.1
H94Q 20+ 5 8.5+ 0.2 0.25+ 0.2 (0.05) 3.3+ 1.3
H94D 365 >9.6 207 (5.1)

H94E <2 560

Ho4d 117 >9.5 55 (1.7)

H119N 770+ 70 8.1+ 0.2 0.028+ 0.010 (0.011) 1805
H119Q 1490+ 120 6.9+ 0.2 0.23+0.10(0.21) 152 7.9
H1190 830 8.6 2.4 (0.5)

H119® 20+ 10

apK, and pH-independeri../Ku calculated using eq 1 as described in the legend of Figub2za for acetazolamide measured in 50 mM
MOPS, pH 7.9, 25C, and calculated using eqs-3. ¢ Kp for dansylamide measured in 50 mM MOPS, pH 7.9°25and calculated using eq 5.
dTaken from Fierke et al. (19919.The dissociation constant corrected for th&, pf the zinc-water is shown in parenthesds cor = Kp obd(1
+ 10°%PH) fTaken from Kiefer and Fierke (1994 Measured in 50 mM TAPS, pH 9.0, 2&. H119E CAIl precipitates at pH:7.5; therefore,
the K, cannot be determined.

Ficure 3: Difference electron density map of H94N CAll, generated with Fourier coeffici€gts— |F¢| and phases calculated from the

final model less the atomic coordinates of zinc ligands N94, H96, H119, and zinc-bound Tris. The map is contouredthindibes);

refined atomic coordinates are superimposed. Note that the buffer molecule Tris coordinates to zinc through its amino nitrogen and one
hydroxyl oxygen, thereby changing zinc coordination geometry to trigonal bipyramidal. Tris binding is also stabilized by hydrogen bond
interactions (dashed lines) with the side chains of N94, T199, and T200, and the backbone NH group of T199. This binding mode accounts
for the unique inhibitory activity of Tris against H94N CAIl. The thick lines represent a difference map omitting the zinc ion from the
structure factor calculation and contoured at10

I

FiIGURE 4: Least-squares superposition of the zinc binding sites of H94D CAIl (thin lines; Ippolito & Christianson, 1994) and H94N CAlIl
(thick lines). Intriguingly, in the H94N CAIl structure two hydroxyl oxygen atoms and the amino nitrogen atom of the Tris buffer molecule
are located near positions of well-ordered solvent molecules (spheres) observed in the H94D CAll structure (Kiefer et al., 1993).

Comparison of the structures of native, H119N, and in the position of solvent molecule SOL2 would result in
H119D CAlls (Kiefer et al., 1993) reveals that solvent atom inner-sphere metal coordination (Figure 6, Table 2). There-
positions change to accommodate the alteration of metalfore, it is possible that the tendency of zinc coordination
coordination geometry from tetrahedral to trigonal bipyram- geometry to change from tetrahedral (native CAll) to partially
idal. A least-squares superposition of thg &oms of (H119D CAIl) or fully (H119N CAII) trigonal bipyramidal
H119N and H119D CAlls reveals that only slight changes results in comparable decreases in esterase activities mea-
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Ficure 5: Difference electron density map of H119N CAll, generated with Fourier coefficiepts- |F.| and phases calculated from the

final model less the atomic coordinates of zinc ligands H94, H96, N119, and two zinc-bound solvent molecules. The map (thin lines) is
contoured at 3.5 refined atomic coordinates are superimposed. Note that the metal coordination geometry in this variant is trigonal
bipyramidal: N119 and SOL2 are apical ligands, and H94, H96, and SOL1 are equatorial ligands. The thick lines represent a difference
map omitting the zinc ion from the structure factor calculation and contouredoat 10
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FIGURE 6: Least-squares superposition of the zinc binding sites of H119D CAll (thin lines; Kiefer et al., 1993) and H119N CAII (thick
lines). The substitution of aspartate or asparagine for H119 results in a pentacoordinate zinc ion with trigonal bipyramidal coordination
geometry, but in the H119D variant the D119 carboxyateetal coordination is relatively weak with a Zr-O separation of 2.8 A.

sured for these variants. Apparently, the bulky histidine zinc-bound hydroxide moves 1.0 A from its position in the
imidazole ligands help to maintain a low coordination native enzyme (Figure 8). These structural changes are
number for zinc in the native enzyme active site. apparently small enough to sustain near-normal levels of
In contrast to results with the asparagine/aspartate variantsgsterase activity but large enough to decreasghy@ration
the esterase activities of CAll variants containing neutral and sulfonamide affinity 16-fold.
histidine— glutamine substitutions are increased more than The correlation of structure with esterase activity in
10-fold compared to variants containing the corresponding histidine— glutamine variants reflects the role of the protein
negatively charged histidine glutamate substitutions (Table in modulating the gs—and hence the reactivityof the
3; Kiefer & Fierke, 1994). This result is consistent with the catalytic nucleophile, zinc-bound hydroxide. ThE&,pof
proposal that the catalytic transition state is destabilized by zinc-bound water is either unperturbed (H119Q CAIl) or
additional negative charge in the zinc coordination polyhe- increased 0.51.7 units in HL19N, H94N, and H94Q CAlls
dron (Kiefer & Fierke, 1994; Christianson & Fierke, 1996). due to the histidine~ asparagine and histidire glutamine
However, the decreased activities of the H94E and H119E substitutions (Table 3). This is in contrast to the largeéx p
CAll variants may also be caused by structural perturbationsincreases 2.7 units) resulting from coordination of a
in the active site, such as those resulting from the disordernegatively charged ligand, as observed in H94C and H94D
of the E94 side chain observed in the X-ray crystal structure CAlls (Table 3; Kiefer & Fierke, 1994). ThApK, values
(Xue et al., 1994). The X-ray crystal structure of H119Q resulting from histidine—~ negatively charged ligand sub-
CAll reveals a tetrahedral zinc coordination polyhedron in stitutions are attenuated if the engineered mdtghnd bond
which the Q atom of Q119 substitutes for thestom of is quite long (e.g., the carboxylateinc separation in H119D
H119 with good coordination stereochemistry (Figure 7); the CAll is 2.8 A) or if the side chain swings away to allow an
side chain NH group of Q119 maintains a hydrogen bond additional water molecule access to the metal coordination
interaction with the side chain of E117. The zinc ion moves sphere (e.g., as in H96C CAIll; Ippolito & Christianson,
approximately 0.6 A from its position in the native enzyme 1994). Therefore, the electrostatic environment around the
in a direction away from the longer Q119 side chain and zinc site modulates thei of zinc-bound water. It is clear



Histidine — Carboxamide Ligand Substitutions in CAll Biochemistry, Vol. 36, No. 50, 199715787

w . 1 -

Ficure 7: Difference electron density map of H119Q CAIl, generated with Fourier coefficiEgts- |F.| and phases calculated from the

final model less the atomic coordinates of zinc ligands H94, H96, Q119, and zinc-bound hydroxide. The map is contousgdeéindcdb

atomic coordinates are superimposed. Note that zinc coordination remains tetrahedral in this variant. The thick lines represent a difference
map omitting the zinc ion from the structure factor calculation and contouredoat 10
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FIGURE 8: Least-squares superposition of H119Q (thick lines) and native (thin lines) CAlls. Note that tetrahedral zinc coordination geometry
is maintained in the variant.

that the neutral histidine ligands are crucial for maintaining T e 4 Steady-State Kinetic Parameters for,&@dration
sufficient positive charge on zinc to stabilize the zinc  catalyzed by CAIll Variants

hydroxide species, which results in a depresd€gdigr zinc- CAIl variant 109 K (MM b (MLt
bound water and high catalytic efficiency at neutral pH. varant Kea(s7x 1079 Ku(MM) keaku? (M2 57)

: i wild typec 100 8.2 110 (110)
CO, Hydrat_|on. _To further prob_e the effects of h|5_t|d|ne HOANS 32403 8.9£26 3.6+ 0.6 (4.5)
- carboxarmde ligand substitutions on .the reactivity of  Hoaq 0.90+ 0.21 284+ 10 0.324 0.04 (0.42)
zinc—hydroxide, we measured the catalytic parameters for H94E 0.098+ 0.003  4+1 0.2140.02
the physiologically important COhydration reaction. To Eﬁgg >3:;'8i 0.5 >5§ei 2 g-gi (2J§ %09-)5)
obtain the pH-independent kinetic parameters, 6@irase H119E “ox 5 0,045+ 0.005

activity was measured at a pH significantly above tig p v 3in 50 MM TAPS, pH 9.0, and 251 I I
i ; aMeasured in 50 m , pH 9.0, an m-cresol purple,
of zinc-bound water (Tables 3 and 4). For three variants, 25 °C, with ionic strength maintained at 0.1 M by addition of sodium

H119N, H119Q, and H94N CAlls, moderate decreases (11  gyjate.b k.o/Ky corrected for the K. of the zine-water (Table 1) is
24-fold) were observed in the values kf/Kyu for CO, shown in parenthesesTaken from Kiefer and Fierke (1994 Mea-
hydration. For wild-type CAllk.a/Km measures the forma-  sured in 50 mM MOPS, pH 7.9, and 25 mpnitrophenol, 25°C,

tion of the transition state for GChydration compared to with ionic strength maintained at 0.1 M by addition of sodium sulfate.
the ground state of CAll and unbound substrate (Lindskog, - N0 curvature in a plot of rate versus [GQip to 24 mM.

1984; Rowlett, 1984). Therefore, these data indicate that

the histidine— carboxamide substitutions decrease the fold larger than the corresponding reductions of esterase
reactivity of zinc-bound hydroxide without significantly —activity, further suggesting that activity losses are caused
elevating the R, of zinc—water. A likely explanation for more so by structural effects than electrostatic effects on the
this result is that the position or geometry of the metal site reactivity of zinc-bound hydroxide. Additionally, the ob-

is slightly altered so that the active site nucleophile is no served 2-7-fold decreases ik../Kv for the variants with
longer in an optimal position to react; this is consistent with carboxamide substitutions compared to #gKy for the

the X-ray crystal structures of H94N, H119N, and H119Q variants with the corresponding carboxylate substitutions are
CAlls as described in the previous section. The reductions much smaller than the differences in thi€,mf the zinc-

in CO, hydrase activity measured for these variants aré-3 water. One variant, H94Q CAIll, has esterase, hydrase, and
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dehydrase activities (Tables 3 and 4; data not shown) that
are significantly lower than any of the other variants with
carboxamide side chains. This result indicates that the
glutamine side chain is not a viable zinc ligand replacement
for the N atom of histidine at this position.

In wild-type CAII at high concentrations of buffekca
for CO, hydration measures the intramolecular proton
transfer between zirewater and H64 (Silverman & Lind-
skog, 1988). Except for H119Q CAII, the, values for
variants with asparagine or glutamine substituted for one of
the histidine zinc ligands decrease significantly {(B80-
fold; Table 4). Since proton transfer between H64 and-zinc
water occur via an ordered water chain’Kdasson et al.,
1992), one possible explanation for the decredgsgdalues
is that structural changes in the zinc binding site partially
disrupt the active site water chain connecting these two
groups. However, the three-dimensional structures of H94N,
H119N, and H119Q CAlls indicate that this postulated
proton translocation pathway is intact when compared with
the native structure (Hansson et al., 1992). Catalytic
proton transfer in CAIl can be disrupted in three different
ways: (1) altering the position and/or mobility of the proton
acceptor (Tu et al., 1989; Krebs et al., 1991; Liang et al.,
1993), (2) varying the I, of either the donor or acceptor
group (Forsman et al.,, 1988; Engstrand et al., 1992
Silverman et al., 1993; Ren et al., 1995), and (3) blocking
the formation of a hydrogen bonded solvent netweitk.,
a “proton wire"—between donor and acceptor group (Jack-
man et al., 1996; Scolnick & Christianson, 1996). In the
series of histidine—~ asparagine and histidine glutamine

Lesburg et al.
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Ficure 9: Measurements of the zinc dissociation constant of
H119Q ©), H94Q (a), and wild-type (dashed line). CAll variants
(0.2 mL of 60 uM) were dialyzed against 500 mL of zinc/
dipicolinate metal ion buffers (685 uM total zinc/0.2-2 mM
dipicolinate) in 10 mM MOPS, pH 7.0. After-924 h of incubation

at 30 °C, the fraction of zinc-bound enzyme, -f)/[E]io, Was
determined from the relative specific activity for PNPA hydrolysis
in 50 mM TAPS, pH 8.5, for H119Q and wild-type CAIl and 50
mM TAPS, pH 9.4 for H94Q CA11. The dissociation constant was
calculated using eq 4.

Y ™ 4

i
0.0001 0. 104

of sulfonamide binding; the values listed in parentheses in
Table 3 are corrected for this difference.

The sulfonamide affinities of the CAIl variants with
histidine— asparagine or glutamine substitutions are similar
to those of wild-type CAll (Table 3); they range from binding
5-fold more tightly (H94N CAIl) to 38-fold more weakly
(H119Q CAIll). The X-ray crystal structure of the H94N
CAIl-AZA complex reveals identical inhibitor binding
interactions to those observed in the native CAHA
complex (data not shown). An additional interaction present
in the variant but not in the native enzyme is a possible weak

zinc site variants, it appears that reduced proton transfer ratehydrogen bond between the carboxamide;lgFbup and one

constants between zinc-bound solvent and H64 result from
a combination of slight changes in th&pof zinc-bound
water, as well as altered positions for zinc-bound water (due
to the movement of zinc and/or the addition of a second
coordinated water molecule).

Inhibitor Binding. Sulfonamides are specific inhibitors of

sulfonamide oxygen of the inhibitor (OGN separatior~ 3.4

A) that might contribute to the increased affinity. Differences

in inhibitor affinity among the greater series of CAll variants

likely reflect minor structural differences in the active site

of each variant that accommodate the amino acid substitution.
Carboxamide ligand variants of CAIll bind sulfonamides

carbonic anhydrase that have been proposed to mimic the50—1-fold more tightly than the corresponding carboxylate

transition state for Cohydration (Kumar et al., 1976). The
X-ray crystal structures of CAHsulfonamide complexes
show that the ionized nitrogen atom of the inhibitor
coordinates to zinc and displaces the zinc-bound water
(Vidgren & Liljas, 1990; Vidgren et al., 1993). In order to
further investigate the effects of histidire carboxamide

ligand variants (Table 3; Kiefer & Fierke, 1994). In the most
extreme example, th&,zn for H94D CAIl compared to
H94N CAIll decreases from 207 to 0.00®1. This indicates
that the electrostatic interaction between the negatively
charged sulfonamide nitrogen and the positively charged zinc
ion is critical for the high affinity of sulfonamide inhibitors.

ligand substitutions on the stabilization of the transition state, These data, combined with the effects of ligand substitution
we measured the affinity of these CAlls for two different on the K, of zinc-bound water, clearly demonstrate that the
sulfonamide inhibitors, DNSA and AZA. The dissociation positive charge on the zinc ion is crucial for stabilizing the
constants for DNSA binding to CAll variants were measured binding of anions to the active site of CAll.

as an increase in fluorescence at 470 nm due to fluorescence Zzinc Affinity. In order to elucidate the effects of the
energy transfer between CAIl tryptophans and DNSA (Chen histidine— carboxamide substitutions on metal affinity, the
& Kernohan, 1967; Table 3). The dissociation constants for zinc dissociation constankz, was determined for each
AZA (Table 3) were measured by competition with dansyl- variant by equilibrium dialysis (Figure 9). At high concen-
amide as a decrease in fluorescence due to the disappearaneeations of zinc £ 100 nM), the stoichiometry of zinc bound
of E:‘DNSA and the concomitant formation of anAZA to CAll is larger than 1, indicating the presence of multiple
complex. In all cases, the data are well-described by a singlezinc binding sites. This additional zinc binding site(s) is
observed dissociation constant. Sulfonamide binding to wild- also observed in wild-type CAll at high zinc concentrations
type CAll is pH independent from-79; binding decreases (data not shown). To correctly measure the dissociation
at both high and low pH, reflecting ionization of the constant of the active site zinc, the fraction of active sites
sulfonamide moiety (. ~ 9) and the zinc-bound water containing a bound zinc ion (fZn)/[E];) was determined
molecule (Kernohan, 1966; Lindskog & Thorslund, 1968). by measuring the relative specific activity for PNPA hy-
The K, of zinc-bound water increases Q.5 pH unit) in drolysis (Figure 9). Thez, values are listed in Table 5
H94Q and H119N CAlls, which alters the pH dependence and demonstrate that the zinc affinity is substantially
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Table 5: Zinc Dissociation Constants and Dissociation Rate Constants for CAll Variants

CAll variant Kz (NM) Kott® (Min=1) Kor® (M1 s7Y) ty28 (min)
wild typee 0.0008 0.0001 (5.0t 1.0) x 106 0.10 1.4x 10°
H119N 11+ 4 0.148+ 0.010 0.22 4.7
H119Q 69+ 11 0.096+ 0.018 0.023 7.2
H94N 40+ 15 0.075+ 0.011 0.031 9.2
H94Q 8+ 3 0.335+ 0.188 0.70 2.1
H119D 25+ 7 0.17+£0.04 0.11 4.1
H94D 15+5 0.011+ 0.0004 0.012 63
H94E 14+ 5 0.49+ 0.24 0.58 1.4

aMeasured by an equilibrium dialysis method at pH 7.0 in 10 mM MOPS, as described in the legend of FigMeaSured by the time-
dependent decrease in the PNPA esterase activity in the presence of 0.5 mM PNPA and 10 mM MOPS, pH 7.0, with 5 mM EDTA, as described
in the legend of Figure 1G.Calculated fromkon = ko/Kzn, assuming a simple binding stefpCalculated fronty, = In 2/kq. € Taken from Hunt
and Fierke (1997).Taken from Kiefer and Fierke (1994).

10] Scheme 2
s step 1 step 2
= L k L k L
g A e L ST HO 2 LD 2
_§ 5 E\t Zn?*(H,0)g » E\t o E\L /Zn (H20)
o
0 — r and then the rate-limiting step is the exchange of the third
0 % ime, min = histidine ligand with the inner-sphere water to form the

Ficure 10: Measurement of the zinc dissociation rate constant of tetrahedral zinc binding site. Assuming that k> k, Ko
H119N CAIl. The rate constant for zinc dissociatidgy, was measures_l@ andkon measur(?sl'kzlk—l- The 5|0.V\’konVa|m"3S
determined by diluting *M H119N CAIl into 0.5 mM PNPA observed in these asparagine/glutamine mdigand CAll
and 10 mM MOPS, pH 7.0, with 5 mM EDTA to chelate zinc  variants, as well as in wild-type CAll, indicate that the second

dissociating from the enzyme. Dissociation of zinc from CAIll was ; ; limiti _
monitored by the time-dependent decrease in the PNPA esteraseStep of ligand exchange is rate-limiting. The*+0.0>fold

activity, reflecting the concentration of enzyme-bound zif@®).( Increase in Kot value_s is m?‘i”'y caused by the faster
Theky; is calculated by fitting the data to eq 3. The initial activity ~dissociation of the third protein ligand, that is,k
of the zinc-bound enzyme was determined in the absence of the Previous studies show that the complete removal of a

zinc chelator, EDTA Q). single histidine ligand by replacing it with alanine greatly

diminished, 16—10P-fold, into the nanomolar range. Nev- ing:r?flseusq to 100-1000 nM and increase to >2
ertheless, these zinc affinities are comparable to thoseMin ™. Alanine variants H94A, H96A, and H119A CAlls

measured for the corresponding carboxylate substitutions for@n only proceed through the first step, but not the second
H94 and H119 CAIl (Kiefer & Fierke, 1994: Table 5). This Step, of metal binding as outlined in Scheme 2. The
indicates that differences in zinc affinity are likely dominated Increasedz, andkor values of these variants compared to
by the structural changes in the zinc coordination polyhedron the corresponding asparagine/glutamine or aspartate/glutamate
resulting from the deletion of a naturally evolved histidine Variants indicate that a third protein ligand is required for
ligand, rather than decreased metigand interaction (Gurd ~ high metal affinity. One might have assumed that negatively
& Wilcox, 1956). Analysis of the crystal structures of these charged ligands, aspartate and glutamate, should lead to
variants suggests that the movement of the zinc ion from its Nigher affinity for zinc than the neutral ligands, asparagine
position in the native enzyme (up to 1 A) is the principal @nd glutamine, because chargeharge interactions are
structural feature signaling diminished proteizinc affinity. stronger than dipolecharge interactions. However, no such
The zinc dissociation rate constanks;, were measured preferences are observed, perhaps because these substitutions
by tracking the time-dependent decrease of PNPA hydrolysis &€ not perfectly isosteric with respect to metal coordination

activity in the presence of the zinc chelator, EDTA, that binds distances; e.g., in H119D CAll the Zn-0O separation is
any dissociated zinc but does not catalyze dissociation of 2-8 A, whereas in H119N CAll this separation is 2.1 A. The

the zinc ion from wild-type CAIl (Lindskog, 1982; Figure longer ligand-metal separation in H119D CAIll may slightly
10, Table 5). The zinc dissociation rate constants for all attenuate the contribution of the electrostatic interaction to

four CAll variants with carboxamide groups substituted in Protein-zinc affinity. In general, the metal binding proper-
their metal coordination polyhedra increase about-2I@- ties, kort, Kzn, and calculatedcn, have no distinguishable
fold, paralleling the decrease in the, and comparable to specn‘lcn_les for (1) the charge of the side chain, e.g., neutral
the values measured for variants with histidinearboxylate ~ asparagine or negatively charged aspartate, (2) the length of
substitutions (Kiefer & Fierke, 1994; Table 5). Assuming a the side chain, e.g., asparagine or glutamine, or (3) the
simple binding step, the association rate constants can beP0Sition of the substitution, 119 or 94. This suggests that
calculated fromKz, andKef (Kon = koft/Kzn) and range from the.proper orlt_antatlon and sepa_ratl_on of metal Ilgand_s is the
10* to 100 M1 s'L. These values are comparable to the M&or determinant of zinc affinity in these CAIl variants.

association rate constant measured for wild-type CAIll under SUMMARY AND CONCLUSIONS

similar conditions (Table 5) and are much slower than the

diffusion-controlled limit (Eigen & Hammes, 1963), which Asparagine and glutamine side chains substituted for zinc

implies a two-step metal binding mechanism. ligands H94 and H119 in single-point variants of CAll result
In one proposed mechanism (Scheme 2), two histidine in engineered proteinzinc binding sites with altered proper-

ligands bind to the zinc rapidly to form the initial complex, ties. These are the first neutral neutral ligand substitutions
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engineered into the zinc binding site of CAll, and the X-ray
crystal structures of H94N, H119N, and H119Q CAlls reveal
that each carboxamide side chain coordinates to zinc throug
the side chain carbonyl oxygen. Metal coordination geom-
etry remains tetrahedral in H119Q CAII, in which hydroxide
ion is the fourth nonprotein zinc ligand as observed in the
native enzyme. Surprisingly, zinc coordination geometry
changes from tetrahedral to trigonal bipyramidal in H119N
CAll due to the addition of a second water molecule to the
inner sphere of metal coordination. Similar behavior is
observed in H119D CAIl, but the carboxylate oxygen of
D119 exhibits an outer-sphere zinoxygen separation of
2.8 A (Ippolito & Christianson, 1994). Metal coordination
geometry in H94N CAll is also trigonal bipyramidal because
of the bidentate binding mode of a Tris buffer molecule.
Functional measurements on this series of CAll variants
indicate that the neutral ligand field provided by the protein
optimizes the electrostatic environment for the catalytic
function of the metal ion at neutral pH. The electrostatic
environment of the metal ion is also a critical determinant
of the high affinity of ionized sulfonamide inhibitors toward
CAll. However, the electrostatic environment of the metal
ion does not appear to play a key role in modulating pretein
zinc affinity. Metal affinity is significantly compromised
by all histidine— carboxamide ligand substitutions, and this
may result from significant movements (up to 1 A) of the
zinc ion from its position in the wild-type enzyme, as well
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In closing, it is compelling to consider that the bulky
histidine ligands (especially H119) may play a role in
disfavoring trigonal bipyramidal coordination geometry, and
therefore stabilizing a low coordination number, for the active
site zinc ion of native CAIll. This would help depress the
pK, of zinc-bound solvent and increase its reactivity, trends

that accompany decreasing coordination number (Bertini et

al., 1990). This may explain the highekpvalues measured
for zinc-bound water in H94N, H94Q, and H119N CAlls.
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