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ABSTRACT. Direct metal ligands to transition metals in metalloproteins exert a profound effect on protein
metal affinity and function. Indirect ligands, i.e., second-shell residues that hydrogen bond to direct metal
ligands, typically exert more subtle effects on the chemical properties of the proteital complex.
However, E117 of human carbonic anhydrase Il (CAll), which is part of the E118-Zn?* triad, is

a notable exception: E117-substituted CAlls exhibit dramatically increased kinetics of zinc complexation,
and the E117Q variant exhibits enormously diminished catalytic activity and sulfonamide affinity. The
three-dimensional structures of zinc-bound and zinc-free E117Q CAll reveal no discrete structural changes
in the active site that are responsible for enhanced zinc equilibration kinetics and decreased activity.
Additionally, the structure of the acetazolamide complex is essentially identical to that of the wild-type
enzyme despite the 4old loss of enzyme inhibitor affinity. We conclude, therefore, that the functional
differences between E117Q and wild-type CAlls arise from electrostatic and not structural differences in
the active site. We propose that the E117Q substitution reverses the polarity of the resigi€1197
hydrogen bond, thereby stabilizing H119 as a histidinate anion in the E117Q CAIl holoenzyme. The
additional negative charge in the first coordination sphere of the metal ion increasés, e zinc-

water ligand, destabilizes the transition state for,@§dration, and facilitates the exchange of a zinc
histidine ligand with an additional water molecule by decreasing the stability of the tetrahedral zinc complex.
These novel properties engineered into E117Q CAIll facilitate the exploitation of CAIl as a rapid and
sensitive ZA" biosensor.

As the prototypical zinc enzyme, human carbonic anhy- a b
drase Il (CAII} provides an extensively-studied and timely
scaffolding for the dissection of structuréunction relation- His107
ships in a proteifrzinc binding site. The structure of CAll G106 © o
from human blood has been determined by X-ray crystal- backbone (\kN/\‘(H RKN/\“/H
lographic methods (Liljas et al., 1972) and refined at 1.54 o NH_ O o NH_ O
A resolution (H&kansson et al., 1992). The active site of 1 ‘3>_\_ 1 "‘i>_\_
the enzyme is a cone-shaped cleft about 15 A deep at the o Glu-117 Hy GIn-117
base of which resides a single zinc ion coordinated by the H N
imidazole side chains of H94, H96, and H119, and hydroxide Thr199 QN]\/ His-119 (@j\/ His-119

ion. Zinc-bound hydroxide is the catalytically-active nu- hd

cleophile in the hydration of carbon dioxide to form "o
bamione

T This work was supported by the Office of Naval Research and the H%O""HN?‘/ \Nf\NH ______ o

zn2+

National Institutes of Health (GM40602). C.A.L. is supported in part
by NIH Cell and Molecular Biology Training Grant GM07229. M
Additionally, C.A.F. gratefully acknowledges the receipt of an American b His-96 His-94

Heart Association Established Investigator Award and a David and N .
. ; 9! : : : Ficure 1. With respect to the E117H119 hydrogen bond in the
Lucile Packard Foundation Fellowship in Science and Engineering. wild-type enzyme (a), the polarity of the Q14Fi119 hydrogen

* Authors to whom correspondence should be addressed. ! :
* Duke University Medical Center. bond in E117Q CAII (b) is proposed to be reversed.

§ University of Pennsylvania.
'Present address: Glaxo Research Institute, V209, 5 Moore Dr., . . .

Research Triangle Park, NC 27709. bicarbonate ion and a proton (Coleman, 1967; Lindskog &
® Abstract published i\dvance ACS Abstractdfarch 1, 1996. Coleman, 1973; Silverman & Lindskog, 1988; Lindskog &

1 Abbreviations: AZA, acetazolamide; CAl, human carbonic anhy- | i A ; :
drase I; CAll, human carbonic anhydrase |l; CHESN2efclohexyl- Liljas, 1993). In the wild-type enzyme, the direct zinc

amino)ethanesulfonic acid; E117Q, CAIl variant with glutamine ligands are fully saturated by hydrogen bond networks with
substituted for glutamate-117; EDTA, (ethylenedinitrilo)tetraacetic acid; second-shell residues (Figure 1a): H94 donates a hydrogen

MES, 2-(\-morpholino)ethanesulfonic acid; MOPS, 8-norpholino)- - hond to the carboxamide side chain of Q92; H119 donates
propanesulfonic acid; PAR, 4-(2-pyridylazo)resorcinol; PNRA, hvd bond to th b late side chain of E117: H96
nitrophenyl acetate; TAPS, 3-[[tris(hydroxymethyl)methyllamino]- & Nydrogen bond to the carboxylate side chain o ;
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of N244; and zinc-bound hydroxide donates a hydrogen bond Catalytic Acteity. Initial rates of CQ hydration were

to the hydroxyl side chain of T199 (Hakansson et al., 1992).

measured by the changing pH-indicator method (Khalifah,

We refer to these second-shell residues as “indirect” zinc 1971) in a KinTek stopped-flow apparatus at 24 mM£O

ligands, and such residues fine-tune proteimc affinity
and function (Christianson & Alexander, 1989; Kiefer et al.,
1995; Lesburg & Christianson, 1995). The fite of CAll

is exceptionally avid for zincl{ﬁ” = 4 pM; Lindskog &
Nyman, 1964; Kiefer et al., 1993b].

Much research focuses on the zinc binding site of CAll,
including the modification of the direct zinc ligands (Alex-
ander et al.,, 1993; Kiefer et al., 1993a,b; Ippolito &
Christianson, 1994; Kiefer & Fierke, 1994; Xue et al., 1994;
Ippolito et al., 1995) and the indirect ligands (Kiefer et al.,

20uM E117Q CAIlI, 25uM m-cresol purple, 50 mM TAPS,

pH 8.9 and 9.5, 28C, with ionic strength maintained at 0.1

M with Na;SO,. Background rates were subtracted from
the observed rates. The initial rateghitrophenyl acetate
(PNPA) hydrolysis was monitored by absorbanegs =
5000 M cm™! (Armstrong et al., 1966). The reaction was
assayed undeg,/Ky conditions at 5«M E117Q CAII, 0.5

mM PNPA in 40 mM buffer (CHES, pH 10.1, or TAPS, pH
9.0) with the ionic strength held constant at 0.08 M with
N&SOs. Background rates were measured in the presence

1995; Lesburg & Christianson, 1995), as well as residues of 2 mM acetazolamide.

involved in the extensive hydrogen bond network involving
zinc-bound solvent (Ippolito & Christianson, 1993; Krebs
etal., 1993; Liang et al., 1993; Xue et al., 1993). With few
exceptions (Ippolito et al., 1995), these studies result in
variants with decreased catalytic activity and diminished
protein—zinc affinity. Nevertheless, the properties of some
of these variants allow for optimization of CAll-based metal
ion biosensors (Thompson & Jones, 1993).

Here, we further investigate the role of indirect ligands in
modulating the reactivity of bound zinc by characterizing
the E117Q CAIl variant using enzymological and X-ray
crystallographic methods. This particular variant exhibits
novel metal binding properties: the rate constant for zinc
dissociation ko, is = 10P-fold faster than that of the wild-

Zinc Affinity. Free zinc was removed from CAIll by
chromatography on a Sephadex G-25M column (PD-10,
Pharmacia). Then the enzyme (460 uM) was dialyzed
against a zinc/dipicolinate metal ion buffer<85 M total
zinc/0.1-2 mM dipicolinate) in 10 mM Tris, pH 7.0. After
incubating for 4 h at 30C, the enzyme concentration ([&)]
was determined by the absorbance at 280 nm. The zinc
concentration in the dialysate and enzyme sample was
measured by the absorbance at 500 nm in the presence of
0.1 mM 4-(2-pyridylazo)resorcinol (PAR) and 4 M guanidine
hydrochloride (Hunt et al., 1977; Kiefer & Fierke, 1994),
and the enzyme-bound zinc (n]) was quantified by the
difference between the zinc concentration in the dialysate
and in the enzyme sample. The concentration of free zinc

type enzyme. However, the dissociation constant for zinc was calculated from the dipicolinateinc stability constant

is increased only Fefold, suggesting that the association
rate constant increases to the diffusion-controlled limit.
Furthermore, this variant enzyme exhibits negligible catalytic
activity, in surprising contrast with the behavior of other
E117 variants previously studied (Kiefer et al., 1995; Lesburg

& Christianson, 1995). These functional consequences of

the E117Q substitution are all the more intriguing given that

the substituted side chain is essentially isosteric with the wild-
type side chain. Based on a combination of structural and

biophysical studies of this variant, we conclude that Q117
stabilizes the negatively-charged histidinate form of H119

by reversing the hydrogen bond polarity between these two
residues relative to that found between E117 and H119 in

the wild-type enzyme (Figure 1b). Activity loss appears to

arise exclusively from the electrostatic consequences of the

E117Q substitution. Additionally, the enormous increase in

zinc dissociation kinetics indicates an increase in the rate
constant for zinc ligand exchange between histidine and bulk

solvent due to destabilization of the histidirEnc interaction
by unfavorable ionization equilibria.

MATERIALS AND METHODS
Preparation of E117Q CAIll.The E117Q CAIl variant

(Sillen & Martell, 1964). The zinc dissociation constant
(Kﬁ”) was calculated using the Kaleidagraph (Synergy
software) curve-fitting program with eq 1 where the end
point, C, varied from 0.8 to 1.2.

[E-ZNJ/[E] ;= CI(L + K§VZN]ed (1)
The zinc dissociation rate constakg) was estimated by
diluting E117Q CAIl into 10 mM Tris-sulfate, pH 7.0, 34
mM EDTA, immediately loading the sample onto a PD-10
column to remove unbound zinc and EDTA, and determining
the concentration of bound zinc using the PAR assay (Kiefer
& Fierke, 1994; Hunt et al., 1977). Additionall%.« was
measured by mixing E117Q CAIl (@M) in 10 mM Tris—
sulfate, pH 7.0, with PAR (0.0360.143 mM) in a KinTek
stopped-flow spectrophotometer and observing the increase
in absorbance at 490 nm reflecting the formation of a
Zn(PAR) complex (Hunt et a). 1985). The observed
increase in absorbance is biphasic and is fit by eq 2
describing two independent exponential reactions.

absorbangg,= Ae '+ Ae "+ C )

was produced using oligonucleotide-directed mutagenesis of

the cloned human CAIl gene in pCAM (Krebs & Fierke,

SpectroscopyE117Q CAIl apoenzyme was prepared by

1993), and the entire CAIl gene was sequenced (Sanger eultrafiltration against dipicolinate (Kiefer & Fierke, 1994),

al.,, 1977). CAIl was overexpressed scherichia coli
BL21(DE3)pCAM by the addition of 0.25 mM isopropyl
p-p-thiogalactopyranoside and then purified by sequential

and then cobalt-substituted enzyme was prepared by the
addition of a 4-fold molar excess of cobalt sulfate to
apoenzyme. Optical absorption spectra were collected on

chromatography on DEAE-Sephacel and S-Sepharose medi®0 uM Co?*-E117Q CAIl in 10 mM buffer (Tris, pH 8.0,

followed by a gel filtration column (PD-10, Pharmacia)
(Alexander et al., 1993). The protein concentration was
determined by absorbance usiag, = 54 000 M cm™?
determined for wild-type CAIll (Tu & Silverman, 1982).

and CHES, pH 9.1 and 9.9) at 28 with the same
concentration of Zff-enzyme in the reference cuvette.
Under similar conditions, cobalt sulfate has an absorption
maximum at 500 nMmgsgo ~ 25 M~ cm™2.
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Table 1: Crystallographic Data Collection and Refinement Statistics for E117Q Carbonic Anhydrase Il Structures

holoenzyme acetazolamide complex apoenzyme
number of crystals 1 1 1
number of measured reflections 49 030 68 852 24 469
number of unique reflections 22924 15793 7871
maximum resolution (A) 1.8 2.0 2.5
minimum resolution (A) 8.0 8.0 8.0
Reyn 0.069 0.033 0.078
Number of reflections used in refinement 18728 15323 7328
Completeness of data (%) 92 93 90
Rerys? 0.177 0.164 0.166
number of water molecules in final cycle of refinement 139 151 41
rms deviation from ideal bond lengths (A) 0.015 0.013 0.013
rms deviation from ideal bond angles (deg) 1.8 1.8 1.9
rms deviation from ideal dihedral angles (deg) 26.0 25.7 25.9
rms deviation from ideal improper angles (deg) 1.6 15 1.6

a Ryymfor replicate reflectiondR = ¥ |In — Oh3- |/ OnC) In = intensity measured for reflection HiC= average intensity for reflection h calculated
from replicate data? CrystallographidR factor,R= S ||Fo| — |F¢||/3|Fol; |Fo| and|F¢| are the observed and calculated structure factors, respectively.

Inhibitor Binding. The acetazolamide (AZA) dissociation
constant K4“*) was determined by equilibrium dialysis;
the enzyme (6200 uM) in one compartment was equili-
brated with tritium-labeled acetazolamide gM) (Kandel
et al., 1968) in a second compartment in 50 mM TAPS, pH
8.0, 0.2 mM zinc sulfate, 28C, with the ionic strength
maintained at 0.1 M by N&O,. After reaching equilibrium
(30 h incubation), the total acetazolamide concentration
([AZA] o) was determined by the radioactivity, as quantified
by scintillation counting, in the enzyme compartment. The
enzyme-bound acetazolamide {fZA]) was determined by
the difference in radioactivity between the two compartments.
The data were fit to a binding isotherm (see eq 1) using
Kaleidagraph.

Crystallography. E117Q CAIll was crystallized by the
sitting-drop method: 510 uL drops of precipitant buffer
containing 50 mM Tris-HCI (pH 8.0 at 28C) and 50-75%
saturated (NB).SOy (1.75-2.5 M) were added to-510 uL
drops containing 0.3 mM protein and 50 mM Tris-HCI (pH
8.0 at 25°C) in the crystallization well. The outer well
contained 1 mL of precipitant buffer. Crystals grew as thin
plates within 1 month at 4C; accordingly, 10 mMh-hexyl
f-D-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

with wax. Intensity data were collected on an R-AXIS IIC
image plate detector. Individual oscillation images span-
ning either 2 or 3° were collected for 15 min each for a
total sweep of 120 A Rigaku RU-200HB rotating-anode
X-ray generator provided Cudradiation at 124 kV/40 mA

(A =1.5418 A). The crystal-to-detector distance was set to
9 cm, and the detector swing angl&9f2vas set to 8. 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 with CCP4 (French & Wilson, 1978; Col-
laborative Computing Project, 1994).

The starting coordinate set for the refinement of each
E117Q CAIll structure was that of wild-type CAll (Alexander
et al., 1991) with the atoms of the Q117 side chain and all
water molecules deleted from the model. In the refinement
of the apoenzyme structure, the zinc ion was also removed
from the initial coordinate set. Each structure was refined
by simulated annealing with energy minimization as imple-
mented in X-PLOR (Broger et al., 1987). When the
crystallographidz-factor dropped below 0.20 in each refine-
ment, the variant side chain and water molecules (and
inhibitor, in the acetazolamide complex) were modeled into
electron density maps generated with Fourier coefficients
2|Fo| — |F¢| and|Fo| — |F¢| and phases calculated from the

and recombinant wild-type enzymes and belonged to thein-progress atomic model. This work required the graphics

monoclinic space group2; with unit-cell parametera =
42.7Ab=41.7A c=73A, andp = 104.6 (Liljas et al.,
1972; Alexander et al., 1991).

In order to study the complex with the inhibitor acet-
azolamide, E117Q CAIl crystals were soaked in a precipitant
buffer solution containing 8 mM acetazolamide for 5 days
prior to X-ray data collection.

Crystalline E117Q CAIl apoenzyme was produced by
transferring crystals to an artificial mother liquor containing
60% saturated (Np.SQ,, 50 mM Tris-HCI (pH 8.0 at 25
°C), and 10 mM dipicolinic acid. Crystals were allowed to
equilibrate for 5 days at 2%5C, after which time the mother
liquor was exchanged daily with a buffer solution of 60%
saturated (Ni,SO,, 50 mM Tris-HCI (pH 8.0 at 25C),
and 30 mM dipicolinic acid. Crystals were ready for data
collection after a total of 3 weeks.

Crystals were mounted in 0.5 mm or 0.7 mm glass
capillaries with a small portion of mother liquor and sealed

software CHAIN (Sack, 1988), installed on a Silicon
Graphics workstation.

During the refinement of each CAIl 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.
Refinement ultimately yielded structures with final crystal-
lographic R-factors of 0.1640.177 and excellent stereo-
chemistry (Table 13. The rms error in atomic positions for
all CAll variants was estimated to be 0:18.20 A by the
method of Luzzati (1952). Electron density maps and
coordinate superpositions shown in the figures were gener-
ated using MINIMAGE (Arnez, 1994) and/or MOLSCRIPT
(Kraulis, 1991).

2 Final coordinates have been submitted to the Brookhaven Protein
Data Bank under Accession Codes 1ZSA, 1ZSB, and 1ZSC.
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Table 2: Properties of E117Q CAIl Compared to Wild-Type CAlI L ety
wild-type  E117Q T 084

PNPA hydrolysis  keafKm (M™1s71) 2500 3 % 0.6

CO, hydratiort KealKnm (x10P M~1s71) 8900 0.02+ 0.02 N 044

sulfonamide bindingKg‘ZA (mM) 0.008 2504+ 50 & ol

zinc dissociation K2 (nM)' 0.004 4.4+04 -7

ot (53" 1.4x 107 1.3+ 0.2 o o T 10
pKa of zinc-bound 6.9 >9.0 [E], uM
water '

- Ficure 2: Measurement of an acetazolamide dissociation constant
apH-|ndepenQenkca{KM taken from Krebs et al. (1991)PNPA for E117Q CAIl. 1 mL of CAIl [0-200uM; E117Q @) or wild-
hydrolysis was increased10% over thec background rate at pH 10.1 e (a)] was equilibrated with 1 mL of 1M [3H]acetazolamide
by the addition of 5quM E117Q CAll.©Measured by the stopped- jn an equilibrium dialysis chamber for 30 h in 50 mM TAPS, pH
flow indicator method (Khalifah, 19d71) in 50 MM TAPS, pH 8.9, ionic g 0. 0.2 mM zinc sulfate at 2% with the ionic strength maintained
Strength= 0.1 with NQSO4,f25 C.“Taken from Krebs et al. (1991). 4t 0.1 M with sodium sulfate. The concentration of enzyme-bound
Measured at pH 8.0, 2. Measured by equilibrium dialysis against  5cetazolamide ([AZA]) was calculated from the excess radio-

zinc/dipicolinate buffers in 10 mM Trissulfate, pH 7.0, 30C. ¢ Taken activity in the enzyme compartment and the concentration of
from Kiefer et al. (1993b)" Measured at pH 7.0, 25. ' Taken from enzyme was calculated from the absorbance at 280 nm after
Kiefer et al. (1995). equilibration. The data are fit to a binding isotherm assuming a
stoichiometry of 1.
RESULTS - 300
£
Catalysis and Sulfonamide BindingTo delineate the 2
effect of the E117Q substitution on the reactivity of zinc- 2 200 ]
bound hydroxide, we measured both the PNPA hydrolysis §
and CQ hydration activities (Table 2). At pH 10.1, the £
initial rate of PNPA hydrolysis is increased 10% over § 100+
background by the addition of %M E117Q CAII, indicat- 2
ing thatk.a/Ky = 3 M~ s, No increase over background £
is observed at pH 9.k{/Ky <eq 1 Mt s™1). These data e 0

indicate that the esterase activity of E117Q CAIl is decreased 500 600 700
at least 800-fold compared to wild-type CAIll (Table 2). wavelength, nm
Furthermore, since the pH dependence of the esterase activityiGure 3: Optical absorption spectra of €esubstituted CAll.
directly reflects ionization of the zinc-bound water molecule The spectra of C6-E117Q (60uM apoenzyme, 24M cobalt
in wild-type CAIl (Coleman, 1967), theK of the zinc- ?ﬂ';.a;?d'%a%gmv' buffer [Tris, pH 8.0 --- =); CHES, pH 9.1

. L . ; , pH 9.9:(- )] and C&"-wild-type [MES, pH 5.5
water ligand of E117Q is increased compared to wild-type (—"—) "and CHES, pH 9.5-(:); taken from Kiefer et al., 1993a]
CAll (=9 versus 6.9), suggesting that the E117Q substitution were collected at 23C using identical concentrations of Zn
destabilizes the zinehydroxide species relative to zinc-water E117Q CAllin the reference cuvette. The molar absorptivities were
more than 100-fold. Additionally, the second-order rate calculated from the observed absorption and the concentration of
constant for C@hydration catalyzed by E117Q CAIl at pH

8.9 is reduced by more than 5 orders of magnitude comparedinhibitor (Chen & Kernohan, 1967), actually decreased 2
to wild-type CAIl (Table 2). This decrease reflects both the fo|d for the E117D and E117A CAIll variants, respectively
increased K, of the zinc-bound water and the reduced (K. A. McCall and C. A. Fierke, unpublished results). This
stability of the transition state for Gwydration in E117Q  syggests that substitution of a hydrogen bond acceptor
CAIL. (glutamate) with a hydrogen bond donor (glutamine) at
Finally, to further probe the effects of the E117Q substitu- position 117 causes a specific disturbance in the structure
tion on transition state structure, we measured a dissociationor electrostatic environment in the first coordination sphere
constant for acetazolamide, a putative transition state analogof zinc that is not caused by substitution of the side chain
(Kumar et al., 1976), using equilibrium dialysis (Figure 2). with a water molecule. Intriguingly, the properties of E117Q
These data clearly show that the E117Q substitution signifi- CAIl are reminiscent of CAll variants in which one histidine
cantly decreases the affinity of CAll fofilacetazolamide;  zinc ligand is replaced by a negatively-charged cysteine,
at 8.6 uM enzyme, wild-type CAIll binds>=96% of the  aspartate, or glutamate (Kiefer & Fierke, 1994).
acetazolamide while E117Q CAll binds3% of the acet- Metal Binding. Substitution of Cé&" into the zinc binding
azolamide. A fit of these data to a binding isotherm indicates site of CAIll provides a useful spectroscopic probe of the
that the affinity of E117Q CAIl for acetazolamide is composition and the geometric arrangement of the ligands
decreased more than 4fld compared to the wild-type  about the metal ion (Bertini & Luchinat, 1983, 1984; Vallee
enzyme (Table 2). & Galdes, 1984). Figure 3 compares the optical absorption
These properties of the E117Q CAll variant are not caused spectra of C&"-substituted E117Q CAIl at pH 8.0, 9.1, and
solely by disruption of the hydrogen bond with H119 since 9.9 to the spectra of Co-wild-type CAIll at low and high
the catalytic activities of other indirect ligand variants attwo pH. The shape of the spectra of TE117Q CAIl at all
positions (Q92— A, N, E; and E117— A, D) decrease only  pH values resembles the spectra of the cobatiter form
modestly (1.4-10-fold) and the K, values of zinc-bound  of wild-type CAll in that there is one broad absorption peak
water are within 1 unit of wild-type (Kiefer et al., 1995; centered at 560 nme(~ 100 Mt cm™). These spectra
Lesburg & Christianson, 1995). Furthermore, the dissocia- indicate that the cobalt-bound solvent molecule ir¥Go
tion constant for dansylamide, a fluorescent sulfonamide E117Q CAIl does not ionize in this pH range, consistent
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FIGURE 4. Measurement of a zinc dissociation constant for E117Q 0 0.5 1 15 2
CAIl. CAll apoenzyme (0.2 mL of 1560 uM) was dialyzed for time,s
4 h at 30°C against 0.5 L of a zinc sulfate {@5 uM)/dipicolinate Ficure 5: Measurement of the zinc dissociation rate constant from

(0.1-2 mM) metal ion buffer in 10 mM Tris, pH 7.0 [E117@] E117Q CAIl. 10.5¢M CAII (E117Q, line a; and wild-type, line b)
and wild-type Q©) (taken from Kiefer et al., 1993b)]. Enzyme-bound in 10 mM Tris—sulfate, pH 7.0, was diluted 3.5-fold into 0.14 mM
zinc was calculated as the excess zinc observed in the enzymePAR in the same buffer. Line ¢ shows the buffer alone diluted into
sample compared to the dialysate as quantified using a colorimetricPAR. The increase in absorbance as a function of time was
assay (Hunt et al., 1977). The zinc dissociation constant was collected, and the data were fit with an equation describing either
calculated from a fit of these data to eq 1 using the Kaleidagraph a single exponential (line X; = 124 1 s71) or two exponentials
curve-fitting procedure. (eq2) (line3, k=14+1s% k,=1.3+ 0.2 sY). The errors are
derived from multiple measurements of these rate constants.

with a significantly increasedi (=9.9). The decreased

extinction coefficient of C&-E117Q CAIl may reflect a  measures the rate constant for dissociation of zinc bound
reduction in the concentration of a tetrahedral cobalt site duenonspecifically to CAIl. Conversely, the observed rate
to either decreased affinity for cobalt, lessened stability of constant of the slow phase (1430.2 s'%; Figure 5) is not

the protein, or an alternative geometry. dependent on the concentration of PAR or enzyme nor is a
To assess the effect of the E117Q substitution on zinc similar transient observed in the wild-type CAIl or back-
affinity, we measured the zinc dissociation consta(ﬁnx ground controls, suggesting that this transient reflects the

using equilibrium dialysis against a zinc/dipicolinate buffer rate constant for dissociation of z_inc from the active site of
(Figure 4; Kiefer & Fierke, 1994). The 1000-fold decrease E117Q CAIl. However, the amplitude of this phase, &5
in metal affinity of E117Q CAIll compared to wild-type CAll 0.1 mol of zinc/mol of enzyme, is less than expected, perhaps

at pH 7.0 (Table 2) is much larger than the-B-fold due to either complexation of zinc by other components of
reductions observed for other variants with substituted the reaction mixture or more rapid dissociation of a fraction
indirect ligands (Kiefer et al., 1995). of the active site zinc in E117Q CAIl. Taken together, these

Zinc equilibration kinetics for E117Q CAIl similarly  data indicate that the rate constant for dissociation of zinc
contrast with those measured for the wild-type enzyme, andfrom E117Q CAll is increased more than 8 10°>-fold
as such, E117Q exhibits improved properties for real-time compared to wild-type CAIl.
biosensor applications. We have previously demonstrated Structure of the E117Q CAIll Holoenzym&he neutral
that the half-time for zinc dissociation from CAll; =5 carboxamide side chain of the E117Q CAll variant is nearly
days; Kiefer & Fierke, 1994) is decreased up to 300-fold by isosteric with the negatively-charged carboxylate side chain
the deletion of the hydrogen bond between E117 and H119o0f the wild-type enzyme; an electron density map is shown
(Kiefer et al., 1995). To determine the half-time for zinc in Figure 6. The refined model superimposes almost
dissociation from E117Q CAIll, we measured the zinc perfectly upon the coordinates of the wild-type enzyme
dissociation rate constarky, by diluting E117Q CAII (50 (Figure 7), and the rms deviation of,Coordinates is 0.24
uM) into EDTA (34 mM in 10 mM Tris-sulfate, pH 7.0)  A. No significant structural differences are observed with
to trap the dissociated zinc, by separating the CAll-bound the exception of occasional surface residues.
zinc from free zinc using a gel filtration column (PD-10, Since macromolecular X-ray crystallography cannot dis-
Pharmacia), and by quantifying the bound zinc using a tinguish between oxygen and nitrogen atoms, the orientation
colorimetric assay (Kiefer & Fierke, 1994). After 4 min (the of the Q117 carboxamide group must be inferred from the
shortest possible time due to the transit time of the column), most reasonable constellation of possible hydrogen bonding
less than 4% of E117Q CAIll contained a bound zinc, interactions. Orienting the side chain such that the carbox-
indicating thatkys is >0.01 s (an increase of more than amide oxygen accepts hydrogen bonds from the electro-
10*-fold compared to wild-type CAIll). To more precisely positive backbone amide groups of E106 and H107 allows
measurekys, we mixed E117Q CAIl with the colorimetric  the side chain Nkigroup to donate a hydrogen bond to the
zinc chelator, PAR, in a KinTek stopped-flow spectropho- side chains of H107 (NN separation= 2.8 A) and H119
tometer and measured the increase in absorbance as &N—N separation= 2.5 A). Notably, this orientation of the
function of time (Figure 5). The observed kinetic transient Q117 side chain saturates all possible hydrogen bond
is biphasic. The rate constant of the fast phase is dependeninteractions and reverses the polarity of the hydrogen bond
on the concentration of PAR{ = (8 + 1) x 10 M~1s%; with H119 relative to the wild-type enzymelndeed, the
data not shown], but slower than the rate constant for side chain of H119 must be doubly deprotonated, i.e., as
chelation of free zinc by PAR [(4.8 0.5) x 1® M~1s™1]. histidinate anion, to accommodate the E117Q substitution
Furthermore, a transient with a rate constant equal to that of (Figure 1b).
the fast phase is observed when wild-type CAll is mixed The active site solvent structure in this variant is similar
with PAR (Figure 5) under conditions where the active site to that of the recombinant wild-type enzyme (Alexander et
zinc does not dissociate. Therefore, this fast phase likely al., 1991). A spherical electron density peak centered 2.0
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1199 T199

FIGURe 6: E117Q CAIl holoenzyme. Difference FourigF¢| — |F|) electron density map contoured at 3:3n which the ¢ atoms and
side chains of residues H119 and Q1172Zrand zinc-bound solvent (459) were omitted from the structure factor calculation.

1199 1199

\< % 459 §< % 459

FIGURE 7: Least-squares superposition of E117Q CAJll &oms (thick lines) with those of wild-type CAII (thin lines).

A from zinc is interpreted as zinc-bound water (459), and side chain atoms of Q117 are involved in identical hydrogen
this water molecule hydrogen bonds to the side chain of T199 bond contacts as compared with the holoenzyme. In the
(0%°—-0, separation= 2.6 A) as well as other solvent active site, there is an 8 s peak within hydrogen bonding
molecules (345 and 390) in the active site. Solvent 390 is distance to ¥4 N.%, Ns'*°, and Q% This electron density
the so-called “deep” water molecule located at the mouth of peak has been assigned to solvent molecule 327 and is
the substrate binding pocket (Lindskog, 1983) and must belocated 1.3 A from the position of the zinc ion in the wild-
displaced upon C@association. Importantly, no structural type enzyme (Alexander et al., 1991). This is consistent with
changes are observed in the substrate binding pocket. the peak observed in the structure of the native apoenzyme

Finally, in the E117Q CAIl holoenzyme, H64 predomi- (Hakansson et al., 1992). Although there is clear electron
nantly occupies the “out” conformation, with partial (30%) density for the side chain of H64 in the “out” position, there
occupancy of the “in” position. In the native and wild-type is significant density for some occupancy of the “in”
enzymes, H64 predominantly occupies the “in” conformation conformation as well (Alexander et al., 1991; Nair &
above pH 6.5 (Alexander et al., 1991; Nair & Christianson, Christianson, 1991; Hakansson et al., 1992).
1991; Hakansson et al., 1992). However, the “out” confor-
mation does not compromise catalysis (Krebs et al., 1991). DISCUSSION

Structure of the E117Q CAHAcetazolamide Complex. There is precedent for histidinatenetal interactions in
The sulfonamide inhibitor acetazolamide is clearly visible metalloenzymes; for instance, in copper,zinc-superoxide
in the electron density map (data not shown). Despite the dismutase (Tainer et al., 1982), a negatively-charged his-
10%-fold diminished affinity of E117Q CAII toward acet- tidinate side chain bridges the two active site metal ions. In
azolamide, the inhibitor binds to this variant in a very similar addition, Smulevich and co-workers (1988a,b) detect equal
binding mode to the complex with the wild-type enzyme populations of carboxylatehistidine—iron and carboxylic
(Vidgren et al., 1990). The side chain atoms of Q117 acid—histidinate-iron triads in cytochromec peroxidase
superimpose on the side chain atoms of the wild-type enzymeusing resonance Raman spectroscopy. Moreover, molecular
and on the E117Q holoenzyme. The side chain of H64 orbital calculations on the D142H69—Zn?" triad of car-
occupies the “out” position (Alexander et al., 1991; Nair & boxypeptidase A by Nakagawa and co-workers (1981)
Christianson, 1991; Hakansson et al.,, 1992). The rmsindicate a double potential energy minimum for the H69
deviations of G atomic positions between the E117Q/ proton, such that the D142-carboxytatd69-histidine—Zn?*
acetazolamide complex and other CAIl structures range triad is in equilibrium with a D142-carboxylic acitH69-
between 0.1 and 0.3 A (data not shown). There are no histidinate-Zn?* triad. Therefore, even in wild-type CAIl,
significant structural differences from the wild-type structure it is possible that the E117-carboxytatid 119-histidine-Zn?*
in the vicinity of the binding pocket of acetazolamide; triad is in equilibrium with the E117-carboxylic aetdH119-
therefore, the 19fold loss of binding affinity must be due histidinate-zZn?" triad. However, in the E117Q variant, it
to electrostatic consequences of the E117Q substitution. is clear that the Q117 amide side chain preferentially

Structure of the E117Q Apoenzynigemoval of zinc from stabilizes the H119-histidinatezn?" interaction. This has
E117Q CAII results in no significant structural changes profound effects on catalysis and protezinc equilibration
relative to the holoenzyme (data not shown). Minor struc- kinetics, as discussed below. A similar polarity reversal has
tural differences between the apoenzyme and holoenzymebeen proposed in the D102N variant of the serine protease
are difficult to pinpoint due to the moderate resolution of trypsin where the activity is reduced 4 orders of magnitude
this apoenzyme structure (2.5 A). However, there are clear (Craik et al., 1987; Sprang et al., 1987). These effects appear
electron density peaks for active site solvent molecules andto arise more from the electrostatic, and not the structural,
a notable lack of electron density due to a zinc ion. The consequences of these substitutions.
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Ho4 Ky H947zn2+—(0H2)x K, H94

E/—HQG + Zn?*—(OHy)s o

E—HQG/—Zn2+—OH2 + (x-1) H0
H119 k. H119 k., H119

E—H96

FiIGURE 8: Schematic illustration of the wild-type CAHZn?* association pathway at neutral pH.

Zinc-Bound Salent and Catalysis. The E117Q CAlI CAIll (Kon, estimated from the measur&ﬂ“ andkoy) is also
holoenzyme and its acetazolamide complex reveal thatincreased from 3.5¢ 10° M1 s71 (wild-type) to 1 x 10’
neither transition-state binding nor proton transfer between M1 s71 (E117A), 2.5x 10/ M~1s1(E117D), and 3x 10®
zinc-bound solvent and H64 is structurally compromised by M-t s71 (E117Q) (Table 2; Kiefer et al., 1995). The slow
the essentially isosteric E117Q substitution. Furthermore, zinc association rate for wild-type CAll suggests a two-step
investigation of variants in which hydrogen bonds between mechanism for the binding of zinc to wild-type CAIl where
protein side chains and histidine ligands are disrupted the rate of formation of the metal complex is limited by an
indicates that the catalytic efficiency and sulfonamide affinity intramolecular step such as the dissociation of inner-sphere
of CAIll are only modestly affected (Kiefer et al., 1995; water molecules (Eigen & Hammes, 1963; Holyer et al.
Lesburg & Christianson, 1995; K. A. McCall and C. A. 1965, 1966). One possible mechanism for zinc association
Fierke, unpublished results). Therefore, the surprisiag- with wild-type consistent with the properties of first coor-
fold loss of catalytic activity and the #dold decrease in  dination sphere variants (Kiefer & Fierke, 1994) is the rapid
acetazolamide affinity must arise from the electrostatic formation of an initial complex in which zinc is coordinated
consequences of the E117Q substitution. The most reasonto two protein ligands, e.g., H94 and H96, followed by the
able explanation of these data is that the E117Q substitutionslow formation of the tetrahedral complex comprised of H94,
stabilizes the H119 zinc ligand as the negatively-charged H96, H119, and a solvent moleculk,{= kikxk_1; Figure
histidinate anion in the holoenzyme. The stabilization of 8). For E117 variants in general, the rate constants for ligand
the histidinate anion [ga ~ 14 in solution (Perrin, 1965) exchange increase significantli( k). In the case of
versus<8 in the holoenzyme] is comparable to the stabiliza- E117Q CAIl, the diffusion-controlled formation of the
tion of the zinc-bound hydroxide in wild-type CAIl (Wooley, intermediate complex becomes the rate-limiting step in zinc
1975). However, the formation of the negatively-charged associationky, = ki), and dissociation from this intermediate
histidinate ligand in the E117Q variant reduces the electro- complex may also limiky (=k_1k-2/kz). The increased rate
static stabilization of a second anion bound to zinc, thereby constant for zinc ligand exchange is not caused by structural
both elevating the I, of zinc-bound solvent and compro-  differences between the E117Q and wild-type apoenzymes
mising its reactivity. or holoenzymes; therefore, this increase reflects (1) the

The substitution of negatively-charged ligands in the first differing electrostatic environments in the zinc-bound com-
coordination sphere of the metal typically elevates the-zinc  plexes and (2) the decreased stability of the tetrahedral zinc
water [K, to greater than 8.6, an effect which is diagnostic complex resulting from the unfavorable protonation equi-
of the magnitude of negative charge contributed by an libria.
engineered ligand, and decreases the pH-indeperdgnt In closing, the lessons learned from this intriguing CAII
Kwm for CO; hydration 16—10%fold (Alexander et al., 1993;  variant have tremendous implications for the design of a zinc
Kiefer et al., 1993a; Kiefer & Fierke, 1994). In E117Q CAll, (or other metal) biosensor with extremely high affinity (i.e.,
the (K, of zinc-bound water is greater than 9.0, which is sensitivity) and rapid equilibration kinetics. In particular,
consistent with the substitution of a negatively-charged direct enhanced senseanalyte association kinetics enable the
metal ligand. Corresponding activity losses are greater thandevelopment of a real-time CAll-based biosensor that can
those observed in cysteine and aspartate variants of directapidly reequilibrate from one measurement to the next.
metal ligands H94 and H119 (Kiefer et al., 1995). These
data indicate that a dominant factor in efficient catalysis of ACKNOWLEDGMENT
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