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ABSTRACT: The three-dimensional structure of the Thr-200 — Ser (T200S) mutant of human carbonic
anhydrase II (CAII) has been determined by X-ray crystallographic methods at 2.1-A resolution. This
particular mutant of CAII exhibits CO, hydrase activity that is comparable to that of the wild-type enzyme
with a 2-fold stabilization of the E-HCO;™ complex and esterase activity that is 4-fold greater than that
of the wild-type enzyme. The structure of the mutant enzyme reveals no significant local changes accom-
panying the conservative T200S substitution, but an important nonlocal structural change is evident: the
side chain of catalytic residue His-64 rotates away from the active site by 105° about x, and apparently
displaces a water molecule. The displaced water molecule is present in the wild-type enzyme; however, the
electron density into which this water is built is interpretable as an alternate conformation of His-64 with
10-20% occupancy. The rate constants for proton transfer from the zinc—water ligand to His-64 and from
His-64 to bulk solvent are maintained in the T200S variant; therefore, if His-64 is conformationally mobile
about x,; and/or x, during catalysis, compensatory changes in solvent configuration must sustain efficient

proton transfer.

Human carbonic anhydrase IT (CAIIL;! EC 4.2.1.1) is a zinc
metalloenzyme containing one essential metal ion bound to
a single polypeptide chain of 260 amino acids [for recent
reviews, see Coleman (1986); Lindskog (1986); Silverman and
Lindskog (1988), and Christianson (1991)]. The biological
function of CAII in the erythrocyte is the hydration of carbon
dioxide to form bicarbonate ion plus a proton. Since k.,/Ky
= 1.5 X 108 M~! 57! for this enzyme, it appears to be one of
only a few enzymes for which catalysis approaches the limit
of diffusion control. However, since the biological mechanism
of CAII requires a proton transfer from the enzyme to bulk
solvent, the observed turnover rate of 10° s™! requires the
participation of buffer—ordinarily, proton transfer from an
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1The coordinates of T200S CAII, as well as those of the wild-type
enzyme, have been deposited in the Brookhaven Protein Data Bank under
reference codes SCA2 and 4CA2, respectively.

enzyme-bound group with pK;, = 7 to bulk solvent may proceed
no faster than 10° s! (Eigen & Hammes, 1963).

The structure of native CAII from human blood has been
determined by X-ray crystallographic methods (Liljas et al.,
1972) and refined at 2.0-A resolution (Eriksson et al., 1986,
1988a). The enzyme is roughly spherical and the active site
lies at the bottom of a conical cleft about 15 A deep. Im-
portant polar residues in the active site include Thr-199,
Thr-200, Glu-106, and His-64; His-94, His-96, His-119, and
hydroxide ion coordinate to Zn?*. Additionally, a hydrophobic
pocket is adjacent to the zinc—hydroxide species. Of the polar
active-site residues, Glu-106 and Thr-199 engage zinc-bound
hydroxide in a hydrogen-bond network (Eriksson et al., 1988a;
Merz, 1990, 1991), Thr-200 interacts with CO, in a proposed

! Abbrevations: 1PTG, isopropyl 8-D-thiogalactopyranoside; T200S,
Thr-200 — Ser; T200H, Thr-200 — His; CAIIL, human carbonic anhy-
drase II; WT, wild type; PNPA, p-nitrophenyl acetate; MES, 2-(N-
morpholino)ethanesulfonic acid; TAPS, [tris(hydroxymethyl)methyl]-3-
aminopropanesulfonic acid; HEPES, N-(2-hydroxyethyl)piperazine-N*
2-ethanesulfonic acid; EDTA, (ethylenedinitrilo)tetraacetic acid; DNSA,
dansylamide; ACET, acetazolamide.
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9154 Biochemistry, Vol. 30, No. 38, 1991

binding site (Merz, 1990; Liang & Lipscomb, 1990), and
His-64 serves as a proton shuttle in the conversion of zinc-
bound water into zinc-bound hydroxide (Steiner et al., 1975;
Tu et al., 1989; Liang & Lipscomb, 1988). Residue His-64
is about 8 A from zinc-bound hydroxide and 5 A away from
Thr-200 in the native enzyme; however, His-64 probably in-
teracts with these residues through solvent.

Residue-200 is either threonine, asparagine, or histidine in
the known isozymes of carbonic anhydrase; Thr-200 is found
in all isozymes II and III (except sheep CAII), whereas
His-200 is found in many type I isozymes (Hewett-Emmett
& Tashian, 1991). Carbonic anhydrase isozymes exhibit
different catalytic efficiencies due to primary sequence vari-
ations and the resulting changes in the structure of the active
site. Catalytic differences between human carbonic anhydrase
IT and human carbonic anhydrase I may be partially reconciled
in the Thr-200 — His (T200H) mutant of isozyme II, which
exhibits kinetic characteristics for CO, hydration tending
toward those measured for isozyme I (Behravan et al., 1990).
Interestingly, the substitution of Thr-200 in CAII with Ile,
Ala, Gly, His, Arg and Ser gives rise to increased esterase
activity as measured by the hydrolysis of p-nitrophenylacetate
(PNPA); the 7-fold increase measured for Thr-200 — Arg
CAIl is greater than that of any other naturally occurring
variant of carbonic anhydrase (Behravan et al., 1991).

We report here the kinetic characteristics and the three-
dimensional structure of the Thr-200 — Ser (T200S) mutant
of CAIIL. This mutant exhibits CO, hydrase activity that is
essentially identical with that of the wild-type enzyme; how-
ever, it displays a 4-fold increase in esterase activity relative
to the wild-type enzyme. An unexpected result of the X-ray
crystallographic structure determination is the significant
conformational change of His-64 that accompanies the T200S
mutation. Given that the imidazole side chain of His-64 is
about 5 A away from the hydroxyl side chain of Thr-200 in
wild-type CAII, it appears that the conformation of His-64
is particularly sensitive to changes in the surrounding solvent
and/or counterion structure. Furthermore, the implication
of mobility for His-64 may be relevant to the understanding
of catalysis and inhibition in the CAII active site.

MATERIALS AND METHODS

Mutagenesis. The cloned CAIl gene (Murakami et al,,
1987; a generous gift of Dr. W. S. Sly) was placed under T7
regulatory control by inserting it between a T7 late promoter
and terminator (Fierke et al., 1991; Nair et al., 1991; Ro-
senberg et al., 1987). Oligonucleotide-directed “spiked”
random mutagenesis (Caruthers et al., 1987) was performed
by using a 62-base oligonucleotide encoding amino residues
190-210 synthesized with 0.8% of each of the three incorrect
nucleotides at each step to give an overall doping of 2.4% at
each position. In vitro mutagenesis was performed according
to the method of Stannsens et al. (1989), and the resulting
DNA was transformed into WK6 muzS cells. The entire CAII
gene was sequenced by the dideoxy method of Sanger et al.
(1977) and showed only a single mutation in the codon for
position 200 (ACC — TCC).

Phenotypic Screening of Mutants, Mutant plasmid DNA
was transformed into BL21(DE3) pLysS cells (Studier &
Moffatt, 1986). Resulting colonies were plated onto nitro-
cellulose filters (Young & Davis, 1983; Singh et al., 1989) and
grown overnight at 37 °C, and then the filters were transferred
onto induction media/agar plates {20 g/L tryptone, 10 g/L
yeast extract, 5 g/L NaCl, 0.5 X M9 salts (Maniatis et al.,
1982), 1 mM MgSO,, 0.5% glucose, 2 mM IPTG, 0.3 mM
ZnSO,, 100 wg/mL ampicillin, and 25 wg/mL chlor-
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amphenicol), incubated at 31-34 °C for 4 h, and the cells were
lysed by a freeze/thaw procedure. The esterase activity of
CAII in each colony was assessed by overlaying a paper filter
soaked in 0.02 mg/mL fluorescein diacetate (Guilbault &
Kramer, 1964) in 5% methyl cellusolve/95% 25 mM Tris-SO,,
pH 7.4, incubating for 5 min, and then visualizing the fluor-
escein product under a medium-wave (320-nm) UV light.
Functionally altered CAII variants are readily detected by
comparison to control colonies containing either WT or no
CAIL

Enzyme Induction and Purification. A 15-L culture of
BL21(DE3) pLysS cells containing a plasmid encoding T200S
CAII was incubated in induction medium to 440 = 1. CAII
was induced by addition of 1 mM IPTG and 0.3 mM ZnSO,
and incubation for 5 h at 34 °C. Cells were pelleted, resus-
pended in !/, volume of lysis buffer (50 mM Tris-SO,, pH
8.0, 50 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 1 mM
DTT, 0.4 ug/mL phenylmethanesulfonyl fluoride and 0.2
mg/mL lysozyme), and incubated at 4 °C for 1.5-2 h followed
by addition of DNase I (final concentration = 0.01 mg/mL).
Cellular remnants were removed from the extract by centri-
fugation at 20000g for 20 min. Enzyme was purified from
crude cellular lysates by using sulfonamide affinity chroma-
tography as previously described (Osborne & Tashian, 1975).
The concentration of CAII was determined by measuring the
absorbance at 280 nm and using a molar absorptivity of 5.4
X 10* M~! cm™! (Coleman, 1967).

Esterase Assays, The k.,,/Ky for CAll-catalyzed PNPA
hydrolysis was measured at 25 °C in either 50 mM Tris-SO,
(pH 7-9) or 50 mM MES (pH 5.5-7), u = 0.1 with NaSO,,
by measuring the change in 4345/min (¢ = 5000 M™! cm™!)
as a function of PNPA concentration (0—0.5 mM) (Armstrong
et al., 1966). The pK, and pH-independent k,/Ky were
calculated by using eq 1 and the statistical program SYSTAT
(Systat, Inc.).

kcat/KM
(keat/ Ko = - ey

Inhibitor Binding. Dansylamide (DNSA) binding constants
were determined by measuring an increase in fluorescence
(excitation = 280 nm, emission = 470 nm) upon binding of
DNSA to CAII (Chen & Kernohan, 1967) at 25 °C in 20 mM
Tris-SO, buffer, pH 8.0, with concentrations of CAII 5-fold
less than the observed K. Binding constants and error es-
timates were determined by using the Kaleidagraph (Synergy
Software) curve-fitting program with eq 2. Acetazolamide
(ACET) binding can be measured by competition with bound
DNSA as a decrease in fluorescence (excitation = 280 nm,
emission = 470 nm) indicative of a decrease in the concen-
tration of the E-DNSA complex. The acetazolamide disso-
ciation constant can be calculated from this data by using eq
3; where Fl is the observed fluorescence, EP is the fluorescence

EP

~————————— 4+ BF (2)
L+ Kpnsa
[DNSA]

IF
Kpnsa
1+ ——f 1 +
[DNSA]
endpoint, IF is the initial fluorescence, BF is the background
fluorescence, and Kpnga and Kacpt are the dissociation con-
stants for dansylamide and acetazolamide binding, respectively.

The K%, was calculated from the sodium azide inhibition
of CAll-catalyzed PNPA hydrolysis at 0.5 mM PNPA, 50

Fl =

Fl =

[ACET]) +BF  (3)

Kacer
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mM MES, pH 7.0, u = 0.1 with Na,S0,, 25 °C, by using eq
4,

kcal/KM
rate = m 4)
1+

Kobs

azide

CO,/HCOy~ Exchange. The kinetic constants for the
CAll-catalyzed exchange between CO, and HCO;™ at equi-
librium, kX", KHCOs and kexh/KHCOs were determined by
the '*C NMR line-broadening technique (Koenig et al., 1974)
as previously described by Simonsson et al. (1979) with the
following modifications: buffer conditions used were 0.1 M
MES, pH 7.35, u = 0.2 with Na,SO,, 25 °C, in 10% D,0 and
initial enzyme concentrations ranged from 23 to 37 uM. 3C
spectra were obtained on a GN 300 wide-bore spectrometer.

CO, Hydration. Initial rates of CO, hydration were mea-
sured in a KinTek stopped-flow apparatus (designed by Ken
Johnson, The Pennsylvania State University) at 25 °C by the
changing pH-indicator method (Khalifah, 1971). The reaction
was monitored at 578 nm in 50 mM TAPS buffer (pH 8.5)
with 25 uM m-cresol purple, 0.1 mM EDTA, u = 0.1 M with
Na,S0O,. The CO, concentration (3-27 mM) and the TAPS
concentration (5-100 mM) were varied. Copper inhibition
of CO, hydrase activity was measured at 400 nm in 5 mM
HEPES, pH 7.5, 48 uM p-nitrophenol, u = 0.1, 25 °C, with
the addition of up to 10 uM copper.

Crystallography. Recombinant wild-type and mutant
CAlls were crystallized by the sitting-drop method. A typical
crystallization procedure involved the addition of a 20-uL drop
containing 0.3 mM enzyme, 50 mM Tris-HCI (pH 8.0 at room
temperature), 150 mM NaCl, and 3 mM NaN; to a 20-uL
drop containing 50 mM Tris-HCI (pH 8.0 at room tempera-
ture), 150 mM NaCl, and 3 mM NaN; with 1.75-2.5 M
(NH,),SO, in the crystallization well. Both solutions were
saturated with methylmercury acetate in order to facilitate
the growth of diffraction-quality parallelepipedons. Addi-
tionally, the addition of 0.1 mM octyl B-glucoside (McPherson
et al., 1986) to the enzyme buffer was required for the crys-
tallization of the mutant enzyme. Crystals of typical dimen-
sions 0.2 mm X 0.2 mm X 0.8 mm appeared within 2 weeks
at 4 °C. Wild-type and mutant CAIls crystallized in space
group P2, and exhibited typical unit cell parameters of g =
427 A, b=41.7A,c=73.04, and 8 = 104.6°.

Crystals were mounted and sealed in 0.5-mm glass capil-
laries with a small portion of mother liquor. A Siemens X-
100A multiwire area detector, mounted on a three-axis camera
and equipped with Charles Supper double X-ray focusing
mirrors, was used for data acquisition. Copper Ko radiation
was produced by a Rigaku RU-200 rotating anode X-ray
generator operating at 45 kV and 65 mA. All data were
collected at room temperature by the oscillation method; the
crystal-to-detector distance was set at 14 ¢cm and the detector
swing angle was fixed at 25° in two data collection runs and
at 20° in four additional runs. Data frames of 0.1° oscillation
about w were collected, with exposure times of 60 s/frame,
for total angular rotation ranges about w of at least 70° per
run. Five data sets for wild-type CAII and six data sets for
T200S CAII were collected, and diffraction intensities were
measured to limiting resolutions of 2.1 A for each structure.
Raw data frames were analyzed by using the BUDDHA package
(Durbin et al., 1986) and replicate and symmetry-related
structure factors were merged by using the software PROTEIN
(Steigemann, 1974); final merging R factors of 0.092 and
0.081 were calculated for wild-type CAII and the T200S
mutant, respectively. Relevant data reduction statistics for
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Table I: Data Collection and Refinement Statistics
wild-type ~ T200S

CAIl CAll

no. of crystals 3 2
no. of measured reflections 20760 33370
no. of unique reflections 10200 10725
maximum resolution (A) 2.1 2.1
R, (F)° 0.092 0.081
no. of water molecules in final cycle of 102 119

refinement
no.Aof reflections used in refinement (6.5-2.1 9346 9932

)

R factor® 0.183 0.166
RMS deviation from ideal bond lengths (A) 0.026 0.020
RMS deviation from ideal bond angles (deg) 1.9 1.9
RMS deviation from ideal planarity (&) 0.012 0.008
RMS deviation from ideal chirality (A?) 0.140 0.079

9 Rperge for data sets for replicate reflections, R = Y ||Fy] -

€
(IF,,|)|/§<|F,,|); |Fyi| = scaled structure factor for reflection 4 in data
set i, (|Fy]) = average structure factor for reflection h calculated from
replicate data. °Crystallographic R factor, R = X [|F| — [F\l/ZIF.l;
|F,| and |F,| are the observed and calculated structure factors, respec-
tively.

the mutant enzyme are recorded in Table I.

The structure of recombinant wild-type CAII was refined
at 2.1-A resolution by using the refined structure of the blood
enzyme as a starting point (Eriksson et al., 1986, 1988a; atomic
coordinates were generously provided by Dr. T. Alwyn Jones).
The final crystallographic R factor for the wild-type enzyme
structure was 0.183; details of this work will be reported
elsewhere (R. S. Alexander, S. K. Nair, and D. W. Christi-
anson, unpublished experiments).

For the structure determination of T200S CAII, structure
factors obtained from corrected intensity data were used to
generate difference electron density maps by using Fourier
coefficients (2|F,| - |F.]) and (|F,| - |F.]) with phases calculated
from the final refined model of recombinant wild-type CAII.
The atoms of residue 200 as well as active-site solvent mole-
cules were deleted from the atomic model prior to the structure
factor calculation. Fast Fourier transform routines (Ten Eyck,
1973, 1977) were employed in all electron density map and
structure factor calculations. The coordinates of the mutant
protein model, including those of the Ser-200 side chain, were
adjusted by inspection of difference electron density maps. It
was at this stage that the major conformational change of
His-64 was noticed, and this observation was confirmed by
inspection of maps for which His-64 was omitted from the
structure factor calculation.

Model building was performed with the graphics software
FRODO (Jones, 1985) installed on an Evans and Sutherland
PS390 interfaced to a VAXstation 3500. Atomic coordinates
were then refined against the observed data by the reciprocal
space least-squares method using the stereochemically re-
strained least-squares algorithm of Hendrickson and Konnert
[1981; also, see Hendrickson (1985)]. Active-site water
molecules were not included in the inital stages of refinement.
Residue conformations throughout the protein were examined
during the course of refinement by using maps calculated with
the Fourier coefficients outlined above and phases derived from
the in-progress atomic model. Only minimal adjustments to
residue conformations were necessary, and active-site water
molecules were added when the crystallographic R factor
dropped below 0.200. Refinement converged smoothly to a
final crystallographic R factor of 0.166; the final model had
excellent stereochemistry with rms deviations from ideal bond
lengths and angles of 0.02 A and 1.9°, respectively. Pertinent
refinement statistics are recorded in Table I.



9156 Biochemistry, Vol. 30, No. 38, 1991

Krebs et al.

Table II: Esterase Activity and Inhibitor Binding

Table III: CO, Hydrase Activity

wild type T2008

wild type  T200S

PNPA hydrolysis?  ke/Ky (ML s™)) 2500 £ 200 9700 = 250
6.74 + 0.05 6.86 % 0.05

p
sulfonamide binding? KD;SA (nM)

850+ 10 360 10
K,s‘gsr (nM) 82+0.3 42%03
azide inhibition* K%, (mM) 0.48 £ 0.13 0.12 £ 0.01
(0.17)¢ (0.05)4

9pK, and pH-independent k,,/K) were calculated by using eq 1 at
25 °C, u = 0.1 with Na,SO,. ®*Measured in 20 mM Tris-SO, buffer,
pH 8.0, 25 °C. ¢Measured from inhibition of PNPA esterase activity
in 50 mM MES buffer, pH 7.0, ¢ = 0.1 with Na,SO,, 25 °C. 9The
pH-independent K, . calculated from K,y = K% /(1 + 10PHPKy),

A difference electron density map calculated with Fourier
coefficients (|F,| — |F|) and phases derived from the coordi-
nates of the final model revealed that the highest peaks in the
vicinity of the active site were just under 3.5¢. The rms error
in atomic positions was estimated to be ca. 0.25 A on the basis
of relationships derived by Luzzati (1952). The coordinates
of T200S CATI, as well as those of the wild-type enzyme, have
been deposited in the Brookhaven Protein Data Bank (refer-
ence codes SCA2 and 4CA2, respectively; Bernstein et al.,
1977).

Materials. Fluorescein diacetate and PNPA were obtained
from Sigma Chemical Co. Acetazolamide, p-nitrophenol, and
dansylamide were obtained from Aldrich Chemical Co. Tris
base and MES were obtained from Research Organics.
Dansylamide and PNPA were purified before use by recrys-
tallization from ethanol and diethyl! ether, respectively. All
other chemicals were reagent grade.

RESULTS AND DISCUSSION

In a screen of a library of CAII variants, substitutions at
position 200, including T200S, uniquely gave rise to a phe-
notype with increased esterase activity (J. F. Krebs and C. A.
Fierke, unpublished experiments; Behravan et al., 1990, 1991).
The pH-independent rate constant, k., /Ky, for PNPA hy-
drolysis catalyzed by T200S CAII (Table I1) is 4-fold (0.8
kcal/mol) larger than wild-type, confirming that the esterase
activity is enhanced by this mutation. The observed rate of
PNPA hydrolysis catalyzed by T200S is linearly dependent
on the concentration of PNPA up to 0.5 mM and the pH
dependence can be described as a simple titration curve, which
is proposed to reflect the ionization of the catalytically im-
portant zinc-water ligand (Lindskog, 1966). The increase in
ka:/ Ky for PNPA hydrolysis could be due either to enhanced
binding of the substrate or to an increased catalytic rate
constant for ester hydrolysis. The dissociation constants for
sulfonamide inhibitors and the inhibition constant for sodium
azide (Table IT) are decreased 2-5-fold for the T200S mutant
compared to wild type. Substitutions of other amino acids at
position 200 including Asn, Arg, His, Gly, Ala, Val, and Ile
have similar effects on esterase activity and anion binding
(Behravan et al., 1990, 1991; J. F. Krebs and C. A. Fierke,
unpublished experiments), suggesting that the positioning of
the threonine side chain interferes with these activities.

The T200S mutation has minor effects on the kinetics of
CAll-catalyzed CO, hydration, as summarized in Table III.
The steady-state kinetic parameters are virtually identical with
those measured for wild type with only a slight decrease in
the isotope effect on k. The largest effect of the mutation
is observed in the kinetic parameters for CO,/HCO;™ ex-
change, k" and KHEO, which is best interpreted in the
framework of the enzymatic mechanism for wild-type CAII
(Silverman & Lindskog, 1988). There is considerable evidence
that hydration of CO, by CAII consists of two steps; CO,/

CO, hydration® k,/Ky X 107 (M~ s71)
(kear/ K"/ Cecar/ Knp)®
ke, X 1078 (571 93£0.5 8405
(koo )P/ (kea)® 43£03 3004
M2 (mM)_ 11 10%2
ke KHCOS 1076 (M~ 571) 4.6 £ 0.7 4.2 £ 0.7

89+07 8609
12+£02 14£04

CO,/HCO;"
exchange®
k2 X 1075 (s71) 67+ 1.7 2.6+04

KH0r™ (mM) 147 £ 61 62 & 20

?Measured by stopped-flow indicator method (Khalifah, 1971) in 50
mM TAPS buffer, pH 8.5, 25 uM m-cresol purple, 0.1 mM EDTA, u
= 0.] with Na,SO,, 25 °C. ®*Measured by '*C NMR line-broadening
technique (Simonsson et al., 1979) in 0.1 M MES buffer, pH 7.35, 1 =
0.2 with Na,SO,, 25 °C, 10% D,0.

HCO; interconversion involving the metal center (eq 5)
followed by a proton transfer step to re-form the zinc-hydroxyl
enzyme involving first a “proton-shuttle” group and then a
buffer-dependent reaction (eq 6) (Silverman & Tu, 1975;
Jonsson et al., 1976). Values for the individual rate constants

k, k,
E-OH- + CO, .——‘k—‘ E-HCO, .——‘k—‘ E-OH, + HCO,  (9)
-1 -2

k4[B]
k4{BH]

E-OH- (6)

k
E-OH, __T’ +H-E-OH-
-3

in egs 5 and 6 have been estimated for wild-type enzyme from
computer simulations of the kinetic data, and the data in Table
III are consistent with this kinetic scheme (Lindskog, 1984;
Rowlett, 1984). (The kinetic parameters for CO, hydration
in Table III are not pH-independent constants, but since the
mutation does not affect the activity-controlling pK,, these
values allow comparison of mutant to wild type.) For this
mechanism at high buffer concentrations, k,; = kiks/(ky +
ki) =~ kyand k., /Ky = kiky/(k_| + ky) =~ k, (since k, > k;
and k, > k_, for wild type). These kinetic parameters for the
T200S mutation are identical with those for the wild type,
suggesting that the mutation has no effect on either CO,
binding/hydration or the intramolecular proton transfer.
There is no kinetic evidence for involvement of the methyl
group of Thr-200 in CO, binding as proposed by Merz (1991)
and Liang and Lipscomb (1990) in molecular dynamics
studies.

The kinetic parameters for CO,/HCO;" exchange include
only the rate constants in eq 5: kS = k_jk,/(k_, + k,) =
ko, kgz/Kile:O; = koky/(ky+ k) =~ k_y k_,/k;, and K;ﬁ:o;
= k,/k_,. The decrease in KHSO for the mutant can be
readily interpreted as increased binding of HCO; (0.5
kcal/mol) due to either an increase in the HCO;™ association
rate constant, k_,, or a decrease in the HCO;~ dissociation rate
constant, k,. The latter is more likely since it would account
for both an equivalent decrease in k_, (k&X') and the observed
decreased solvent isotope effect in k. (The observed isotope
effect is dependent on the intrinsic isotope effect and the ratio
of k4/k,.) Taken together, these results indicate that increased
stabilization of the E-HCO;™ complex, consistent with the
increased binding of other anions, is the major effect of the
T200S mutation. Increased stabilization of this complex is
also observed in the T200H mutant (Behravan et al., 1990),
suggesting that the methyl group of the 8-branched threonine
may sterically interfere with the bound HCO;™ molecule in
the wild-type enzyme.

The kinetic data for CO, hydration clearly indicate that the
T200S mutation has no effect on the intramolecular proton
transfer, k. This is intriguing in light of the large confor-
mational change observed in the crystal for the side chain of
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His-64, the amino acid that functions as the proton acceptor.
To further investigate the functional properties of His-64 in
the T200S mutant, the dependence of CO, hydration on the
concentration of TAPS buffer was measured showing little or
no effect of the mutation: kg, /K% = (1.7 £ 0.1) X 108 M~
s7' (WT) and (2.4 £ 0.1) X 108 M~! s7! (T200S). This es-
sentially measures k, in eq 6 and shows that the rate constant
for proton transfer between His-64 and solvent is also virtually
unaffected by the conformational change. Finally, copper
inhibition of CO, hydration, proposed to be due to cupric ions
binding to His-64 (Tu et al., 1981, 1989), was measured for
both enzymes: 50% inhibition occurs at 1.7 uM (T200S) or
1.8 uM (WT) cupric sulfate at pH 7.5. Therefore, despite
the mobility of His-64, the overall kinetic behavior of T200S
CALll is equivalent to that of the wild-type enzyme.

The three-dimensional structure of T200S CAII is quite
similar to that of wild-type CAII, with the occasional exception
of some surface residues. This is not an unusual result, since
surface residues often appear disordered in electron density
maps and hence experience conformational variation in
crystallographic refinement. Least-squares superposition of
the wild-type and T200S C, coordinates [with the software
INSIGHT (Biosym, Inc.)] yields an rms difference of 0.14 A
between the two structures. Given the rms coordinate error
of ca. 0.25 A calculated from relationships derived by Luzzati
(1952), the rms differences measured between the wild-type
and mutant enzymes suggest that the two structures are es-
sentially identical. The protein zinc coordination polyhedra
of each structure are likewise similar, and zinc-imidazole
distances (Table IV) are generally within experimental error
of the average value (Zn**-N, 2.0 A) determined in a survey
of the Cambridge Structural Database (Vedani & Huhta,
1990). In both wild-type and T200S CAII, a mercury ion
binds to Cys-206. It must be emphasized that this is not the
inhibitory binding location of Hg?*, which is reported to be
at His-64 (Eriksson, 1986, 1988b). Moreover, the binding of
mercury to Cys-206 does not result in significant structural
differences between recombinant wild-type Hg?*-carbonic
anhydrase IT and Hg?*-free human carbonic anhydrase II (R.
S. Alexander, S. K. Nair, and D. W, Christianson, unpublished
experiments), so no attempts were made to dialyze the mercury
ion out of the crystal prior to X-ray data acquisition.

As seen in Table I, the structure of T200S CAII possesses
excellent stereochemistry. A difference electron density map
calculated with Fourier coefficients (2|F,| - |F¢]) and phases
derived from the final model of the mutant enzyme is found
in Figure 1. Not unexpectedly, there are only minor dif-
ferences in the conformation of residue 200 in wild-type and
T200S CAlls: for Thr-200 of the wild-type enzyme, ¢ =
—-134°, ¢ = 155°, and x; = 62°; for Ser-200 of T200S CAII,
¢ =-141°,¢ = 153°, and x,; = 69°. Torsion angles x, are
near optimal values tabulated by Ponder and Richards (1987).
These differences, in addition to minor reorganization of the
Ser-197-Cys-206 loop, result in the placement of the y-hy-
droxyl side chain of Ser-200 in the mutant at a position 0.9
A away from that of the y-hydroxyl group of Thr-200 in the
wild-type enzyme. Each hydroxyl side chain makes a 3.9-A
van der Waals contact with a solvent molecule. Additionally,
the y-methyl group of Thr-200 makes van der Waals contacts
with the backbone carbonyl oxygen of Thr-199, the phenolic
hydroxyl of Tyr-7, and three solvent molecules. Although
Ser-200 of the mutant lacks a v-methyl group, the positions
of Thr-199 and Tyr-7 do not change in T200S CAII.

Overall, the active-site solvent structure is generally identical
among native blood (Eriksson et al., 1986, 1988a), wild-type,
and T200S CAlls—refined solvent positions generally correlate
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Table IV: Zinc-Ligand Distances in Wild-Type and T200S CAlls
distance from zinc (A)

ligand WT CAIl T200S CAII
His-94 2.3 2.2
His-96 2.1 2.2
His-119 2.2 2.1
solvent 2.4 2.8

to within 0.5-1 A among the three structures, and this includes
the solvent molecules that make van der Waals contacts with
residue 200. No concerted changes in solvent structure are
evident that would indicate a response to the T200S mutation,
¢.g., no solvent molecules appear to move into the “void”
created by the deletion of the Thr-200 methyl group. Inter-
estingly, significant electron density is not observed in T200S
CALII for the so-called “deep” water molecule, which is found
at the mouth of the hydrophobic pocket of native human and
wild-type CAIls (Eriksson et al., 1988a; R. S. Alexander, S.
K. Nair, and D. W. Christianson, unpublished experiments);
this water hydrogen bonds to zinc-bound hydroxide and is
presumably displaced by substrate (Lindskog, 1986). Addi-
tionally, significant electron density corresponding to one of
the two solvent molecules bridging zinc-bound hydroxide and
His-64 in the native blood enzyme [water 318; see Eriksson
et al., (1986, 1988a)] is not apparent in wild-type and T200S
CAlls. However, this observation does not imply a catalytic
compromise since the wild-type enzyme exhibits normal proton
transfer kinetics. Finally, we note that the pK, of zinc-bound
solvent is not affected by differences in interpreted solvent
structure among native blood, wild-type, and T200S CAlls
(Table II).

Although water molecules are built into all “solvent” peaks
in the electron density maps, it is possible that at least some
of these peaks may correspond to disordered or low-occupancy
counterions such as chiloride or azide. Hence, the term
“solvent” may be interpreted broadly to include potential
counterions. In particular, the identity of the nonprotein zinc
ligand, which is hydroxide ion in the active enzyme, is am-
biguous under the conditions required for enzyme crystalli-
zation. The azide inhibition constant of PNPA esterase ac-
tivity was measured under conditions similar to those used for
crystallization (50 mM Tris-Cl, pH 8.0, 150 mM sodium
chloride, 2 M sodium sulfate, 25 °C): K%, = 2.9 + 0.8 mM
(WT) and 1.5 £ 0.2 mM (T200S). Since these inhibition
constants approximate binding constants (Coleman, 1967), the
percentage of enzyme under crystallization conditions with
azide as the nonprotein ligand can be estimated as 50% (WT)
or 67% (T200S). The majority of the remaining molecules
should be in the zinc-hydroxyl form since the pH is well above
the pK, for both enzymes and the binding constant for chloride
is large (=0.5 M) at this pH (Behravan et al., 1990). Hence,
the nonprotein zinc ligand observed in the crystal structures
is actually an equilibrium mixture of different anions, and these
equilibrium populations are reapportioned slightly in response
to the T200S mutation. The refined position of the nonprotein
zinc ligand places it 2.4 and 2.8 A away from zinc in wild-type
and T200S CAIls, respectively. The peak corresponding to
the nonprotein zinc ligand is somewhat asymmetric and egg-
shaped in each structure (this peak in T200S CAII is visible
in Figure 1); the asymmetry of this peak may be due to a
mixed population of zinc-bound counterions.

As mentioned previously, a significant nonlocal difference
is observed in T200S CAII: the side chain of His-64 rotates
away from the active site by 105° about x, (Figure 1). This
conformational change apparently requires the displacement
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FIGURE |: Difference electron density map of T200S CAII calculated with Fourier coefficients (2|F,| — |F.]) arld phases derived from the final
model. The refined atomic coordinates are superimposed on the map (yellow model); for comparison, the refined coordinates of wild-type
CAII are superimposed at positions 64 and 200 (red model). Note the dramatic conformational change of His-64 accompanying the T200S

mutation.

of a water molecule observed in wild-type and native blood
CAlls (Eriksson et al., 1986, 1988a). It is not clear why the
side chain of His-64, which is at least 5 A away from the side
chain of Thr-200 in the wild-type enzyme, undergoes such a
dramatic conformational change in response to the T200S
mutation. Although the two conformations of the His-64 side
chain are characterized by torsion angles x, and x, (wild-type
CAII values are 54° and —92°, respectively; T200S CAII
values are —51° and —68°, respectively) that are close to op-
timal values summarized by Ponder and Richards (1987), no
additional structural factors are apparent that would favor the
alternate conformation of His-64. For instance, His-64 does
not appear to make any hydrogen bonds in its new position
as judged from distance and stereochemical criteria (Baker
& Hubbard, 1984; Ippolito et al., 1990). Moreover, the al-
ternate position for His-64 places its imidazole side chain in
a more hydrophobic region largely defined by Trp-5, Gly-6,
Tyr-7, and Phe-231. The conformational change of His-64
is not a general response to point mutations in the enzyme
active site, since no change is observed in crystal structures
of other CAII mutants at residues Val-143 (R. S. Alexander,
S. K. Nair, and D. W. Christianson, unpublished experiments)
or Val-121 (Nair et al., 1991), where mutant enzymes were
crystallized under conditions identical with those employed
for T200S CAII. It is also unlikely that the slight reappor-
tionment of the composition of the nonprotein zinc ligand in
T200S would cause this conformation change.

In addition to the interpretation of His-64 mobility in T200S
CALlI, it is possible to interpret mobility for this residue in
crystallographic studies of wild-type and native blood CAIlls
due to an ambiguity in solvent assignment. To demonstrate,
a difference electron density map of wild-type CAII, calculated
with Fourier coefficients (|F,| — |F,|) and phases derived from
the final model less the atoms of His-64 and a neighboring
water molecule (O338), reveals that the alternate conformation
of His-64 observed in T200S CAII can be superimposed on
the electron density corresponding to water O338 modeled in
the wild-type enzyme (Figure 2). Therefore, it is a real

FIGURE 2: Difference electron density map of recombinant wild-type
CAII calculated with Fourier coefficients (|F,| — |F,]) and phases
derived from the final model. The atoms of residue His-64 as well
as a neighboring water molecule (O338) were omitted from the
structure factor calculation, and the map is contoured at 3. The
refined atomic coordinates of the wild-type enzyme are superimposed
on the map (red model), and the alternate conformation of His-64
observed in T200S CALII is also superimposed (vellow model). Note
that water 0338 of the wild-type enzyme is interpretable as a mi-
nor-occupancy, alternate conformation of His-64.

possibility that the nonspherical density interpreted as water
0338 in the wild-type enzyme represents a minor-occupancy
conformation (ca. 20%) of His-64. Although the conforma-
tional change of His-64 as herein reported is observed to be
sterically required for the binding of certain sulfonamide in-
hibitors (Baldwin et al., 1989), results at pH 5.7 and pH 6.5
indicate that conformational changes of His-64 similarly occur
even when not sterically required by ligand binding (S. K. Nair
and D. W. Christianson, unpublished experiments). Since in
wild-type CAII the predominant conformer of His-64 is di-
rected toward the active site, we designate this the “in” con-
former; in T200S CAII, His-64 is directed away from the
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active site, so we designate this the “out” conformer.

Although we have demonstrated that His-64 is capable of
mobility, it is difficult to establish the causal relationship
between the T200S mutation and the conformation of His-64.
There is no direct hydrogen-bond interaction between Thr-200
and His-64, but these residues flank opposite sides of a sol-
vent-filled cleft in the CAIT active site. A plausible hypothesis
might be that the conformation of His-64 and its surrounding
solvent structure (including both water and counterions) are
interdependent. If this is the case, different conformations
observed for His-64 in different crystallographic studies may
arise from the slight 0.5~1-A differences in active-site solvent
structure observed between wild-type and T200S CAlls.
Furthermore, effects between His-64 and solvent may involve
dynamically behaved solvent molecules that are indistin-
guishable from background density in electron density maps.

Despite the mobility of His-64 and accompanying changes
in its surrounding solvent structure, kinetic measurements
indicate that efficient proton transfer is sustained in wild-type
and T200S CAlls. In addition to mobility about x,, rotational
flips about x, for aromatic side chains occur at rates exceeding
106 5! (Gall et al., 1982), so mobility about both x; and x,
for His-64 could be sufficiently rapid to remain undetected
during steady-state turnover. Kinetic measurements on His-64
— Ala CAII further imply that mobility for His-64 and its
surrounding solvent structure is catalytically acceptable in
wild-type CAII (Tu et al., 1989). Since the CO, hydrase
activity of this variant is virtually restored in imidazole buffer
(imidazole in solution would correspond to an infinitely mobile
histidine side chain), it is likely that efficient catalysis tolerates
the relatively minor conformational mobility of His-64 ob-
served or implied in structural studies of wild-type and mutant
CAlls.

The conformational mobility inferred for His-64 of CAII
is reminiscent of similar inferences regarding the conformation
of His-119 in ribonuclease. In X-ray crystallographic studies
at 2-A resolution, two conformers (designated as “high” and
“low™ occupancy sites) were initially reported for this residue;
these two conformers differed by a rotation of 142° about
in the enzyme structure refined at 1.45-A resolution (Wyckoff
et al., 1970; Borkakoti et al, 1982, 1983). In contrast, the
results of independent crystallographic investigations of an-
ion-free ribonuclease at 1.5-A resolution (Campbell & Petsko,
1987) and at 1.26-A resolution (Wlodawer et al., 1988) suggest
that only one position for His-119 can be interpreted in electron
density maps. Wlodawer et al. (1988) note that an alternate
conformation of His-119 could be traced through a nearby
water molecule but argue against this alternative on the basis
of the observed solvent structure of phosphate-free ribo-
nuclease. However, the results of theoretical calculations
(Brunger et al., 1985) and recent crystallographic studies
(Kuriyan et al., 1991; S. K. Burley and G. A. Petsko, un-
published experiments) support a two-conformer interpretation
for His-119 in ribonuclease. Here, as in CAII, the crystal-
lographic interpretation of histidine side chains may be am-
biguous as the distinction between multiple conformations and
hydrogen-bonded solvent molecules is made.

SUMMARY AND CONCLUSIONS

The T200S mutant of CAII exhibits CO, hydrase activity
that is comparable to that of the wild-type enzyme and esterase
activity that is 4-fold greater than that of wild-type enzyme.
The three-dimensional structure of T200S reveals a major
conformational change for His-64 (about 5 A from the mu-
tated side chain), which places the imidazole ring of this group
in a hydrophobic region of the protein structure defined in part
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by Trp-5, Gly-6, Tyr-7, and Phe-231; in catalysis, such a
conformation might facilitate proton transfer away from
His-64 to buffer. Proton transfer is maintained in the T200S
CAII mutant, despite the conformational change of His-64,
and proton transfer is similarly maintained in the His-64 —
Ala CAII by the addition of infinitely mobile imidazole buffer
(Tu et al., 1989), suggesting that this reaction is not dependent
on the specific ground-state conformers of His-64 visualized
in the X-ray structure. Hence, it is conceivable that confor-
mational mobility of the imidazole side chain, accompanied
by subtle and compensatory changes in surrounding solvent
structure, may accompany the role of His-64 as a catalytic
proton shuttle.
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