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Abstract

Haemophilus influenzae B-carbonic anhydrase (HICA) is hypothesized to be an allosteric protein
that is regulated by the binding of bicarbonate ion to a non-catalytic (inhibitory) site that controls the
ligation of Asp44 to the catalytically essential zinc ion. We report here the X-ray crystallographic
structures of two variants (W39F and Y 181F) involved in the binding of bicarbonate ion in the non-
catalytic site and an active site variant (D44N) that is incapable of forming a strong zinc ligand. The
alteration of Trp39 to Phe increases the apparent K; for bicarbonate inhibition by 4.8-fold. While the
structures of W39F and Y181F are very similar to the wild-type enzyme, the X-ray crystal structure
of the D44N variant reveals that it has adopted an active site conformation nearly identical to that of
non-allosteric B-carbonic anhydrases. We propose that the structure of the D44N variant is likely to
be representative of the active conformation of the enzyme. These results lend additional support to
the hypothesis that HICA is an allosteric enzyme that can adopt active and inactive conformations,
the latter of which is stabilized by bicarbonate ion binding to a non-catalytic site.
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Carbonic anhydrases (carbonate hydrolyase, EC 4.2.1.1) are metalloenzymes that catalyze the
interconversion of CO, and bicarbonate:

C02+H20 =2 I‘ICO37+I‘I+ 1)
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To date, there are five known convergently evolved forms of the enzyme: the a-form is found
inanimals and a few eubacteria (1); the -form is found in bacteria, yeast, and plant chloroplasts
(2); ay-form is represented in a species from the Archaea domain (3); the &- (4) and {-forms
(5) have been identified in a marine diatom. Most are active as zinc-metalloenzymes, although
the y- and ¢{-forms can utilize Fe2* (6,7) and Cd2* (8) in vivo, respectively. X-ray
crystallography (8-14) and/or EXAFS! (15) reveals that most CA forms share a similar four-
coordinate metal ion coordination sphere of the type His3(H,0) or Cys,His(H,0), where the
ionizable water ligand presumably serves an essential role in the catalytic mechanism.
However, X-ray crystallographic analysis of B-CAs reveal two distinct structural subclasses
of this enzyme form. The first subclass, exemplified by the enzymes from Pisium sativum (PDB
1EKJ), Methanobacterium thermoautotrophicum (PDB 1G5C), and Mycobacterium
tuberculosis Rv1284 (PDB 1YLK), has the canonical Cys,His(H,0) zinc coordination site.
The second subclass of B-CAs, exemplified by the enzymes from Haemophilus influenzae
(PDB 2A8C), Escherichia coli (PDB 116P), Porphyridium purpureum (PDB 1DDZ) and M.
tuberculosis Rv3588c (PDB 1YM3), have a unique zinc coordination geometry, where the
catalytically essential water molecule has been replaced by an Asp residue, resulting in a
“closed” Cys,HisAsp coordination sphere. Despite the differences in X-ray crystal structures,
kinetics studies of plant and bacterial B-CA (12 16722) show that both subclasses of enzyme
are highly efficient catalysts for eq 1, with k¢4 values on the order of 10° s and k¢ai/Ky values
on the order of 108 M ~1 s71. H. influenzae B-CA (HICA) has been shown to have highly
cooperative pH-rate profiles for kgg; and kqai/Kin, and exhibits cooperative inhibition by
HCO3™ ion (12). In addition, X-ray crystallographic studies of both HICA (PDB 2A8D) and
E. coli B-CA (ECCA, PDB 2ESF) reveal a noncatalytic binding site for bicarbonate ion. In
contrast to HICA—a member of the second subclass of B-CAs—members of the first subclass
of B-CA that have been thoroughly kinetically characterized (P. sativum (21), M.
thrermoautotrophicum (22), and the highly sequence-homologous Arabidopsis thaliana (17)
enzyme) are not inhibited by HCO3™ and do not exhibit cooperative pH-rate profiles. Therefore
it has been hypothesized that HICA and other members of the second structural subclass of -
CA represent a unique, allosterically regulated form of CA, in which the observed X-ray
crystallographic structures probably represent the inactive, T-state (23) conformation of the
enzyme (12). Presumably, the active, R-state (23) of these allosterically regulated -CAs
resembles the crystal structures of the first subclass of B-CAs. The working hypothesis is that
enzyme activity of HICA and related proteins are regulated by a simple ligand exchange
mechanism where Asp442 displaces the catalytically essential water molecule. The T-state
conformation, where Asp44 is bound to the metal ion, is stabilized by the binding of HCO3™
in the non-catalytic pocket, where it interacts with Trp39, Arg64, Tyr181, and the main chain
carbonyl oxygen of Val47. The side chain of Val47 plays a critical role in displacing the
noncatalytic HCO3™ ion in the R state. (See Scheme 1). To date, no member of the HICA-like
subclass of B-CA has been crystallized in a conformational state other than the hypothesized
T-state, with a closed Cys,HisAsp metal coordination sphere. The existence of an R-state
conformation for HICA is inferred from the observed catalytic kinetics, which is similar to
other B-CAs, and the likely structure of the R-state can only indirectly inferred from the
structures of the other, non-allosteric structural subclass of B-CA.

In order to further investigate the hypothesized allosteric regulation mechanism described by
Scheme 1, we kinetically and structurally characterized some allosteric site variants of HICA,

LAbbreviations: CA, carbonic anhydrase; ECCA, Escherichia coli -carbonic anhydrase; HICA, Haemophilus influenzae B-carbonic
anhydrase; PSCA, Pisium sativum B-carbonic anhydrase; EXAFS; extended X-ray absorption fine structure; SDS-PAGE, sodium dodecyl
sulfate—polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; TB medium, Terrific Broth medium; LB medium, Luria-
Bertani medium; IPTG, isopropyl-B-D-thiogalactoside; DEAE, diethylaminoethyl; HEPES, 4—(2-hydroxyethyl)piperazineethanesulfonic
acid; ICP-OES; inductively coupled plasma-optical emission spectroscopy; EDTA, N,N,N’,N’-ethylenediaminetetraacetic acid; PCR,
Eolymerase chain reaction; PEG-400, polyethylene glycol 400.

Unless otherwise noted, the numbering and identification of residues is referenced to that H. influenzae B-CA
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namely Trp39—Phe, Tyr181—Phe, and Asp44—Asn. We find that Trp39—Phe and
Tyr181—Phe variants are catalytically competent and isostructural with wild-type HICA, and
at least one of these binds HCO3™ more weakly than the native enzyme. The Asp44—Asn
variant, although inactive, appears to adopt an R-state-like conformation in the crystalline state.
This is the first allosteric p-CA for which two distinct conformations have been observed in
the same protein, and the results support the proposed allosteric regulation mechanism
described by Scheme 1.

Experimental Procedures

Expression and Purification of Recombinant Enzymes

Site-directed mutations of the gene coding for HICA were constructed using megaprimer PCR
(24) with Vent (New England Biolabs) or Pfu turbo (Stratagene) polymerase and commercial
oligonucleotides (Integrated DNA Techonolgies). For variant W39F, a mutated
oligonucleotide3 5'-~AGCAACCAATGAAAAGGTAATGTG-3' was paired with the 5’
oligonucleotide primer PHI1X (5'-TGCCCATGGATAAAATTAAACAACTCTTT-3) in the
first PCR reaction to give a 129 bp product. This PCR product was used as a megaprimer in a
second PCR reaction with the 3’ oligonucleotide primer PHI2X (5'-
TGCCTGCAGTTATTATGTATTTTCAAGATG-3) to create the final mutated HICA gene.
The final PCR product was digested with Ncol and Pstl (Promega) and ligated (Quick Ligase,
New England Biolabs) into pTrc99a vector digested with the same enzymes. Variant D44N
was constructed similarly using the mutated oligonucleotide 5'-
GCACACGGCTATTAGAGCAACCA-3'. For variant Y181F, the mutated oligonucleotide
5-ACGGCTGGGTATTTGATGTAAATG was combined with oligonucleotide primer
PHI2X in the first round of PCR and the megaprimer product combined with PHI1X for the
second round of PCR. Otherwise, construction of the Y181F expression plasmid was as
described above. All expression plasmids were subjected to DNA sequencing (PE Biosystems
ABI 310, BigDye 3.0 chemistry) of the entire HICA gene to verify introduction of the correct
mutation.

Expression, purification, storage, and quantification of variant HICA proteins was exactly as
described for the wild-type protein (12). Briefly, crude homogenates of overexpressed protein
were purified to homogeneity by ion exchange (Q-Sepharose FF), hydrophobic interaction
(butylsepharose FF), and gel exclusion chromatography (Superdex 200) usingan AKTA FPLC
(GE Healthcare), and quantified by ICP-OES (Perkin EImer Optima SC 3000) for zinc at
213.856 nm.

Steady-State Kinetics Methods

Saturated solutions of CO, were prepared by bubbling CO, gas into water in a vessel
maintained at 25.0 £ 0.1 °C, and dilutions prepared in the absence of air by coupling two gas-
tight syringes as described by Khalifah (25). CO, concentrations were calculated based on a
33.8 mM saturated solution at 25 °C (26).

All steady state kinetic measurements were made at 25 °C using a Hi-Tech SF-61D X2 stopped-
flow spectrophotometer. Initial rates of CO, hydration were measured using the changing pH-
indicator method described previously (25,27,28). All stopped-flow kinetic studies were
carried out in the presence of 250 mM Na,SOy4, which was required for maximum enzyme
stability and activity in dilute solution (12). Values of k¢4 and K, were determined by non-
linear least squares fits to v/[E] vs. [CO5] data using Origin 7.0 (Microcal). The kinetic constants
Kcat and keai/ K are reported here on a per subunit basis. The pH-rate profiles of k.a: and Keai/

3Mutation site of oligonucleotides are bolded; restriction endonuclease sites for cloning are underlined.
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Km were fit to equations 2 or 3, as described previously. Equation 2 describes a pH dependence
that requires the sequential loss of two protons to generate the active enzyme, where Koy is the
observed value of Keat OF Keat/Km, Kmax 1S the maximal value of Kegt or keat/Krm, and Ky and
Ka2 correspond to the dissociation constants for the stepwise ionization of the enzyme, EH,
< EH™ + H* < E2 + 2 H*, where the doubly deprotonated form of the enzyme is the active
species.

Kmax

[H*], [H
(” Ko +K,,1Kuz)

kobs=

(2

Equation 3 describes a pH dependence that requires the cooperative loss of four protons with
identical pK, values to generate the active enzyme species, i.e., EHs < E* + 4 H*, where
E 4~ is the active species of enzyme, and kyay is the maximal value of keat OF Kear/ K-

(3)

Experimental data for k., and Keq/Kiy, were fit to the logarithmic forms of equations 2-3 using
nonlinear least squares in Origin 7.0 (Microcal). Values of keat and keat/Ky, are reported here
on a per subunit basis.

0O-18 exchange kinetics methods

The rate of exchange of 180 between species of CO, and water (Equations 4 and 5) is catalyzed
by carbonic anhydrase (29):

HCOO'"80™+ EZnH,0 2 EZnHCOO0"® 0 +H,0 2 CO»+EZn'®*0H +H,0
EZn'®OH + BH* 2 H'EZn'"*OH +B 2 4)

EZn'8OH, (+H20) 2 EZnOH,+H}? ®)

Using an Extrel EXM-200 mass spectrometer with a membrane permeable to gases, we
measured the isotopic exchange of 180 shown in Equations 2 and 3 at chemical equilibrium
and 25 °C (29). Solutions contained 250 mM Na,SO4 for maximum enzyme stability and
activity (12). No added buffer species were present.

This method determines two rates in the catalytic pathway. The first, defined as Ry, is the rate
of interconversion of CO, and HCO3™ at chemical equilibrium. The pH dependence of Ry in
wild-type HICA is described by Equation 4,

R 1 kmax

[E] (1+k2 /{H*P) (1+[HT/K3)

(6)
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where kmayx IS the maximal value of Ry, Kz, is the apparent acid dissociation constant of
enzyme-bound Zn-OHo, and Kj is the apparent acid dissociation constant 4 groups with
identical or nearly identical pK, values which must be deprotonated to generate the active
species of enzyme (12).

For HICA-W39F, a modified version of equation 6 was required to model the data. Specifically,
the apparent 4-proton dependence of the low pH limb of the data is apparently decoupled into
two sequential two-proton events (12). Thus, in equation 7, the apparent K, of equation 6 has
been split into two separate K, values, K51 and Kyo:

Ry _ kmax
[E1 (14K2 /(H'P) (1Le[H* /K +[H' /K2 K2,

(7)

The 180 exchange method also determines a second rate, Ru,0, Which is the rate of release
from the enzyme of water labeled with 180. A proton from a donor group (BH* in Equation
3) converts zinc-bound 180-labeled hydroxide to zinc-bound 180-labeled water, which readily
exchanges with and is irreversibly diluted by unlabeled solvent H,60. For wild-type HICA
the magnitude of Ryy,o can be interpreted in terms of the rate constant of proton transfer from
a donor group to the zinc-bound hydroxide according to Equation 8, where kg is the maximal
rate of proton transfer, Kp is the apparent acid dissociation constant for groups that donate
protons to the Zn-OHj, to enable the loss of 180 label to water, and K has the same meaning
as in equation 6 (12):

R
(] (1+k2/1 1) (141 H1/K2)

00 kB

(8)

Experimental data for Ry and Ryy,0 were fit to the logarithmic forms of equations 6-8 using
nonlinear least squares in Origin 7.0 (Microcal). Values of R1/[E] and Ry,0/[E] are reported
here on a per subunit basis.

Substrate inhibition data for 180 exhange kinetics was fit to equation 9 as described previously
(12) using non-linear least squares in Origin 7.0 (Microcal). In equation 9, kqps is the observed
value of Ry,o/[E], kmax is the maximal value of Ryy,o/[E], [S] is the combined concentration
of CO, + HCO3™, Kegt is the CO, + HCO3™ concentration that yields half-maximal Ry,o/[E],
and K; is the effective substrate/product inhibitor dissociation constant based on the
concentration of CO, + HCO3™ present.

kxS
(Ker+1SD(1+5F)

kops=
9)

Crystallographic methods

Single, orthorhombic rods of HICA-W39F were grown overnight in 0.04 M ammonium
phosphate, pH 4.3, 12.5 mg/mL protein at 22 °C using hanging drop vapor diffusion. Crystals
were soaked in artificial mother liquor plus 30% glycerol for 30-60 seconds prior to flash
cooling in liquid nitrogen. Data collection was performed with a rotating copper anode source
(Rigaku RU-200) and an R-Axis IV image plate detector using 0.5° oscillations at a temperature
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of 95K. Data was processed using DENZO and SCALEPACK (30) (HKL Research). An initial
molecular replacement solution was obtained by using wild-type HICA (PDB 2A8D) search
model using EPMR (31). This initial solution was subjected to rigid-body refinement,
simulated annealing, and multiple rounds of refinement using CNS 1.1 (32) and model-building
in Coot (33). Final refinement was carried out using Refmac5 (34-36) using TLS (37,38) with
one TLS group per protein chain.

Single, monoclinic crystals of HICA-Y 181F were obtained in 48 hr by the hanging drop method
using 1.7 M (NHy4)2S0y4, 4% (v/v) PEG-400, 0.10 M HEPES, pH 7.50 and 12 mg/mL of protein
at 4 °C. Individual crystals were transferred to artificial mother liquor supplemented with 25%
glycerol for 30 seconds, followed by flash-cooling in liquid nitrogen. To prepare HICA-Y 181F
complexed with bicarbonate ion, individual crystals were soaked for 15 min in artificial mother
liquor containing 25% glycerol and 100 MM NaHCOj3. Data collection (PDB 3E28 and 3E2A)
was performed with a rotating copper anode source (Rigaku RU-200) and an R-Axis IV image
plate detector using 0.5° oscillations at a temperature of 95K. Data was processed using
DENZO and SCALEPACK (30) (HKL Research). An initial molecular replacement solution
was obtained by using wild-type HICA (PDB 2A8D) search model using EPMR (31). This
initial solution was subjected to rigid-body refinement, simulated annealing, and multiple
rounds of refinement using CNS 1.1 (32) and model-building in the program O (39) and Coot
(33). Final refinement was carried out using Refmac5 (33) using TLS (37,38) with one TLS
group per protein chain.

Large, tetragonal crystals of HICA-D44N were obtained in 3 weeks by the hanging drop
method using 0.8 M sodium acetate, 0.1 M MES, pH 6.5, 8 mg/mL protein at 22 °C. Individual
crystals were transferred to artificial mother liquor supplemented with 30% glycerol (PDB
3E1V) or 30% glycerol and 100 mM NaHCO3 (PDB 3E1W) for 1-2 min, followed by flash-
cooling in liquid nitrogen. Data collection for PDB 3E1V was performed with an Oxford
Diffraction Xcalibur system using a PX Ultra Enhance Cu-Ka source and an Onyx CCD
detector. Data was processed using MOSFLM (40) and SCALA (41). An initial molecular
replacement solution was obtained by using wild-type HICA (PDB 2A8D) search model using
EPMR. Data collection for PDB 3E1W was carried out at beamline F2 of CHESS at a
wavelength of 0.95 A. Data was processed using MOSFLM (40) and SCALA (41), and an
initial molecular replacement solution as obtained by using a search model derived from a
single dimer of wild-type HICA (PDB 2A8D) in Phaser (42). For both PDB 3E1V and 3E1W
the initial solution was subjected to multiple rounds of refinement using Refmac5 (33) and
model-building in Coot (33). Final refinement used TLS (33) with one TLS group per protein
chain.

Data collection and refinement statistics are reported in Table 1.

Overexpression and purification of enzymes

Variant HICAs were expressed in E. coli at levels of 15-25% of total cellular protein as
measured by scanning densitometry of crude lysates run out on SDS-PAGE gels. Elution of
all variant proteins on a calibrated gel exclusion column (Superdex 200, GE Healthcare) was
identical to that of wild-type HICA, indicating a tetrameric holoenzyme in solution with a
molecular weight of approximately 100 kDa.

Structure of W39F, Y181F variants

Both HICA-W39F and Y181F are nearly identical in overall structure to wild-type HICA.
Indeed these variants appear to adopt the T-state conformation of the wild-type enzyme. The
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biological unit appears to be a dimer of dimers. A dimerization interface extends the p-sheet
core across a pair of monomers that define a fundamental dimer, and is in close proximity to
the active site zinc ion. A tetramerization interface is orthogonal to the dimerization interface,
and provides for the interaction and association of the fundamental dimers. This interface is
characterized by a cluster of basic amino acids side chains: Arg160, Lys165, and Arg198 from
one dimer, and Arg 124 from the neighboring dimer.

The asymmetric unit of HICA-W39F consists of one-half of each fundamental dimer in the
biological unit (Figure 1A). There is no discernable electron density for the N-terminal a-helix
(residues 1-33); presumably these residues are disordered in the crystal. As for wild-type HICA,
the tetramerization interface shows two strong, approximately spherical electron density peaks
concentrated in the region surrounded by the Arg160, Lys165, Arg198, and Arg 124'. These
electron density peaks have been interpreted as phosphate ions, which are present in the
crystallization solution (Figure 1B). Two additional, strong electron density peaks—also
presumably phosphate ions—are also observed in special positions astride the dimerization
interface and symmetry axis, near Arg64, Glu50, and a water molecule from each monomer
(Figure 1C). The guanido group of Arg64 appears to occupy two alternate conformations
around the phosphate ion, and is within hydrogen bonding distance of the phosphate oxygen
atoms. A water molecule and the amide nitrogen of Ala49 also appear to stabilize phosphate
ion binding in this pocket. Wild-type and W39F HICA have overall structures that superimpose
to within 0.326 A rms (43). The most significant structural deviations involve Ser45 and Arg46.
The side chain of Ser45 has been reoriented by approximately 90° such that it protrudes
somewhat into the bicarbonate binding site; as a consequence, the side chain of Arg46 has been
reoriented 90° in the opposite direction so that it now protrudes more toward bulk solvent,
away from the active site. The side chain of the variant residue Phe39 is oriented in the same
plane and position as the wild-type Trp39. Asp44 remains ligated to the active site zinc ion,
indicating that HICA-W39F has crystallized in the inactive, or T-state conformation. Because
of the low pH of the crystallization conditions, it was not possible to soak HICA-W39F crystals
with bicarbonate ion.

In the absence of HCO3™, HICA-Y181F (PDB 3E28) crystallizes in the same unit cell as wild-
type HICA, with 1% biological (tetrameric) units in the asymmetric unit (Figure 2A). Like
HICA-W39F, HICA-Y181F shows six strong, approximately spherical electron density
regions near Arg64 and Glu50 on the dimerization interface (2 on special positions between
chains A and B), and an additional six, spherical electron density regions near the cluster of
basic amino acid residues on the tetramerization interface). These have been interpreted as
sulfate ions, which are present in the crystallization solution. In addition, there are six slightly
weaker regions of spherical electron density in a hydrophobic pocket near the active site zinc
ligand His98 formed by Val47, VVal183, and Phe181. These regions appear to be modeled well
by sulfate ions at half-occupancy, where the sulfate ion can accept hydrogen bonds from His98-
N1 and the main chain amide NH of Arg46. Wild-type and Y181F HICA have overall
structures that superimpose to 0.374 A rms (43). As for HICA-W39F, the most significant
structure deviations involve the reorientation of the Ser45-Arg46 loop by about 90°, with the
side chain of Ser45 protruding into the bicarbonate binding site, and Arg46 oriented more
toward bulk solvent. The variant side chain, Phel181, is rotated out of the bicarbonate binding
site toward the protein exterior compared to the wild type Tyr181. Asp44 remains ligated to
the active site zinc ion, indicating that HICA-Y 181F has crystallized in the inactive, or T-state
conformation.

In the presence of 100 mM NaHCOj3, the protein chain of Y181F HICA (PDB 3E2A) is
isostructural with the same enzyme in the absence of HCO3™ (Figure 2B). While the N-terminal
helix can easily be visualized in the electron density map, residues 19-32, which are a bridging
loop and short helical segment in wild-type HICA are poorly resolved, and presumably
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disordered in this crystal. Strong, spherical regions of electron density are identified and
interpreted as sulfate ions. As for PDB 3E28, six sulfate ions are found on the tetramerization
interface; another six sulfate ions are appear to be bound in the hydrophobic pocket near His98
(Figure 2C). All of these sulfate ions model well at full occupancy. A single, triangular, planar
region of electron density, interpreted as a bicarbonate ion, is observed on the dimerization
interface between chains D and F only (Figure 2D). No clear electron density interpretable as
a bicarbonate ion is seen in any of the six allosteric sites in the asymmetric unit, nor in any of
the other dimerization interfaces. The lone bicarbonate ion appears to interact with Arg64 from
chains D and F. Glu50F interacts directly with the bicarbonate ion O3 atom, presumably acting
as a hydrogen bond acceptor from the bicarbonate OH group, while GIU50E interacts with a
water molecule (HOH 240) that is likely a hydrogen bond donor to the O1 atom of bicarbonate.
The amide NH of Ala49 is positioned to donate a hydrogen bond to O2 of the bicarbonate ion.

Structure of D44N variant

The overall protein fold of D44N HICA (PDB 3E1V) is nearly identical to that of wild-type
HICA, with an rms deviation of 0.407 A. There do not appear to be any anions bound to the
protein under these crystallization conditions. However, there are two regions of HICA-D44N
where the polypeptide backbone differs markedly from the wild-type enzyme. The first of these
is Asp185-Gly192, which in the wild type enzyme is the N-terminal half of the terminal,
solvent-exposed B-strand in the extended B-sheet core of the protein dimer. In HICA-D44N,
this stretch of residues has lost its B-sheet character and appears to be a less structured loop
instead. This loop is remote located relatively far (17 A) from the active site zinc ion or the
allosteric binding site (10-18 A), and is not likely to have any functional significance. The other
region of HICA-D44N that differs markedly from the wild type enzyme is the segment Asp44-
Pro48. In the wild type enzyme, this loop is organized to create space for a bicarbonate binding
pocket site and an extensive hydrogen bonding network: Arg64, Tyrl81, and Trp39 act as
hydrogen bond donors to bicarbonate, and the carbonyl oxygen of VVal47 acts as a hydrogen
bond acceptor for the lone OH hydrogen of the bicarbonate ion (12). Compared to wild-type
HICA, the side chain of Ser45 has swung away from the allosteric site toward bulk solvent,
and Val47 has swung from the exterior of the protein directly into the bicarbonate binding
pocket (Figure 3). The protrusion of VVal47 into the bicarbonate binding pocket surely precludes
bicarbonate binding because of its steric bulk. Indeed in HICA-D44N, the side chains of both
Tyr181 and Arg64 have been evicted from the bicarbonate binding pocket, and the Nn2 of
Arg64 is within hydrogen bonding distance (3.4 A in 3E1V and 3.1 A in 3E1W) of the carbonyl
oxygen of Asn44. The position of Trp39 is relatively unchanged. Most significantly, Asn44
has detached from the zinc ion in HICA-D44N, and has apparently been replaced by a water
molecule. This water molecule, HOH-231, is pinned between the amide NH of Gly-102 and
the carbonyl (or possibly amide NH) of Asn44, and is a distant zinc ligand, with a Zn-O distance
of 2.6 A. (Figure 3). Crystals of D44N HICA soaked in 100 mM NaHCO3 (PDB 3E1W) show
no additional electron density that can be interpreted as bicarbonate ion anywhere in the
asymmetric unit. The structure obtained from this crystal is identical to that of D44N in the
absence of HCO3™ (data not shown).

The Zn-O bond distance for HOH-231 in HICA-D44N is significantly longer (2.6 A) than the
mean value of 2.01 A observed for zinc metalloenzymes with four-coordinate ligand spheres
in protein structures determined to high resolution (44). However, it should be noted that there
are 251 structures (about 10% of all tabulated structures) in the MESPEUS database (45) with
zinc-water bond lengths of 2.6 A or longer. While many of these examples include octahedral,
pentacoordinate, or dinuclear zinc ligand spheres, there are at least three four-coordinate
structures that are relevant to HICA-D44N. Human -1 alcohol dehydrogenase (PDB 1HSZ)
has a Cys,His(OH,) coordination sphere similar to HICA, with a reported zinc-water bond
length of 2.8 A. The human a-carbonic anhydrase 11 variants T200S (PDB 5CA2) (46) and
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V143G (PDB 7CAZ2) (47) have Hisz(OH>) zinc coordination spheres with reported zinc-water
distances of 2.8 A. For these latter two enzymes, it is postulated that the long Zn-O bond
distance can be accounted for by partial occupancy of the zinc-water site by anions (possibly
chloride or azide) present in the crystallization solution at small concentrations.

Thus, it seems there might be three potential explanations for the apparent 2.6 A zinc-water
bond length in HICA-D44N. The first, and simplest accounting of the observed electron density
is that HICA-D44N has an unusually long zinc-water bond, perhaps stabilized by hydrogen
bonding interactions with the amide NH of Gly102 (3.5 A) and the carbonyl oxygen of Asn44
(2.8 A). The second possibility is that acetate ion, present in the crystallization solution, is
present at low occupancy at the open coordination site of zinc, and this serves to expand the
electron density away from the zinc ion in a way that a water molecule refines to a longer than
normal Zn-O distance. The third possibility is that Asn44 could be a weak, fourth ligand to
zinc at low occupancy. Rotation of the C,-Cg bond of Asn44 by approximately 30° would
bring the amide nitrogen within bonding distance of the zinc ion. The electron density of the
amide group at low occupancy would likely cause refinement of the zinc-bound water to a
longer than normal value. In any case, the electron density observed is adequately modeled by
a solvent molecule at full occupancy, and it seems likely that water is the most probable ligand,
and is present at high occupancy.

Steady-state kinetics

The pH-rate profiles of kg and Keat/Km were measured for Y181F and W39F HICA (Figure
4). It was not possible to accurately measure the catalytic rate of HICA-Y181F below pH 8.25
because of low activity (as little as 1% or less of wild-type at pH values less than 8.25) of this
variant. There was not a sufficient range of data available for quantification of the pH-rate data
for HICA-Y181F. However, it should be noted that the enzyme does retain significant catalytic
activity, especially at high pH. Therefore, it does not appear that the replacement of Tyr181
with Phe has directly affected the catalytic mechanism, although it may have had an indirect
effect on the relative equilibrium distribution of the T-state of the enzyme, or the ability of the
enzyme to be activated by sulfate ion. Sulfate ion at 200-250 mM is required for maximal
activity of wild-type HICA in Kkinetic assays (12).

The variant D44N had enzyme activity less than 0.2% of the wild-type enzyme (Kcat < 200

s 1) at pH 7.0-9.25. The pH-rate profile of ks for HICA-W39F is similar to wild-type enzyme,
with a two-proton dependence that suggests that two H* ions must be lost to form the active
form of the enzyme (12). The pH-rate profile of keat/Kry for HICA-W39F does not show the
highly cooperative pH dependence of wild-type HICA, but rather looks similar to the pH
dependence of kq4t. Both HICA-W39F and HICA-Y181F have maximal activities that are
comparable to the wild-type enzyme.

Oxygen-18 Exchange kinetics

The W39F variant of HICA has a maximal values of Ry/[E] and Ry,0/[E], that are comparable
to the wild type enzyme (Figure 5). As for wild-type enzyme, the pH profile of R1/[E] for W39F
HICA can be interpreted in terms of two sets of two-proton ionizations at low pH, and a two-
proton dependence at high pH (12). The pH profile of Ryy,0/[E] is also consonant with the
wild-type enzyme (12). Under the optimal experimental conditions for wild-type HICA 180
kinetics HICA-Y181F has maximal Ry/[E] and Ry,0/[E] values < 1% of that of wild-type or
WB39F HICA. 180 exchange activity of HICA-D44N was not detectable under the experimental
conditions used, and is estimated at < 0.2% of the wild type enzyme. Therefore, it was not
possible to quantify meaningful 180 kinetics pH rate profiles for the Y181F or D44N variants.
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Substrate/product inhibition of Ry,o (Figure 6) and R, (not shown) are biphasic for both wild
type HICA and HICA-W39F. At low CO, + HCO3™ concentrations, Ry,o increases with
substrate concentration, as expected, but at higher concentrations, a marked inhibitory effect
is observed. This inhibitory component is cooperative, and is satisfactorily modeled by the
cooperative binding of two molecules of inhibitor (presumably bicarbonate ion) to the enzyme
(12). However, the apparent K; for HCO3™ for W39F for Ryy,o/[E] is 4.8 + 1.1 times larger (76
* 14 mM) than that for the wild-type enzyme (16 £ 2 mM) (12). This corresponds to a AAG®
at 25°C of 0.8-1.0 kcal/mol of apparent binding energy for bicarbonate ion between the wild
type enzyme and HICA-W39F. This apparent change in AG® is consistent with the loss of a
single stabilizing hydrogen bond contributed by Trp-39 to bicarbonate ion in the allosteric
binding site. Values of Ry,o (Figure 6) and Ry (not shown) for HICA-Y181F are very low
under the assay conditions, less than 1% of wild-type at any substrate concentration.

Discussion

Anion binding to HICA variants

Both HICA-W39F and HICA-Y181F bind polyatomic anions (phosphate and sulfate,
respectively) at a site on the tetramerization interface observed previously for wild-type HICA
(12). However, these variants also bind phosphate or sulfate at a site in a crevice on the
dimerization interface near the allosteric binding site, involving least one residue, Arg64, that
is located near and interacts with bicarbonate in the proposed allosteric site in wild type HICA.
In addition, HICA-Y181F can also bind sulfate ions a hydrophobic pocket near the active site.
This latter sulfate ion binding site appears to be unique to HICA-Y181F. Figure 2C does not
suggest any obvious role for this anion binding site in catalysis or inhibition of the enzyme.

HICA-Y181F does not appear to bind bicarbonate ion in the allosteric site at 100 mM, a
concentration of bicarbonate ion that is observed to fully populate the allosteric binding site in
wild-type HICA. This suggests that the alteration of Tyr181 to Phe at least qualitatively
destabilizes the binding of bicarbonate to the allosteric site compared to the wild type enzyme.
However, at 100 mM, bicarbonate ion apparently can bind to at least one of the anion binding
sites on the dimerization interface, near residues Arg64 and Glu50 from each protein chain on
the dimer interface. Although it is impossible to deduce this with certainty from a single
structure, this binding feature is suggestive of a possible ingress route for bicarbonate ion from
bulk solution to the allosteric site.

Activity of HICA-W39F

The overall catalytic efficiency of HICA-W39F at steady state is similar to that of wild type
HICA, and the replacement of Trp39 with Phe does substantially change the pH-rate
cooperativity of the enzyme. Specifically, the pH dependence of k. appears to be controlled
by the sequential ionization of two groups to generate the active form of the enzyme. In the
wild type, the K, values for these two groups are experimentally indistinguishable, but in In
HICA-W39F these two pK, values have apparently diverged into two pK, values of
approximately 7.5 and 8.8. A similar divergence of nearly coincident pK, values in wild-type
enzyme is seen in the Ry data for HICA-W39F. The low pH limb of this data—which correlates
to the pH dependence of the conformational changes that lead to active enzyme, not to the
ionization state of catalytic residues (12)—is still highly cooperative for HICA-W39F. In wild-
type HICA, the low pH limb of Ry (and Ry,0) can be modeled by the cooperative loss of 4
protons with identical pK, values. It was previously suggested (12), based on the structure of
the wild-type enzyme and the Kinetics of bicarbonate inhibition, that this data might be more
likely explained by the sequential ionization of two pairs of two cooperative protons with
“crossed” pKj values, i.e., pKgo < pKap, with the average pK; near the observed value of 8.2
in Figure 5A. For HICA-W39F, it appears that the pK, values have “uncrossed” to
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experimentally distinguishable values of approximately 8.1 and 8.9 in the R4 profile. This result
gives additional support to the original interpretation of the wild type HICA kinetic data that
suggests that the fundamental allosteric unit is a dimer. The pH profiles of Ry, for wild type
HICA and HICA-W39F are very similar, with apparent 4-proton ionizations controlling the
low pH limb. The high pH limb of both Ry and Ry, appears to be consistent with the
cooperative ionization of two protons from either zinc-bound water (Ry) or a proton transfer
group (Ry,0), respectively; in each case the active form of the enzyme must be protonated for
the HCO3~ dehydration reaction measured by 180 exchange. In the case of HICA-W39F, the
pK, of the zinc-bound water may have been perturbed upward slightly (from 8.6 in the wild
type enzyme to 8.9 in HICA-W39F), but the pKj of the catalytic proton transfer group remains
unchanged with a pK, of approximately 8.5 (Figure 5). The principal kinetic difference between
wild type HICA and HICA-W39F is the pH profile of ke,/Kp, at steady state, where the wild
type enzyme appears to be controlled by cooperative 4-proton ionization, and the variant
enzyme appears to be better modeled by two sequential one-proton ionizations. This seems
somewhat inconsistent with the remainder of the kinetic data; the origin of this inconsistency
is not clear.

Structural homology of HICA-D44N and PSCA

Residues 39-50 of HICA-D44N and the homologous residues 157-168 of P. sativum CA
(PSCA, PDB 1EKJ) can be nearly perfectly superimposed (Figure 7), to within 0.209 A rms
for main chain atoms. The degree of overlap of the main chain and side chain atoms in this
loop, which encompasses the active and allosteric sites of HICA, is remarkable. Other than the
sequence variation that distinguishes these two enzymes, the only substantial structural or
conformational difference between HICA-D44N and P. sativum CA is the position of the side
chain of Arg46. In PSCA, Arg46 interacts with Asp44 to orient it as a hydrogen bond acceptor
for the water/hydroxide ion bound to the zinc ion: this ligand is an acetic acid or acetate in the
crystal structure of PSCA (10) and is presumably a water molecule in the active enzyme. In
HICA-D44N, Asn44 and 46 understandably do not interact, as the negative charge of Asp44
has been neutralized in this enzyme variant. Otherwise, HICA-D44N is a doppelganger for
PSCA in the region depicted by Figure 7, including the interaction between Arg64 and the
carbonyl oxygen of residue 44. This suggests that the observed conformation of HICA-D44N
is not coincidental, but probably a reasonably stable one that can be populated by wild type
HICA. We suggest that the structure of HICA-D44N is likely to be representative of the
proposed R-state of the native enzyme.

To better understand the structural differences between wild type HICA and HICA-D44N
structures an animated morph of these two conformations was created (48), and is available in
Supporting Information. The principal motions depicted in the morph suggest a possible
transition between the R-state (represented by HICA-D44N) and T-state (represented by wild
type HICA) of the enzyme.

Figure 7 suggests three key structural elements that may distinguish between allosteric and
non-allosteric B-carbonic anhydrases. The principal structural differences between PSCA and
HICA-D44N are (1) the substitution of Ala for Gly41; (2) the substitution of Val for Trp39;
and (3) the “slippage” of Pro48 by one residue in the C-terminal direction in PSCA. The
substitution of Ala for Gly41 results in the Ala side chain projecting into the space that would
be occupied by bicarbonate ion in the allosteric site. In addition, the repositioning of Pro48 in
HICA to a position one residue later in the amino acid sequence in PSCA results in the
reorientation of the proline ring so that it now also protrudes into the allosteric site, rather than
pointing away from it as in HICA. The stereoechemical crowding by Alal59, Val165 and
Pro167 appears to preclude bicarbonate binding in this pocket in PSCA. In addition, the
substitution of Val for Trp39 eliminates one of the stabilizing hydrogen bonds for bicarbonate
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binding in HICA. This Val residue, together with Alal59, Val165, and Prol167 creates a
hydrophobic cluster in PSCA which might serve to stabilize the active, R-state conformation
of the enzyme.

Activity of HICA-D44N

Conclusion

While HICA-D44N appears to adopt an R-state-like conformation nearly identical to other,
non-allosteric B-CAs, it has little or no catalytic activity. This result contrasts with the catalytic
activity of a homologous variant (D34A) in M. thermoautotrophicum B-CA. For this enzyme
the Ala variant has ke and kea/ Ky values that are ~15% of the wild type enzyme, and this
observation, combined with crystallographic data of the HEPES complex and the observation
that keo for Asp34 variants can be rescued with imidazole suggest that the active site Asp is
more likely to act as a proton shuttle group than a general base or zinc-hydroxide orienting
residue (49). This explanation seems inadequate for HICA, as the enzyme is minimally active
even in the presence of 1-methyl imidazole and 1,2-dimethylimidazole buffers at steady state,
and there is minimal CO,-HCO3™ exchange activity (as measured by R;) at chemical
equilibrium. If Asp44 were principally acting as a proton transfer group in HICA, one would
expect Ry,o to be markedly decreased, but R, to be relatively unaffected, but this is not the
case. Therefore, in HICA a role for Asp44 as a general base, hydroxide-orienting residue, or
“gatekeeper” residue that excludes anions that cannot donate a hydrogen bond to Asp44 (10)
must be considered.

The structural and kinetic evidence presented here provide additional support to the hypothesis
that HICA is an allosteric enzyme that can adopt one of two conformations: an inactive T-state,
and an active R-state, the equilibrium of which can be mediated by the binding of bicarbonate
to an allosteric pocket not far from the active site zinc ion. Two results here are of special
significance. The first is that the alteration of a key hydrogen bonding donor to the non-catalytic
bicarbonate binding site, Trp39, to a non-hydrogen bonding analog (Phe) results in a significant
increase in the observed K; for bicarbonate inhibition of the enzyme at chemical equilibrium.
Perhaps more compelling is that the alteration of the fourth zinc ligand, Asp44, to a non-
nucleophilic analog results in HICA adopting a conformation that is eerily similar to non-
allosteric B-carbonic anhydrases. The structure of HICA-D44N is likely the first B-CA of the
CysyHisAsp zinc ligation class to be crystallized in an R-state-like conformation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Crystal structure of HICA-W39F. Chain A is green, chain B is cyan. (A) Structure of the
tetrameric biological unit. The tetramerization interface is oriented vertically; the dimerization
interface is oriented horizontally. Phosphate ions are shown as space-filling models, zinc ions
are magenta spheres, and residues interacting with phosphate and zinc ions are depicted as
sticks. (B) Phosphate ion binding site on the tetramerization interface. Dashed magenta lines
indicate heavy-atom distances <3.5 A. The F,-F. omit map is contoured at 1.6 . (C) Phosphate
ion binding site on the dimerization interface. Dashed magenta lines indicate heavy-atom
distances <3.5 A. The F,-F; omit map is contoured at 1.2 c.
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Figure 2.

Crystal structure of HICA-Y181F. (A) Structure of the tetrameric biological unit in the absence
of bicarbonate ion. The two dimers are colored green and cyan. The dimerization interface is
oriented horizontally; the tetramerization interface is oriented vertically. Sulfate ions are shown
as space-filling models, zinc ions are magenta spheres, and residues interacting with sulfate
and zinc ions are depicted as sticks. (B) Structure of the tetrameric biological unit in the
presence of bicarbonate ion. The two dimers are colored green and cyan. The dimerization
interface is oriented horizontally; the tetramerization interface is oriented vertically. Sulfate
and bicarbonate ions are shown as space-filling models, zinc ions are magenta spheres, and
residues interacting with sulfate and zinc ions are depicted as sticks. (C) Sulfate ion binding
site near the active site. Shown as sticks selected residues that interact with the sulfate or zinc
ions. The zinc ion is depicted as a magenta sphere. The side chain of Arg46 is omitted for
clarity. Dashed magenta lines indicate heavy-atom distances <3.5 A. The Fy-F omit map is
contoured at 2.0 ¢ (D) Bicarbonate ion binding site on the dimerization interface. Chain D is
colored green; chain F is colored cyan. Bicarbonate ion and selected residues interacting with
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it are shown as sticks. Water-240 is depicted as a red sphere. Dashed magenta lines indicate
heavy-atom distances <3.5 A. The Fy-F omit map is contoured at 3.0 c.
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Figure 3.

Identical views of the aligned crystal structures of (A) HICA-D44N (PDB 3E1V) and (B) wild-
type HICA (PDB 2A8D). Residues in the allosteric and active sites are depicted as sticks. Zinc
ions are depicted as grey spheres, water molecule (in HICA-D44N) is depicted as a red sphere,
and bicarbonate ion (in wild type HICA) is depicted as space-filling model. For reference, the
binding site of bicarbonate ion is depicted as partially transparent spheres in (A). Dashed
magenta lines in (A) indicate heavy-atom distances <3.5 A. The F,-F. omit map for water-231
is contoured at 3.0 o. Key residues in the allosteric and active site are labeled. Structures were
aligned using Pymol (43)
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Figure 4.

pH-rate profiles of ket (A)and keat/Krm (B) for wild-type HICA (m), HICA-W39F (A), and
HICA-Y181F (o). Wild-type HICA data is from (12) where the k.4 data was fit to equation 2,
With Kmax = 69 + 29 ms™1, pKa1 = 8.3 £ 0.6, and pKao = 8.4 + 0.6; Kear/Kpy data was fit to
equation 3, where kpmay = 4.3 0.8 uM~1 s~ T and pK, = 7.74 £ 0.04. HICA-W39F k., data was
fit to equation 2, where kpay = 320 = 140 ms™1, pK,; = 7.5 + 0.3, and pKgo = 8.8 + 0.3; kear/
K, data was also fit to equation 2, with kyay = 36 £ 20 uM1 571, pK41 = 8.4 £ 0.7, and pK g
= 8.4 + 0.8. Reaction conditions were 25 °C, 40 mM buffer (1-methylimidazole, pH 7.0-8.25;
1,2-dimethylimidazole, pH 8.25-9.25), 30-200 uM indicator dye (p-nitrophenol with 1-
methylimidazole; m-cresol purple with 1,2-dimethylimidazole), 10 uM EDTA, 250 mM
Na,SOy, and 0.4-15 uM enzyme)
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Figure 5.

pH dependence of Ry (A) and Ry,0 (B) for wild-type HICA (m), HICA-W39F (A ), and HICA-
Y181F (o). Wild-type HICA data is from (12); R, data were fit to equation 6, where kyax =
490 +390 571, pK, =8.2+0.1, and pKz, = 8.6 +0.2; Ru,0 data were fit to equation 8, where
Kmax = 3200 £ 3700 571, pK; =8.2 + 0.1, and pKp = 8.5 + 0.3. For HICA-W39F, R; data were
fit to equation 7, where kpay = 190 = 20 571, pK,q = 7.59 + 0.04, pK4o = 8.07 + 0.04, and
pKp = 8.91 £ 0.05; Ry, 0 data were fit to equation 8 where ks = 870 + 530 s1pK,=8.0%
0.1, and pKp = 8.5 £ 0.2. Reaction conditions were 25 °C, 2 mM CO, + HCO3™, 10 uM EDTA,
250 mM NaySQOy, and 0.06-0.25 uM enzyme.
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Figure 6.

Substrate inhibition of Ry and Ry,o for wild type HICA(m), HICA-W39F (A), and HICA-
Y181F (). Data were fit to equation 9. Wild-type HICA data is from (12), where kpax = 34 £
24 ms™1, Kef = 75 + 55 mM, and K; = 16 + 2 mM. For HICA-W39F, where ks = 7.1 £ 1.8
ms 1, Keff = 22 £ 9 mM, and K; = 76 + 14 mM. Reaction conditions were 25 °C, pH 8.75, 10
UM EDTA, 250 mM NaySOy, and 0.06-0.25 uM enzyme.
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Figure 7.

Alignment of allosteric and active site residues of PSCA (PDB 1EKJ) and HICA-D44N (PDB
3E1V). Chain G of PSCA and chain A of HICA-D44N were used in the alignment. Carbon
atoms of PSCA are colored green; HICA-D44N carbon atoms are colored orange. Zinc ions
are depicted as grey spheres (HICA zinc ion is lower one). An acetate ion (ACT) bound to
PSCA is depicted as a ball and stick model. Water-231, bound near the zinc ion in HICA-
D44N, is depicted as a transparent sphere. Some key residues are labeled; green labels are for
PSCA, orange labels are for HICA-D44N.
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Structural schematic of key active site and noncatalytic bicarbonate binding site interactions
in the hypothesized active (R-state) and inactive (T-state) conformations of HICA (12).
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Table 1
Data collection and refinement statistics for HICA variants?

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

W39F D44N Y181F Y181F + 100 mM
(PDB 3E24) (PDB 3E1V) (PDB 3E28) HCO,~
(PDB 3E2A)

Data collection statistics

Source Rigaku RU-200 Oxford Diffraction Rigaku RU-200 Rigaku RU-200
PX Enhance Ultra

Wavelength (A) 1.54 1.54 1.54 1.54

Space Group 12,2,2, P4;2,2 Cc2 Cc2

Cell parameters (A)

48.2,129.6, 144.1

81.6, 81.6, 187.8

230.2, 144.9,52.7

230.6, 145.5,53.2

©) 90, 90, 90 90, 90, 90 90, 93.8, 90 90, 93.8, 90
Resolution (A) 29.5-2.30 (2.36-2.30) 29.2-2.80 (2.87-2.80) 29.8-2.50 (2.56-2.50) 24.7-2.30 (2.36-2.30)
Unique reflections 20243 16060 59536 77406
Redundancy 4.6 (4.3) 10.2 4.0 (4.0) 3.5(3.4)
Completeness 98.7 (98.4) 98.6 (97.4) 99.9 (100) 100 (99.9)
Reym (%) 0.059 (0.314) 0.093 (0.463) 0.090 (0.520) 0.065 (0.343)
(s1)P 22.2 (4.4) 19.4 (4.1) 19.6 (2.6) 18.7 (3.6)

Refinement statistics
Reflections in test set 1990 812 2984 7808
Ruork (%) 0.191 0.194 0.206 0.205
Rpree (%) 0.236 0.233 0.256 0.244
No. of atoms

Protein 2942 2890 9940 9906

Ligand 20 0 90 64

lon 2 2 6 6

Solvent 138 21 172 158
rmsd from ideal®

Bond distance (A) 0.010 0.012 0.012 0.011

Bond angle (°) 1.2 13 13 1.2
Ramachandran plot 5.0 6.6 3.6 24

outliers (%)

a\/alues in parentheses represent data for the highest resolution shell.

bReported as ((1)/o(1)) in SCALA or SCALEPACK.

CIdeal values from Engh and Huber (50).

dCalculated using a strict boundary Ramachandran plot (33).
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