Biochemistry2001,40, 1741-1748 1741

Structural and Kinetic Analysis of the Chemical Rescue of the Proton Transfer
Function of Carbonic Anhydrase'll

David Duda* Chingkuang T Minzhang Qiarf Philip Laipis} Mavis Agbandje-McKenné,
David N. Silverman,® and Robert McKenna*

Department of Biochemistry and Molecular Biology and Department of Pharmacology and Therapeutiessitnof Florida,
Gainegille, Florida 32610

Receied October 2, 2000; Résed Manuscript Recegéd Naember 24, 2000

ABSTRACT: Histidine 64 in human carbonic anhydrase Il (HCA II) functions in the catalytic pathway of
CO, hydration as a shuttle to transfer protons between the zinc-bound water and bulk water. Catalysis of
the exchange dffO between C@and water, measured by mass spectrometry, is dependent on this proton
transfer and was decreased more than 10-fold for H64A HCA Il compared with wild-type HCA II. The
loss of catalytic activity of H64A HCA Il could be rescued by 4-methylimidazole (4-Ml), an exogenous
proton donor, in a saturable process with a maximum activity of 40% of wild-type HCA Il. The crystal
structure of the rescued complex at 1.6 A resolution shows 4-MI bound in the active-site cavity of H64A
HCA I, throughs stacking interactions with Trp 5 and H-bonding interactions with water molecules. In
this location, 4-Ml is about 12 A from the zinc and approximates the observed “out” position of His 64
in the structure of the wild-type enzyme. 4-Ml appears to compensate for the absence of His 64 and
rescues the catalytic activity of the H64A HCA Il mutant. This result strongly suggests that the out
conformation of His 64 is effective in the transfer of protons between the zinc-bound solvent molecule
and solution.

Carbonic anhydrase Il, one of the most efficient isozymes active-site cavity with its imidazole ring in the “in” confor-
in the o class of carbonic anhydrase$),(catalyzes the  mation, approximatgl7 A from the zinc ion 6). The position
hydration of CQ in two stages 4, 3). The first is the of His 64 and its distance from the zinc ion suggests that
conversion of C@into bicarbonate by reaction with a zinc-  proton-transfer proceeds through intervening hydrogen-
bound hydroxide; the dissociation of bicarbonate leaves abonded water bridges. However, although many such water

water molecule at the zinc (eq 1) molecules are in the active-site cavity of the HCA Il crystal
structure, a complete hydrogen-bonding pathway between
R _ [H:0] His 64 and the zinc-bound water is not evident in the
CO, + EZNnOH = EZnHCQ, structure 8, 6).
EZnH,0 + HCO; (1) An observation that established the function of His 64 in
. the proton transport pathway was the reduction in catalysis
EZnH,0 + B=EZnOH + BH 2 by a site-specific mutant of HCA Il in which His 64 is

replaced by Ala (H64A HCA II}, a residue which does not
The second step is the transfer of a proton to solution to support proton transport. The turnover number for catalysis,
regenerate the zinc-bound hydroxide (eq 2); here B denotesk., of CO, hydration by H64A HCA Il was decreased
a proton acceptor, either an exogenous proton acceptor fromapproximately 10-fold compared to the wild-type enzyme.
solution or a residue of the enzyme itself, although ultimately The decrease in catalysis could be rescued in a saturable
the proton must be transported to solution. A number of manner by the addition of exogenous proton acceptor/donors
studies have shown that His 64 in human carbonic anhydrasen solution, such as imidazole and its derivativs (t has
Il (HCA II)! functions as a proton acceptor/donor in the been an intriguing observation that the chemical rescue of
shuttling pathwayZ, 4, 5). The three-dimensional structure H64A HCA Il by small exogenous compounds is substantial,
of wild-type HCA Il at pH 8.5 shows His 64 located in the with catalysis at saturation levels of additives approaching
that of wild-type HCA II ). This suggests that useful
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COUId_ be_ obtained by careful kinetic analysis of the extent Table 1: Data Set Statistics for H64A HCA Il in the Absence and
of activation of H64A HCA Il by exogenous proton acceptor/ presence of 4-Methylimidazole (4-MI)
donors, and by structural localization of the binding sites of H64A HCA Il HE4A HCA 1| 4-MI

these exogenous agents. . - - - -
. . resolution no. of unique %  linear no.ofunique % linear
We have compared the catalytic properties of HG4A HCA  shells (A) reflections data R-factor reflections data R-factor

Il with and_without the exogenous proton acceptor/donor 5t 55 344 2804 829 0041 3097 940 0034
4-methylimidazole (4-MBto wild-type HCA II. To observe 3.44-2.74 2875  87.0 0.048 3140  96.6 0.039
the effect of 4-MI binding on catalysis, we measured the g;gigig ggg; gg-? 8-822 gggg gi-‘ll 8-3‘512
exchange of®O between CQ and water at chemical 577 5%, 305  8s'9 0.067 2974 936 0057
equilibrium. We found that the enhancement of activity 202-1.90 2830 87.1 0.076 2930 919 0.063
caused by addition of 4-MI to H64A HCA Il was saturable  1.90-1.80 2729 842 0.094 2858  89.8 0.076
with a maximum rate that approached that of the wild-type 1.80-1.72 2641 810 0118 2767 86.7 0.084

Structural studi £ 4-M! bound to HE4A HCA || 172166 2519 777 0.151 2599  81.7 0.099
enzyme. structural studies or 4-Ml bound o 1.66-1.60 1979 615 0.169 2018 64.1 0.107
provided an explanation of this response. The crystal Total 27019  82.6 0.052 28449  88.9 0.047

structure shows that this alternate proton acceptor binds to

the enzyme in close proximity to the now vacant position ; ;
previously occupied by the imidazole ring of His 64 in the gelozg.éc’)bth:@ﬁ.z??c:egg%ugyv\g;hd;rlt i:glll.gér%zr;eézr;of
de_-?ype enzyme structure. The_ rescue occurs _due to set was merged to a set of 27 019 independent reflections
positional subst|tu_t|on of 4-MlI for His 64. These stL_Jdles add_ (82.6% complete) with the DENZO software and scaled with
to our understanding of proton-transfer processes in Carbon'CSCALEPACK (L1), resulting in aReym = 0.052. TheReym s
anhydrase. defined asRym = 3 [ABS(I — OOJ/S (1), wherel is the
MATERIALS AND METHODS @ntens?ty of an i_ndividual_ reflection anﬂ]Dig the_ average
intensity for this reflection; the summation is over all
EnzymesWild-type HCA Il and H64A HCA Il were intensities.
prepared and expressed Escherichia colias previously Due to observed crystal decay during the 300 K data
described%, 7) and were purified by affinity chromatography  collection of H64A HCA I, conditions for soaking the
(8). The sequences of both enzymes were confirmed by crystals in a cryoprotectant and collecting the data at 100 K
sequencing the DNA of the entire coding region for carbonic using an Oxford cryocooling system were explored. A quick
anhydrase in the expression vector. Concentrations of humarimmersion of the crystals in a solution of 3.0 M (5O,
carbonic anhydrases were determined from the molar ab-30% glycerol in 50 mM TrisHCI, pH 7.8, was found to be
sorptivity at 280 nm (5.5< 10* M~* cm™?) and were also  successful. A total of 330 frames of data were collected for
determined by titration with the tight-binding inhibitor a H64A HCA Il crystal soaked with 4-MI under cryo
ethoxzolamide9); these measurements gave results in close conditions. A total of 468 251 reflections were measured to
agreement. a maximum resolution of 1.6 A. The crystal belongs to the
Crystallography Crystals of H64A HCA |l were produced P2, space group with unit cell parametersaof 42.1,b =
by the hanging drop method@), using a 10 mg/mL isozyme  41.5,c =72.1 A, and8 = 104.3. The data set was merged
solution in 50 mM TrisHCI, pH 7.8, containing 1 mM  to a set of 28 456 independent reflections (88.8% complete)
HgCl.. The drops were obtained by mixing /& of the with the DENZO software and scaled with SCALEPACK
enzyme solution with &L of precipitant solution. Each drop  (11), with an Rgym = 0.047.
was equilibrated by vapor diffusion against 1 mL of  The mosaicity of the data set collected for H64A HCA II
precipitant solution at4C. The precipitant solution consisted  soaked 4-MI collected at 100 K was high at Lddmpared
of 2.3-2.5 M (NH,).SOy in 50 mM TrisHCI, pH 7.8, and o that for H64A HCA Il data set collected 300 K which
1 mM HgCl. had a mosaicity of between 0.3 and 0.@he unit cell
Crystals of H64A HCA 1l complexed with 4-MI were  volume of the mutant crystals soaked with 4-MI (122 066
obtained by soaking H64A HCA Il crystals in 50 mM T+is ~ A3) was 2% less than that of the mutant crystals alone

HCI, pH 7.8, containing 3.0 M (NE,SO, and 0.5 M 4-Ml. (124 606 R). The data set statistics are given Table 1.
The crystals were kept in the soaking solution atCAfor 1 Models of H64A HCA Il with and without 4-MI were
week prior to data collection. built using the program O, version I3), and refined using

X-ray-diffraction data sets were collected using an R-AXIS the software package CNS, version 11B)( The known
IV++ image plate system with Osmic mirrors and a Riguku  structure of the wild-type HCA Il isozyme (Protein Data Base
HU-H3R CU rotating anode operating at 50 kV and 100 mA. accession number 2CBA), from which all the water mol-
The data were collected using a 0.3 mm collimator with a ecules and the zinc atom had been removed, was used as
detector to crystal distance of 100 mm and theagle fixed the starting phasing model for both data s&#®).(The initial
at 0. The H64A HCA Il data were collected at 300K using maps were phased to 1.6 A resolution. After one cycle of
five crystals and the H64A HCA Il 4-MI data were collected rigid body refinement followed by geometry-restrained
at 100 K using 1 crystal. All the frames were collected using positional refinement, the (B — |Fel) and (Fo| — |Fel)

a 1.0 oscillation angle with an exposure time of 600 s/frame. Fourier maps clearly showed the location of the Hg and zinc

A total of 113 of frames were collected from the five atoms as well as the 4-MlI (in the data set of H64A HCA I
H64A HCA Il crystals, with approximately 20 useful frames soaked with 4-Ml, although 4-MI had not been included in
from each crystal. A total of 139667 reflections were the model at this point). The ions were assigned to the models
measured to a maximum resolution of 1.6 A. The crystals which were then further simulated, annealed, and refined by
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Table 2: Refinement Statistics for H64A HCA Il in the Absence The kinetic equations for the redistribution 80 from

and Presence of 4-Methylimidazole (4-MI) the CQ—HCO;™ system to water were solved to obtain two
H64A HCA Il HB4A HCA Il 4-MI rates for the'®0O exchange catalyzed by carbonic anhydrase

(16). The first isR; the rate of exchange of G@nd HCQ~

Sf’ysf 8'%28 8'%22 at chemical equilibrium, as shown in eq 3 and described by
no. of residues 3261 3-261 eq 5.

no. of atoms 2057 2063 RJTE] = k& /(K

no. of HLO molecules 211 317 1/ [E] = at [SI( off T [SD (5)
rmsd for bond lengths (&) 0.005 0.005 ox - ) . )

rmsd for angles (def) 1.348 1.382 Herekg, is a rate constant for maximal interconversion of
ﬁigﬁgcg?gﬁg;ﬁft'cs (%) 665 677 substrate and produdgs is an apparent binding constant
allowed regions 111 11.9 for substrate to enzyme, and [S] is the_ coXnC(Sent_ratllon of
generously allowed regions 0 0.5(1) substrate taken as G@ this work. The ratidy{Kz is, in
disallowed regions 0.5(2) 0 theory and in practice, equal kg,/Ky, for hydration obtained
Ejaﬁgﬁ_ﬁ)ﬁn atoms 16.66 8.45 by steady-state methods. The binding of Q@ the active
avg side-chain atoms 19.69 901 site of carbonic anhydrase is weak7), and in this work
solvent 33.04 22.01 [CO;] < KE, so we are able to obtak./Kn from the 8O

2 Reyst = 3|IFol — |Fell/S [Fobd, Rree i identical toReys; for data exchange data. This was confirmed for H64A HCA Il by
omitted from refinement (4.3% reflections with-held for H64A HCAIl  measurement of the substrate dependencé®kxchange
4-Ml, 4.0% r_efl_ections withheld for H64A_H§:AII)'? rmsd= root-mean- and by direct comparisons d’@/KZﬁ determined bytO
square deviation. Ramachandran statistics were generated using thet—:xchange andtca/Ky determined by stopped-flow.
program Procheck2). - .

A second rate determined by tH® exchange method is

) ) Ru,0, the proton-transfer-dependent rate of release from the
heating to 3000 K and gradual cooling, followed by enzyme of water bearing substrate oxygen (eq 4). This is
temperature factor refinement with CNE3J. The refinement  the component of thd80 exchange that is enhanced by
of both structures continued independently as an iterative expogenous proton donorgf). In such enhancements, the
process with computer graphics molecular modeling, includ- exogenous donor acts as a second substrate in the catalysis
ing the incorporation of 4-Ml (in the soaked data set) and providing a proton (eq 4), and the resulting effect ‘6@
solvent molecules into the model to fit the calculated maps, exchange is described by eq 6 below. This expression
prior to the next series of refinement cycles. Additional gescribes the approachRf,o/[E] to saturation as dependent
solvent molecules from subsequent cycles of refinement weregn, the formation of a bound complex between the exogenous
localized using the automatic water picking program until gonor and the enzyme.
the refinement converged for both models. Convergence was
deemed as when no new solvent molecules could be placed Ry, o/[El = KPIBI(KS; + [B]) + RHZOO/[E] (6)
in the model when examining a|@| — |F.|) map contoured e - _
at a 1.% level. Atomic temperature factors were refined Here kg™ is the observed maximal rate constant for the
isotropically. The rms error on atomic positions as estimated release of (%0 to bulk water caused by the addition of the
from Luzzati plots {5) was about 0.15 A. The me&walues buffer. Kg’ﬁ is an apparent binding constant of the buffer to
of the atoms in the H64A HCA Il 4-MI (100 K) structure ~ the enzyme, [E] and [B] are the concentrations of total
were 50% of theB values for the atoms in the H64A HCA  enzyme and total buffer, arfé,c° is the rate of release of
Il (300K) structure. One hundred and six more solvent H>*%O into solvent water in the absence of buffer and
molecules could be assigned in the H64A HCA Il 4-MI represents the contribution to proton transfer from other sites
structure compared to the H64A HCA Il structure. The on the enzyme or possibly solvent water itself.
refinement statistics are given in Table 2. The coordinates The pH dependence ck@bs is often bell shaped, consis-
have been deposited with the Protein Data Bank. The tent with the transfer of a proton from a single predominant
accession numbers are 1GOE and 1GOF for H64A HCA Il donor to the zinc-bound hydroxide. In these cases the pH
with and without 4-Ml, respectively. profile is adequately fit by eq 7 in whicks is a maximal,

Comparison of H64A HCA Il with and without 4-Ml and  pH independent rate constant for proton transferjs the
the wild-type HCA 1l isozyme 14) was conducted after a  ionization constant of the proton donor BHof eq 4, and
superimposition of the main-chain atoms using a least- K is the ionization constant of the zinc-bound water.
squares fit 13). "

Oxygen-18 ExchangeThis method is based on the kgbsz keH{ (1 + Kg/[H (A + [H+]/KE)} (7)
measurement by membrane-inlet mass spectrometry of the \jeasurement of the isotopic content of £®as made
exchange of*®0 between C@ and water at chemical \yith an Extrel EXM-200 mass spectrometer with a membrane-

equilibrium (egs 3 and 4). inlet probe {6). Solutions contained 25 mM total concentra-
o o tion of all species of C@®unless otherwise indicated. Total
HCOO®0™ + EZnH,0 = EZnHCOJ®0™ = ionic strength of solution was maintained at a minimum of
RESULTS

8 - +_ 18 -
EZnOH" + BH —=EZnH,"O+B Structure. The overall three-dimensional structures of
EZnH,0 + H218O +B (4 H64A HCA II with and without 4-MI are very similar to
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Ficure 1. Tetrahedral coordination of zinc in the active site of HCA II. Stereoviews of (tt) 2- |F¢| electron density map of H64A

HCA 1l complexed with 4-methylimidazole (4-Ml) showing the coordination of the zinc ion with the water/hydroxide boun{Table

3). Shown are residues His 94, 96, and 119 that coordinate the zinc ion and Thr 199, a hydrogen bond acceptor for the protonated solvent
ligand of the zinc ion &, 26). Least squares superimposition (bottom) of H64A HCA Il with 4-Ml (black) and without 4-MI (dark gray),

and wild-type HCA Il (14) (light gray). The 4-MI bound and wild-type structures show the tetrahedral coordination of the zinc. The H64A
HCA Il without 4-MI (dark gray) shows a displacement of the bound water/hydroxide (indicated by an arrow). Hydrogen bond interactions
are depicted as dashed lines.

that of other published HCA Il structures. A least-squares zinc returned to that found in the wild-type enzyme structure
fit of the structures of H64A HCA Il with and without 4-MI  (Figure 1, bottom).
to HCA 1l (14) gave an rms deviation for theoCatoms of Comparison of the electron density maps of H64A HCAII
0.274 and 0.321 A, respectively. The wild-type HCA 1l  with and without 4-MI showed no detectable binding of 4-Ml
structure by Hakansson et al4j was used for all compara-  to the zinc ion. However, a single 4-MI molecule was bound
tive measurements because it was determined to a similamear the entrance of the active-site cavity (Figure 2). This
of resolution (1.54 A) and at a comparable pH (7.8) to the 4-MI has no hydrogen bond interactions with residues in the
structures determined in this paper. H64A HCA 1l structure; its is stabilized through stacking

In the wild-type HCA Il isozyme structurelf) the zinc interactions of the imidazole ring with the indole ring of Trp
coordination polyhedron is a regular tetrahedron with three 5 which is approximatgl4 A away (Figure 3). The positions
histidine nitrogens (His94, &2; His96, N.2; His 119, Nv1) of N61 and N2, the proton accepting/donating nitrogens of
and a water/hydroxide molecule as a ligand (Figure 1, top, His 64, are 7.45 and 9.05 A from the zinc ion in the in
Table 3). Comparison of the coordination geometry about conformation and 10.46 and 12.11 A from the zinc in the
the zinc ion in H64A HCA Il showed an indirect effect of “out” conformation, respectively, in the structure of wild-
the replacement of His 64 with Ala on the water/hydroxide type HCA Il (14). In comparison, the functionally equivalent
ligand to the zinc ion. In H64A HCA Il the water/hydroxide nitrogens, N1 and N3, of 4-Ml are 13.44 and 12.01 A from
molecule is significantly displaced from the zinc ion (2.27 the zinc ion, respectively. The 4-Ml is located close to the
A) compared with that found in the wild-type enzyme out conformation of His 64 in the structure of wild-type HCA
structure (2.05 A) and the regular tetrahedron coordination Il (14) and does not overlap with the position of His 64 in
is disrupted (Table 3). In the H64A HCA Il structure with the in conformation, which is occupied by a water molecule
bound 4-MI the water/hydroxide displacement is restored, in the H64A HCA Il 4-MI structure.
the water/hydroxide molecule is brought closer to the zinc  Many plausible pathways for proton transfer from the zinc-
ion (1.81 A), and the regular tetrahedral coordination of the bound water to the bulk solvent can be assigned along
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Table 3: Coordination Geometries and Distances for Wild-Type HCA Il and H64A HCA Il in the Absence and Presence of 4-Methylimidazole

(4-MI)

active-site distances (A)

HCAI H64A HCA I HB4A HCA Il 4-MI
Zn—His94 (\e2) 2.10 2.10 2.13
Zn—His96 (Ne2) 2.12 2.09 2.03
Zn—His119 (\b4) 2.11 2.06 2.09
Zn—H;0 2.05 2.27 1.81
Thr 199(Q/1)—H,0 3.94 3.52 3.60

active-site angles (deg)

HCA Il H64A HCA I H64A HCA Il 4-MI
His94 (Ne2)—Zn—His96 (Ne2) 103.92 103.4 103.77
His94 (Ne2)—Zn—His119 (Ny1) 115.32 112.77 113.83
His96 (Ne2)—Zn—His119 (N91) 99.17 99.89 100.54
His94 (Ne2)—Zn—H.0 111.06 108.08 106.77
His96 (Ne2)—Zn—H.0 113.6 130.57 115.78
His119 (N91)—Zn—H.0 112.94 101.77 115.70
Thr 199(0/1)—H,0—2Zn 106.54 83.97 108.14

Hg site distances (A)

HCA Il H64A HCA Il H64A HCA Il 4-MI
Cys 206 ($)—Hg 2.21 2.28
Hg—H.0 (1) 2.36 2.43
Hg—H20 (9 3.12 -
Hg—GIn 137 O 2.87 2.85
Hg—Glu 205 O 3.15 3.19

Hg site angles (deg)

HCAI H64A HCA Il H64A HCA 1l 4-MI
Cys 206 ($)—Hg—H20q) 177.26 179.52
Cys 206 ($)—Hg—H0p 86.64
Cys 206 ($)—Hg—GIn 137 O 91.01 93.49
Cys 206 ($)—Hg—Glu 205 O 87.38 88.48
GlIn 137 O-Hg—H0 89.62 86.03
Glu 205 O-Hg—H.0q, 89.92 91.59
Glu 205 O-Hg—GIn 137 O 96.76 91.72
GIn 137 O-Hg—H20) 145.56
Glu 205 O—Hg—HQO(g) 117.41
Hzo (1)—Hg—H20(2) 94.34
Cys 206y1 Angle (deg)
HCAI H64A HCA Il H64A HCA Il 4-MI

—23

—13

FiGURe 2: Stereoview stick diagram of H64A HCA Il showing
the location of the bound 4-methylimidazole (4-Ml) in the active-
site cleft. Arrows indicate the location of the zinc ion and 4-MI.

different water molecules in the active-site cavity of the
structures of wild-type HCA 1l 14), H64A HCA Il, and
H64A HCA Il 4-MI. However, the number of molecules
utilized differs. In the wild-type structureld), three water

Ficure 3: Stereoview of the bound 4-methylimidazole (4-Ml).
Shown is the #F,| — |F.| electron density map of 4-Ml in relation

to residues Trp 5 and Ala 64 of H64A HCA II. The 4-Ml binds in
the active-site cavity through a stacking interaction of the
imidazole ring with the indole ring of Trp 5. Also shown is the
least-squares superimposition of the in and out conformations of
His64 in the wild-type HCA Il structure (14) (black).

conformation. However, in the H64A HCA Il soaked with
4-Ml, four water molecules (assigned 574, 394, 387, and

388) form this network to the N3 nitrogen of the 4-MI. The

water molecule assigned 388 is located at the position where
the NO1 nitrogen of His 64 is situated in the wild-type
enzyme structure. An equivalent water molecule assigned
322 can also be seen in the structure of H64A HCA Il

molecules (assigned 263, 318, and 292) form the network without 4-Ml, although the solvent leading out of the active-

from the zinc ion to the W1 nitrogen of His 64 in the in

site cavity to the bulk solvent is different.
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FiGure 4: Stereoview of the linear coordination of the mercury
ion in H64A HCA Il with and without 4-methylimidazole (Table
3). Shown is the linear coordination of the gy the $ sulfur

of residue Cys 206 and water {wThere are further electrostatic
interactions with the carbonyl oxygens of GIn 137 and Glu 205,
and water (&) (Table 3). Also shown is a least squares superim-
position of the wild-type HCA I structurel@) (black). Note residue
Cys 206 in the wild-type HCA 1l (14) was crystallized in the
absence of mercury ions and points away from the binding site.

The structures of H64A HCA 1l with and without 4-MI
were crystallized in the presence of 1 mM HgQecause
mercuric and organomercury compounds are known to
enhance HCA Il crystal qualityl®). The mercury ion was
found to bind on the surface of H64A HCA Il to theyS
sulfur of Cys 206 and a water (assigned 432 in H64A HCA
II, and 271 in H64A HCA Il 4-Ml) in a manner similar to
that of other published HCA Il structures. This caused the
Cys 206 {1) in H64A HCA Il to change conformation from
that of the wild-type isozyme structur&4) enabling the $
sulfur of Cys 206 and a water molecule (assigned 432 in
H64A HCA Il and 271 in H64A HCA Il 4-Ml) to ligand
the Hg' ion (Table 3, Figure 4). Other electrostatic
interactions with the mercury ion include that with the
carbonyl oxygen of Gln 137, Glu 205, and a second water
molecule (assigned 389) in the structure of H64A HCA I
without 4-MI.

Catalysis R4,0/[E] is the rate constant for the proton-
transfer-dependent release o180 from the enzyme (eq
4). In the absence of 4-MRu,0/[E] was lower by 5-fold for
H64A HCA 1l compared with wild-type at pH 7.7 (Figure
5). The addition of 4-Ml resulted in the increaseRpio/[E]
for H64A HCA 1l in a saturable manner to a maximal level
that was approximately equivalent to that of wild-type in
the absence of 4-MI (Figure 5). Wild-type HCA Il was
activated by 4-MI by approximately 50% and showed
evidence of inhibition at higher concentrations (Figure 5).
This inhibition with increasing concentration of 4-MI was
also evident as a decreaseRfi[E] for both wild-type HCA
Il and H64A HCA II; however, in this cas®/[E] was
identical for both enzymes (Figure 5).

The pH profile ofR4,o/[E] catalyzed by HCA Il was bell-

Duda et al.

Ry, o/[E] (us™)

0 25 50 75 100

[4-methylimidazole] mM

Ry/IE] (us™)

0.00

0 25 50 75

[4-methylimidazole] mM

FIGUReE 5: Variation with concentration of 4-methylimidazole (4-
MI) of Ru,o/[E] (Top and Ry/[E] (bottom) determined from the
catalysis of®0 exchange byM) wild-type HCA I, and @) H64A
HCA Il at pH 7.7 and 25°C. Solutions contained 25 mM total
concentration of all species of G@t 25°C. The total ionic strength
of solution was maintained at a minimum of 0.2 M by the addition
of NaSO,. The dashed line foRy,0/[E] catalyzed by H64A HCA

Il is a least-squares fit to eq 6 which givé€, near 20 mM
(inhibition by 4-MI was neglected in this fit).

of 4-MlI (Table 4).R4,0/[E] for H64A HCA Il in the absence
of 4-Ml is considerably lower over nearly all of the pH range
of Figure 6, except at the extremes; at pH nealR¥o/[E]

is about 10-fold smaller than that for wild-type HCA Il. The
pH profile of H64A HCA Il in the presence of 75 mM 4-Ml
is very similar to that of wild-type in the absence of 4-Ml
(Figure 6), with data from the fit to eq 7 given in Table 4.
The value ofks the rate constant for proton transfer from
4-MI to enzyme is 3x 10° s7%, about 40% of wild-type
(Table 4). We obtained similar results for the steady-state
turnover number.: At a saturating level of 4-MI (75 mM),
catalysis of CQhydration by H64A HCA Il at pH 7.7 gave
keat = 4 x 10 s! (data not shown); for wild-type HCA Il
the value ofk.y at this pH is near 10s™* (4).

DISCUSSION

Catalysis of CQ hydration by carbonic anhydrase is
activated by exogenous proton acceptor/donors to the zinc-
bound water/hydroxide as shown in eqZ.(The maximal
activation of catalysis by H64A HCA Il caused by addition
of imidazole and 1-methylimidazole approached the level
of catalysis in wild-type HCA Il §). This is an intriguing
result since the enhancement of catalysis by these exogenous

shaped and can be described using eq 7 in terms of amolecules is free of the structural constraints of His 64 which

predominant proton donor to the zinc-bound hydroxit® (
(Figure 6). This proton donor has previously been identified
as His 64 (5). The values obtained by a fit of eq 7 to these
data givekg, the rate constant for proton transfer to the zinc-
bound hydroxide, of 8& 1P s for wild-type in the absence

functions as proton acceptor/donor in the shuttling pathway.
It might be expected that exogenous imidazole would be able
to enhance proton-transfer rates to an even greater extent
by approaching the zinc ion in the active-site cavity more
closely than does His 64. The apparent second-order rate
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Ficure 6: pH profile of Ry,o/[E] (top) and Ry/[E] (bottom)
determined from the catalysis 8O exchange byM) wild-type
HCA Il in the absence of buffers@) H64A HCA Il in the absence

of buffers, and £) H64A HCA Il in the presence of 75 mM
4-methylimidazole. Other conditions as in Figure 5. The lines for
wild-type and H64A HCA 1l are least-squares fits of eqs 5 and 7
with data given in Table 4.

Table 4: lonization Constants and Maximal Values of Kinetic
Constants for Human Wild-Type and H64A HCA Il Obtained from
Figures 5 and 6

KealKm? ks
@M™Is™D pKer  (ush) PKe”  pKe

wild-type 98+5 6.9+0.108+0.2 7.2+0.36.8+0.3
HG64A 89+4 75+01c c c
H64A + 75 mM 87+5 7.1+£0.1 0.30+0.03 8.0+ 0.2 6.5£0.2

4-methylimidazole

2 Obtained fromRy/[E] by use of eq 5° Obtained fromRy,o/[E] by
use of eq 7¢ Data are complex indicating the presence of more than
one proton donor.

constantk../Kn for catalysis by H64A HCA I, if 4-Ml is
considered as second substrate, is 10’ M~* s (obtained
by applying the Michealis equation to the data Ry, in
Figure 5), indicating a facile and near diffusion-controlled
process. The rate constamts: andRu,0o/[E] for catalysis by
HCA 1l and H64A HCA Il are determined predominantly
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wild-type HCA 1l structure, the position of His 64 at pH 8.5
is predominantly in the in conformatioB)( while at a lower

pH of 5.7, the conformation of His 64 is mainly in the out
position @1). 4-MlI binds in the active-site cavity of H64A
HCA Il near the position of His 64 in the out conformation
in the wild-type enzyme structure (Figure 3). The distances
between the zinc ion in the active-site cavity and the proton
donating nitrogens of His 64 in the out conformation in the
wild-type enzyme structure and of 4-Ml bound to H64A
HCA Il are similar, 10.5 and 12.0 A, respectively. Thus, the
observation that the proton-transfer capability of 4-Ml is very
similar to that of His 64 in wild-type HCA 1l suggests that
His 64 in the out position is a significant contributor to proton
transfer in catalysis. This data is also consistent with results
on catalysis by T200S HCA Il, a mutant in which His 64 is
predominantly in the out conformation and the maximal (or
high pH) value ofk., for CO, hydration is nearly identical
with that found in wild-type HCA Il 22).

The crystal structure of the complex of histamine bound
to HCA Il has been determined at pH #7.8 (23); it shows
the imidazole ring of histamine forming hydrogen bonds with
the side chains of Asn 62 and GIn 92 in the active-site cavity.
In this structure the side chain of His 64 is in an in
conformation. These observations do not preclude the
possibility that the side-chain conformation of His 64
alternates between the out and in positions in transporting
protons during catalysis.

The binding of 4-MI in the active-site cavity is rather
weak. On the basis of the activation Bf,,o/[E] shown in
Figure 5, the value of the effective binding constbt@f; (eq
6) was close to 20 mM (inhibition by 4-MI was neglected
in this fit). The K, of bound 4-Ml in its productive mode,
estimated using the pH profile &.,0/[E], is 8.0+ 0.2. This
value is similar to the I§; of 7.2 &+ 0.3 determined for the
imidazole ring of His 64 by the same method. These
observations are consistent with the crystal structure in which
4-Ml is bound in the active-site cavity, forming stacking
interactions with the indole ring of Trp 5 (Figure 3). There
are no hydrogen-bonding interactions between 4-Ml and
other residues in mutant enzyme structure, although it does
participate in hydrogen bonds with water molecules in the
active-site cavity.

There are notable differences between the position of the
bound 4-MI in H64A HCA 1l and the position of the
imidazole ring of His 64 in the wild-type enzyme. The proton
donating/accepting nitrogen in the bound 4-Ml that is the

and His 64 or exogenous proton acceptor/buff@rgl(20).

further away from the zinc ion than the functionally

RHZO/[E] is a rate constant for the proton_transfer-dependent eqUiValent nitrogen in His 64 in the out conformation in the

release of8O-labeled water from the active-site of carbonic

HCA Il structure and 4.5 A further away in the in conforma-

anhydrase shown in eq 4. Proton transfer is also a rate-tion. These differences in distance may explain the somewhat

limiting step for catalysis of C®hydration by H64A HCA
Il enhanced by 4-Ml; the turnover numbég, for this

lower value ofkg, a rate constant for the proton transfer,
with bound 4-MI compared with wild-type enzyme (Table

enhancement has a solvent hydrogen isotope effect near 31). In view of these positional differences, the observation

(20).
The observed activation of H64A HCA Il catalysis by
4-MI was equivalent to catalysis by wild-type HCA Il in

that proton transfer proceeds very rapidly with bound 4-Ml
as with His 64 in the wild-type enzyme suggests that there
is a large ensemble of proton-transfer pathways formed with

the absence of 4-MI at pH 7.7 (Figure 5), and the rate different arrays of hydrogen-bonded water molecules that

constant for proton-transfdg between 4-Ml and the zinc-
bound hydroxide was 40% of wild-type (Table 4). In the

are able to extend to 4-Ml in H64A HCAII as well as to the
imidazole of His 64 in wild-type HCA II.
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The position of bound 4-Ml is similar to that of His 64 in  solution. This strongly suggests that this out conformation
the out position in the wild-type enzyme and does not overlap is effective in the transfer of protons between the zinc-bound
with the position of this residue in the in conformation in solvent molecule and solution.

H64A HCA 1l 4-MI structure (Figure 3). This may be the
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