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ABSTRACT. The maximal velocity of catalysis of Chydration by human carbonic anhydrase Il (HCA

II) requires proton transfer from zinc-bound water to solution assisted by His 64. The catalytic activity of
a site-specific mutant of HCA Il in which His 64 is replaced with Ala (H64A HCA II) can be rescued by
exogenous proton donors/acceptors, usually derivatives of imidazole and pyridine. X-ray crystallography
has identified Trp 5 as a binding site of the rescue agent 4-methylimidazole (4-MI) on H64A HCA 1.
This binding site overlaps with the “out” position in which His 64 in wild-type HCA Il points away from

the zinc. Activation by 4-Ml as proton donor/acceptor in catalysis was determined in the dehydration
direction using!®0 exchange between GQ@nd water and in the hydration direction by stopped-flow
spectrophotometry. Replacement of Trp 5 by Ala, Leu, or Phe in H64A HCA Il had no significant effect
on enhancement by 4-MI of maximal rate constants for proton transfer in catalysis to levels hgdt 10

This high activity for chemical rescue indicates that the binding site of 4-Ml at Trp 5 in H64A HCA I
appears to be a nonproductive binding site, although it is possible that a similarly effective pathway for
proton transfer exists in the mutants lacking Trp 5. Moreover, the data suggest that the out position of His
64 considered alone is not active in proton transfer in HCA II. In contrast to isozyme II, the replacement
of Trp 5 by Ala in HCA 1l abolished chemical rescue kf;: by imidazole but lefk../Kn for hydration
unchanged. This demonstrates that Trp 5 contributes to the predominant productive binding site for
imidazole, with a maximal level for the rate constant of proton transfer neas 10This difference in

the susceptibility of CA Il and 11l to chemical rescue may be related to the more sterically constrained
and electrostatically positive nature of the active site cavity of CA Ill compared with CA Il. The possibility
of nonproductive binding sites for exogenous proton donors offers an explanation for the unusually low

value of the intrinsic kinetic barrier obtained by application of Marcus theory to chemical rescue of H64A

HCAII.

The carbonic anhydrases (CAgatalyze the hydration/
dehydration of C@HCO;~ and appear in three structurally
unrelated classes, 3, andy, those in thex class comprising
mostly the animal carbonic anhydrasds. (The carbonic
anhydrases of the well-studiedclass have molecular mass
near 30 kDa and catalyze the hydration of £i@ two

_ +H,0
CO, + EZNOH = EZnHCO, ——
EZnH,0 + HCO;™ (1)

EZnH,0 + B=EZnOH + BH" (2)

separate and distinct stages, the first involving the conversionHere B indicates a proton acceptor that may be an exogenous

of CO,to HCO;™ (eq 1) and the second involving the proton
transfer steps to regenerate the zinc-bound hydrod8)
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1 Abbreviations: HCA 1lI, human carbonic anhydrase Ill; H64A
HCA I, the site-specific mutant of human carbonic anhydrase Il in
which His 64 has been replaced by Ala; 4-Ml, 4-methylimidazole;
MALDI-TOF mass spectrometry, matrix-assisted laser desorption/
ionization time of flight mass spectrometry; SHIE, solvent hydrogen
isotope effectRu,0/[E], the proton transfer dependent rate constant for
the release offO-labeled water from the active site (eq B); the rate
of catalyzed interconversion of G@nd bicarbonate (eq 3).
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buffer or a residue of the enzyme. There has been consider-
able literature on the function of His 64 in HCA Il as a proton
shuttle in the catalysisA(-6). The proton transfer steps of
eq 2 have been determined to be rate-determining under
maximal velocity conditions for catalysis by HCA 14X
which uses His 64 in proton transfer, whereas HCA Il has
no prominent donor in catalysis having a Lys at position 64
(2). The carbonic anhydrases show enhancement or chemical
rescue of the maximal velocity of catalysis upon addition of
exogenous proton donors and acceptors that contribute to
the proton transfer between the zinc-bound water and solution
(2—6). In this aspect, these exogenous donors/acceptors act
as second substrates in the catalysis, showing activation of
catalysis that follows Michaelian kinetics. The mutant H64A
HCA 1l provides a form of carbonic anhydrase, like HCA
[, in which there is no prominent proton donor in catalysis.
Duda et al. 7) showed that the proton donor 4-methylimi-
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dazole (4-Ml) enhanced catalysis by H64A HCA Il at the (15). Electrophoresis on a 10% polyacrylamide gel stained
stage of catalysis involving proton transfer to the zinc-bound with Coomassie Blue was used to confirm the purity of all
hydroxide in the dehydration direction. This effect was also enzyme samples which were greater than 95% pure. Con-

demonstrated in the Gydration direction using imidazole
and 1-methylimidazole5).

Crystallographic structural studies by Duda et @.Have
identified Trp 5 as a binding site of the rescue agent 4-Ml
on H64A HCA Il. Forming an-stacking interaction with
the indole ring of Trp 5, 4-MI at this binding site extends
into the active site cavity with the N1 and N3 nitrogens of
4-MI 13.4 and 12.1 A away from the zin@)( Although

centrations of HCA Il and mutants were determined by
titration of the active site with the tight-binding inhibitor
ethoxzolamide, measurin§O exchange between G@nd
water (see below). The concentration of CA 1l was
determined from its molar absorptivity 6:210* M1 cm™?!
at 280 nm 6).

Oxygen-18 ExchangeThis method is based on the
measurement by membrane-inlet mass spectrometry of the

hydrogen bonded to solvent molecules in the active site exchange of'®0 between C@ and water at chemical

cavity, 4-Ml in this binding site forms no hydrogen bonds

or strong electrostatic interactions with other residues of the

protein. This site in wild-type HCA Il overlaps the “out”
position in which the side chain of His 64 points away from
the zinc @). It is interesting that the imidazole ring of
histamine binds at another site in the active site cavity of
HCA I, forming an apparent hydrogen bond with Asn 62
and GIn 92 but no prominent interaction with Trp%.(The
crystal structure of H64A HCA 117) is nearly identical with
that of the native enzyme HCA ILQ); the root-mean-square
deviation for @t atoms is 0.32 A in comparing these two
structures 7). Human carbonic anhydrase IIl has been very
difficult to crystallize, and no crystal structure is available.
However, we have modeled the structure for HCA Ill on
the basis of the crystal structure of rat CA Ill1), which
has a 90.4% amino acid identity with human CA Il used in
this study.

We have investigated the effects of 4-MI on site-specific
mutants of HCA Il and HCA IlI in which the binding site
Trp 5 is replaced with other residues. Activation by 4-Ml as
proton donor/acceptor in catalysis was determined using
exchange between G@nd water and stopped-flow spec-
trophotometry. We have found that the binding site of 4-Ml
at Trp 5 in H64A HCA Il appears to be a nonproductive
binding site, although it is possible that a similarly effective
pathway for chemical rescue exists in the mutants with

equilibrium (L7, 18) (egs 3 and 4). An Extrel EXM-200 mass

HCOO'®0™ + EZnH,0 = EZnHCOJ%0™ =
COO+ EZnO®H™ (3)

+H,0

EZnO'®H™ + BH" = EzZnH,"*0+ B
EZnH,0 + H,'*0+ B (4)

spectrometer with a membrane-inlet prot&)(was used to
measure the isotopic content of €CBolutions contained
25 mM total concentration of all species of €Qnless
otherwise indicated.

This approach vyields two rates for tH€O exchange
catalyzed by carbonic anhydrasE8). The first isRy, the
rate of exchange of C{and HCQ™ at chemical equilibrium,
as shown in eq 5. Here,f* is a rate constant for maximal

(5)

interconversion of substrate and produ® is an apparent
binding constant for substrate to enzyme, and [S] is the
concentration of substrate, either €@ bicarbonate 19).
The ratiok.a/Ker® is, in theory and in practice, equal to
keaf Km Obtained by steady-state methods. The binding of CO
and HCQ" to the active site of carbonic anhydrase is weak;

R/[E] = koo 1SV(Ke> + [S])

replacements of Trp 5. However, in HCA Ill the binding of ¢, example, the binding constant of G@ CA Il is
imidazole at Trp 5 appears to be a pgthwz?\y for chemical estimated near 100 mML®, 20). In these80 exchange
rescue. The existence of nonproductive binding sites for experiments, the total concentration of all species of GO

chemical rescue agents in HCA Il provides a possible
explanation for extensively curved free energy plots that yield
unusually small values of the Marcus intrinsic energy barrier
for proton transfer.

MATERIALS AND METHODS

EnzymesExpression vectors containing the human CA Il
and CA Il coding regions and those of the mutants at

25 mM. Hence, in this work [C&) < K,
pertain to bicarbonate bindind 9).

A second rate determined by tH® exchange method is
Ru,0, the rate of release from the enzyme of water bearing
substrate oxygen (eq 4). This is the component of'#e
exchange that is enhanced by exogenous proton dob&)s (

In such enhancements, the exogenous donor acts as a second
substrate in the catalysis providing a proton (eq 4), and the

similar arguments

positions 5 and 64 were constructed as described byresulting effect o8O exchange is described by eq 6. Here

Tanhauser et al1@). All constructs were verified by DNA

sequencing of the coding region. The expression plasmids

were transformed int&scherichia coliBL21(DE3)pLysS
(13) and gave high-level protein expression (up to 10 mg/L
after purification). The identity of the protein products was
consistent with molecular masses determined by MALDI-
TOF mass spectrometry.

Purification of HCA Il variants was performed by affinity
chromatography using-(aminomethyl)benzenesulfonamide
coupled to agarose beadsl). W5A HCA 1l was purified
by gel filtration followed by ion-exchange chromatography

Ry, of[E] = k™ IBY/(Ker” + [B]) + Ry /[E]  (6)

kg°bs is the observed maximal rate constant for the release
of H,*O to bulk water caused by the addition of the buffer.
Ker® is an apparent binding constant of the buffer to the
enzyme, [E] and [B] are the concentrations of total enzyme
and total buffer, andRy,o° is the rate of release of f40

into solvent water in the absence of buffer and represents
the contribution to proton transfer from other sites on the
enzyme or possibly solvent water itself.
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With the addition of exogenous proton donors at concen- 4-MI as previously described7). High-resolution X-ray
trations up to 200 mM, we have observed a weak inhibition diffraction data (1.05 A resolution) were collected at the
of both R, andRy,0. This is possibly due to the binding of  Cornell High Energy Synchrotron Source (CHESS) F1
the donors, which are derivatives of imidazole and pyridine, station using a wavelength of 0.938 A and a Quantum4 CCD
to the zinc in the manner found for the binding of imidazole detector system. Additional moderate resolution diffraction
to carbonic anhydrase R{). The binding constank; for data (1.6 A resolution) were collected using an R-AXIS
this inhibition is generally greater than 100 mM, indicating IV ++ image plate system with osmic mirrors and a Rigaku
weak binding at the inhibitory site. Some exogenous donors HU-H3R CU rotating anode. The high-resolution data were
exhibited no inhibition. In each case of inhibition, a single collected using a 0.2 mm collimator with a crystal to detector

value K; described inhibition of bothR; and Ru,0, as
determined by these equationR;°*s= R;/(1 + [B]/K;) and
R4, = Ruol(1 + [BI/K)).

The pH dependence dR.io/[E] is often bell shaped,
consistent with the transfer of a proton from a single
predominant donor to the zinc-bound hydroxide. In these
cases the pH profile is adequately fit by eq 7 in whiglis

distance of 90 mm and an exposure time of 30 s per frame.
The moderate resolution data were collected using a 0.3 mm
collimator with a crystal to detector distance of 100 mm and
an expose time of 600 s per frame. All of the data were
collected with the 2 angle fixed at 0 at a temperature of
100 K using an Oxford Cryostream. The high-resolution data
were from 160 collected frames obtained from two crystals,

a pH-independent rate constant for proton transfer andand the medium resolution data were from 380llected

(Ka)donor and Ka)zn,o are the noninteracting ionization

frames from a single crystal. The crystals belong to the space

constants of the proton donor BH of eq 4 and the zinc-bound group P2; with unit cell parametersa(= 42.1,b = 41.5,¢c

water. The pH dependence &§°°YK® depends on the
ke®"* = ke/{ (1 + (KadgonofH D + [H V(K2 0)}

(7
ionization state of the zinc-bound waté, ).
obs + -1
H
™ kBB(1+ [H'] @)
Ket:  Keit \ (Ka)ZnHZO

Stopped-Flow Spectrophotometripitial rates of CQ
hydration were measured by the changing pH indicator
method of Khalifah 22) using an Applied Photophysics

SX.18MV stopped-flow spectrophotometer. Saturated solu-

tions of CQ were prepared by bubbling Gnto water at
25 °C. Concentrations of C£0.5-17 mM) were made by
diluting this saturated solution using syringes with gastight

= 72.1 A, andB = 104.3). The high-resolution data set
was reduced to 92753 reflections (82.4% complete) resulting
in an Rym = 0.126. The moderate resolution data were
reduced to 28456 reflections (88.8% complete) resulting in
anRs,m of 0.047. X-ray data processing was performed using
the DENZO software and scaled with SCALEPACE3].

The overall combined data set (high and moderate resolu-
tion data) was scaled to 1.05 A using SCALEPACK3)
giving 93527 independent reflections resulting Rgym
0.106 (31.6 outer resolution shell) and an overall complete-
ness of 83.1% (40.6% outer resolution shell). TRgy is
defined asRyym = Y(ABS(I — O0)/3 (1), wherel is the
intensity of an individual reflection andllis the average
intensity for this reflection; the summation is over all
intensities.

The structure was refined using the software package CNS
(24) and SHELX97 R5) starting with the previously

seals. Various concentrations of the buffer 4-methylimidazole determined 1.6 A resolution structure (PDB accession code

were used with the indicator phenol red (201075 M)
measured at 557 nm, and imidazole was used \pith

1GO0X) (7) using interactive building with the program O,
version 7 26). The final model was refined to 1.05 A

nitrophenol measured at 400 nm. The total ionic strength of resolution, allowing for full anisotropic least-squares refine-

the solution was maintained at a minimum of 0.2 M by
addition of the appropriate amount of }0,. The mean of
four to eight reaction traces of the first20% of the reaction

ment. The refined model has a conventioRafactor of
16.2% for all reflections. A full account of the experimental
details and results of the refinement of the model will be

was used to determine initial rates. The uncatalyzed ratespublished elsewhere.

were subtracted, and the steady-state constepti€,, and

Structural AlignmentThe least-squares structural super-

keat Were determined by a nonlinear least-squares methodimposition between the H64A HCA Il and the rat form of

(Enzfitter, Elsevier-Biosoft). Enhancement by exogenous
proton acceptors in Chydration can be described by ping-
pong kinetics 2—4, 6)

v _ Keal B]
Ky + [B]|1+ —=
from which (extrapolated to saturating @O
obs __ kcal[B]
at B (10)
K™+ [B]

CrystallographyCrystals of H64A HCA 1l were produced
by the hanging drop vapor diffusion method and soaked with

CA Il (PDB accession code 1FLJ} 1) was performed using
the least-squares algorithm contained in the molecular
modeling program O, version 2€). The root-mean-square
deviation between the structures is 0.81 A.

RESULTS

Kinetics. The rate constarfy,o/[E] measures the proton
transfer dependent release $0-labeled water from the
enzyme (eq 4). The activation Bf,0/[E] by the exogenous
proton donor 4-Ml, measured in the dehydration direction
by 180 exchange, was observed to be a saturable process for
H64A and W5A-H64A HCA II; moreover, the extent of
activation was equivalent for both mutants (Figure 1). The
enhancement of this catalysis by wild-type HCA Il and H64A
HCA 1l by 4-MI was previously reported (see Figure 5 of
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Ficure 1: Dependence dRy,o/[E] (us 1) on the concentration of [4-Methyl imidazole] mM

the exogenous proton donor 4-methylimidazole (4-Ml) for catalysis FIGURE 2: Dependence oS (us™2) for hydration of CQ on

by (®) H64A HCA Il and @) W5A-H64A HCA Il. Data were the concentration of the exogenous proton donor 4-methylimidazole
obtained by*%0 exchange. The pH was 7.8, the ionic strength was for catalysis by @) H64A HCA Il and @) W5A-H64A HCA 1.
maintained at a minimum of 0.2 M by addition of &0, and the Data were determined by stopped-flow spectrophotometry. The pH
temperature was 2%C. The solid lines are a fit of eq 6 to the data was 7.8, the ionic strength was maintained at a minimum of 0.2 M
with parameters given in Table 1. A weak inhibition at larger by addition of NaSQ,, and the temperature was 26. For H64A
concentrations of 4-MI was neglected in the fit. HCA Il the maximal value ok.y = 0.32+ 0.04us ! andKB =

47 + 12 mM; for W5A-H64A HCA 1l the maximal value df.a =
0.45+ 0.04ust andK2 = 41 + 10 mM (in eq 10).

Table 1: Enhancement by the Exogenous Proton Donor
4-Methylimidazole of Catalysis offO Exchange by Variants of
Human Carbonic Anhydrase Il at pH 7.8 and 25

enzyme ke®®s (us™?) Ker® (MM)

wild type? 0.10+0.01 4+ 2
HB4AP 0.12+ 0.01 25+ 4
W5A-H64A 0.11+0.01 17+ 8
W5L-H64A 0.14+0.01 16+ 3
W5F-H64A 0.16+ 0.02 38+ 11

aThese data were obtained by a fit of the constépte and Ke®
of eq 6 to data for the enhancementRyf,o/[E] using the conditions
listed in Figure 1. In each case there was a weak inhibitioA0f
exchange at higher concentrations of 4-methylimidazole characterized
by an inhibition constank; of approximately 136150 mM that was 0
evident in botiR,0 (Figure 1) andR; (data not shown). This inhibition Y 50 100 150 200
was neglected in determining the values of this tab@ata from Duda [Imidazole] mM

etal. (). Ficure 3: Dependence dRy,o/[E] (ms™1) on the concentration of
) o the exogenous proton donor imidazole for catalysis @y \ild-
ref 7). These data were adequately fit to eq 6 describing 4-MI type HCA Il and () W5A HCA Ill. The pH was 7.3, the ionic

as a second substrate of the catalysis with the constants oftrength was maintained at a minimum of 0.2 M by addition of
eq 6 given in Table 1. The additional mutants W5L-H64A N&SQs and the temperature was 26.

and W5F-H64A HCA Il were also activated by 4-Ml in a )
manner similar to the activation of H64A HCA Il (Table 1). 2aPout 50% greater than the H64A (Figure 2;, values of the

Comparison of the values @ for the hydration of CG@ parameters of eq 10 are given in the legend to Figure 2).
catalyzed H64A and WS5A-H64A HCA 1l showed no We observed significant differences in activation by the
appreciable differences as 4-MI was added up to 200 mM exogenous proton donor imidazole of wild-type HCA Il and
(data forR; for H64A HCA 1l are presented in réf). It was W5A HCA lII. Figure 3 shows the substantial activation of
more apparent frorR; thanRy.o that addition of 4-Ml caused  Ru,o/[E] for wild-type HCA I1I that appears to be approach-
a weak inhibition of these enzymes (data shown for H64A ing saturation at very large concentrations of imidazole. In
in ref 7). This is possibly due to the binding of 4-Ml to the contrast, there was no significant enhancement of catalysis
zinc, similar perhaps to the binding of imidazole to HCA | by W5A HCA IlI upon increasing concentrations of imida-
(22), although no such observation was made in the 1.05 A zole (Figure 3). A similar response was seen in stopped-
resolution structure reported in this paper. The value of the flow measurements dk for the hydration of CQ@ wild-
inhibition constant was too large to measure accurately in type HCA Ill showed activation by imidazole that was much
this work but is estimated roughly at100 mM for each of ~ greater than the response of WSA HCA Il (Figure 4). Again,
the variants of HCA Il listed in Table 1. Since our substrate addition of imidazole to HCA IIl has been shown not to
concentrations were much less th&sS of eq 5, we could  affectkea/Km andRy (27). We measured the effect of 4-Ml
not differentiate between competitive and noncompetitive 0n*®0 exchange catalyzed by wild-type and W5A HCA Il
modes of inhibition. For wild-type HCA Illl, 4-MI caused a 2-fold increase in
4-MI acting as a proton acceptor was also an activator of Ru,0/[E] at saturation. However, there was an inhibitory effect
kea for the hydration of C@catalyzed by H64A and W5A-  of 4-Ml on W5A HCAIII that made interpretation of catalysis
HB4A HCA Il and measured by stopped-flow spectropho- difficult.
tometry. Again, the extent of activation was saturable for ~We compared the enhancement by 4-MM) exchange
both mutants, with the double mutant activated to an extent catalyzed by H64A HCA Il with the enhancement by a

20

-
o0
T

Ruz0/[E] ms™
=
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FiIGURE 4: Dependence df.,°Ps (ms1) for hydration of CQ on / .w
rt

[
the concentration of the exogenous proton donor imidazole for . Thr 199 Trp 5
n o f Aln0t

catalysis by @) wild-type HCA 1ll and ) W5A HCA IIl. The His 119 Z
0.2 M by addition of NaSOy, and the temperature was 26. The a2
data for wild-type HCA 1l are from Tu et al.2{).
10’ r r : His 96
0 i ! Tyr7
° Glu 106

pH was 6.8, the ionic strength was maintained at a minimum of

Ficure 6: Stick diagram depicting the location of the binding site
of 4-methylimidazole (4-Ml) and water molecules in the active site
cavity of H64A HCA IlI. The zinc (large sphere) is coordinated by
His 94, 96, and 119; 4-Ml is shown in @& stacking interaction
with the indole ring of Trp 5. Also included are the positions of
the oxygen atoms of various water molecules found in the active
site cavity (small spheres). Water 461 is the zinc-bound water. There
is no direct hydrogen-bonded water chain connecting water 461
with 4-Ml, although a weak electrostatic network of four water

e
op
-»

-
o
o
T

10° L

kg (s) or ke/Kesw (M's™)

2 A 0 1 2 molecules (448, 343, 539, 546) can be traced. The lines drawn

joining these waters represent hydrogen-bonding (black) and weak
electrostatic (gray) interactions.
Ficure 5: Values of @) the rate constant for proton transfey donor an estimate of the maximum value Rf,o/[E] was

s1) and the rate constarks/Ke2 (M1 s71) for catalysis b o L
I(—|643A HC%)II plotted versus the oflfifft(arence izKp valuesyof thg made by fitting eq 6 to the activation curve, such as shown

zinc-bound water and the exogenous proton donor. Conditions werefor 4-Ml in Figure 1. Then by estimating theKp of the

as described in Figure 1, except the pH of each experiment was atbound donors with their solution values, we applied eq 7 to
the K of the exogenous donor used. The following are the optain ks. The values ofks determined by these two
individual proton donors with their corresponding solution values procedures were in reasonable agreement, especially for the

of pKa under our conditions: A, 1,2-dimethylimidazole (8.3); B, . .
2-methylimidazole (8.2); C, 2-ethylimidazole (8.0); D, 4-meth- PUrposes of making a free energy plot which covers over 2

ylimidazole (7.9); E, 1-methylimidazole (7.3); F, imidazole (7.0); orders of magnitude, shown in Figure 5. Values of the pH-
G, 3,4-dimethylpyridine (6.6); H, 3,5-dimethylpyridine (6.3); I, independent rate constak/Ke«®, shown in Figure 5, were
fiine (535, L. pyrdine (5.3 The standard atrors of idividual CoLcrmined by  fit of eqs 6 and 8.
points are 1’5%; gryless. The solid line is a fit of the Marcus equfation Cr_ystallographyWe have extended to. 1.05 A our earlier
to the data folks with parameters given in Table 2. studies at 1.6 A7) of the complex showing 4-MI bound to
H64A HCA IlI. This has allowed us to determine with more
number of imidazole and pyridine derivatives. Estimates of precision the locations of ordered water molecules in the
the rate constarig for proton transfer from these exogenous active site cavity, which have not been previously reported
proton donors to the zinc-bound hydroxide (eq 4) are shown for this complex. We are particularly interested in possible
in Figure 5 and were made by two procedures. First, in proton transfer pathways between the proton acceptors/donors
several cases a full bell-shaped pH profile was obtained, and the zinc-bound hydroxide/water. As reported by Duda
using a concentration of exogenous donor that saturated theet al. (7), 4-Ml is bound in ar-stacking interaction with the
activation, indicating predominant proton transfer between indole ring of Trp 5 in H64A HCA II. There are no other
the exogenous donor and zinc-bound hydroxiti®).(This interactions of 4-MI with side chains or the backbone of the
was demonstrated for activation by 4-MlI (Figure 6 and Table enzyme, allowing the N1 and N3 nitrogens to be accessible
4 of ref 7). We were able to estimate the pH-independent to the solvent in the active site cavity. Thus 4-MI extends
rate constankg and values of the i, of the donor and into the active site cavity at a location that overlaps that of
acceptor by a least-squares fit of eq 7 to the data. We foundthe side chain of His 64 in the out position of HCA II. The
that the K, for the donor obtained in this manner agreed electron density map of the 4-MI complex with H64A HCA
within 0.3 K, unit with the solution K, of the exogenous Il has identified 16 water molecules, in addition to the zinc-
donor. The K, of the zinc-bound water was determined to bound water, in the active site cavity; these have temperature
be near 7.1 for the forms of HCA Il used here, consistent or B factors between 25 and 302Acomparable to th@®
with the data of Duda et al.7f. Second, for each proton factors of various side chains that extend into the active site

pKa(ZnOH ) - pKa(donor)
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Leu (Phe) 198 I, it would barely make a significant contribution to the
plateau observed near®1$9* of Figure 1. Hence, our overall
results may indicate that imidazole donors bind to Trp 5 on
both H64A HCA 1l and HCA lll and transfer protons in

His 119 Trp$ catalysis but that there are other more productive binding

Zn sites for H64A HCA II.

f . M Hence, the data indicate that 4-MI bound to Trp 5 is a

nonproductive binding site in H64A HCA 1I; that is, it does

iHis% s 4 . .

not significantly contribute to chemical rescue. This study
A A @ys 64 emphasizes a caution already made in connection with
His 94 nonproductive binding sites in chemical rescue of nucleoside

diphosphate kinase29), that interpretation of maximal
velocities of chemical rescue in catalysis is possibly affected

by nonproductive binding30). Moreover, knowledge that
Asn (Arg) 67 the observed binding site of 4-MI (Figure 6) is nonproductive
FIGURE 7: Structural overlay of the active site region of H64A  in proton transfer provides a useful insight into catalysis by

CA 1l (black) and rat CA Il (gray) from Mallis et al.1(1). Residues i
Trp 5 and His 94, 96, and 119 are conserved between the 'fwoWIId type HCAII. Duda et al. T) showed the overlap of the

isozymes, whereas Asn 67, Ala 64, and Leu 198 in H64A HCA 1l bind_ing SiFe Of_ 4-Ml in H64A HCA Il and the_ out position
are Arg, Lys, and Phe, respectively, in rat CA Ill (given in Of His 64 in wild-type HCA II. Because of this overlap we

parentheses). can comment that the out position of His 64 considered alone
) ) ) is unlikely to be involved in proton transfer. That is, either
(Figure 6). The distance between the zinc-bound water andine “in” position is active in proton transfer or the side chain
the N1 of 4-Ml is 11.6 A. The crystal structure shows N0 of His 64 must have the flexibility of occupying both the in
obvious hydrogen-bonded pathway for proton transfer be- ang out positions in order to effectively shuttle protons
tween the zinc-bound water and the position of 4-MI. The petween the zinc-bound solvent molecule and bulk solvent.
distance of the nearest water molecule (water 546) to 4-Ml  The nonproductive binding site of 4-MI at Trp 5 has the
(Figure 6) is 4.0 A, too far for a hydrogen bond. The only N3 and N3 positions of 4-Ml at 13.4 and 12.1 A from the
traceable water chain linking the zinc-bound water (water zinc (Figure 6). This suggests that this site may be too distant
461) and N1 of 4-Ml is through a weak electrostatic network o effective proton transfer at rates in excess of &0

of four water molecules (448, 343, 539, and 546). Two of 4chieved by carbonic anhydrase II. The crystal structure at
these links (between water 343 and 539 at 3.9 A and betweery 95 A does not show a plausible hydrogen-bonded water

water 546 and the N1 of 4-Ml at 4.0 A) are too distant to be_ chain connecting the zinc-bound water and 4-Ml (Figure 6).
considered hydrogen bonds although weak electrostaticTjs js not evidence against a viable proton transfer pathway,
communication could be feasible. of course, which may not be observable in a crystal structure.
Efficient proton transfer in wild-type HCA Il involves His
DISCUSSION 64, which in the in position is about 7.5 A from the zinc. At
This study combines the kinetics of chemical rescue and this distance, two water molecules can form a hydrogen-
crystallography to comment on the location of proton transfer bonded bridge between the imidazole ring of His 64 and the
sites in carbonic anhydrase. The data of Figures 1 and 2zinc-bound water. It would require three or four water
indicate that the binding site of 4-MI at Trp 5 observed in molecules to span the gap between the zinc-bound water and
the crystal structure of H64A HCA Il (Figure 6) is a 4-Ml in Figure 6. These observations appear to agree with
nonproductive binding site. It is possible although less likely those made by Jude et aBlj, who determined the crystal
that Trp 5 is a productive binding site and in its absence in structure of a mutant of CA V chemically modified with
W5A-HB64A HCA 1l there exist similarly effective pathways  4-(chloromethyl)imidazole to contain a proton shuttle residue
for proton transfer between 4-MI and the zinc-bound solvent. in the active site cavity. Jude et al. suggested that a functional
In contrast to isozyme I, the replacement of Trp 5 by Ala proton shuttle requires conformational flexibility to transport
in HCA 11l abolished chemical rescue &, and R0 by protons rapidly between the active site and solvent, and the
imidazole but leftk.o/Kr, for hydration unchanged (Figures shuttle must be located close enough to be connected to the
3 and 4). These data suggest that in HCA Il the binding of zinc-bound solvent by no more than two or three water
imidazole to Trp 5 is a productive binding site. A less likely molecules.
interpretation is that Trp 5 is not a productive binding site  The data of Figures 3 and 4 indicate that Trp 5 in HCA
in HCA Ill and that the replacement of Trp 5 caused Illis a predominant and productive binding site. There may
structural changes that abolished chemical rescue at anothebe fewer possible productive sites in HCA Illl, and fewer
binding site. possible proton transfer pathways, than in HCA |l because
CA lll has a backbone structure which is very closely of the different environment of the active site cavities of
superimposable with CA II, especially in the region of the HCA Il and HCA lll; there are more steric constraints and
active site 11, 28). Moreover, HCA 1l and IIl contain Trp positively charged residues in HCA Il (Figure 7). There is
5 in the same location and orientation in the cavity (Figure not a crystal structure of HCA Ill available; there are,
7). For HCA 111, the extent of activation of the rate constant however, structures available for boving) and rat (1)
for 180 release from the enzymBu,o/[E] at 200 mM CA lll. These structures can be examined for clues as to the
imidazole was about ¥G* (Figure 3). If this magnitude of  difference in the role of proton transfer. First, isozyme Ill is
activation occurred with 4-MI bound to Trp 5in HB4AHCA  much less efficient in proton transfer than isozyme Il. Even



Catalysis by Carbonic Anhydrase

Table 2: Constants of the Marcus Theory for Inter- and
Intramolecular Proton Transfer in Catalysis by Variants of Carbonic
Anhydrasé

AGH w wP

system proton donor (kcal/mol) (kcal/mol) (kcal/mol)
intermolecular

CAIlIP buffers 0.5+0.1 8.8+0.1 85+0.2

CA Ve buffers 0.8+ 0.5 10.0+0.2 8.2+1.0
intramolecular

CAll His 644 14403 10.0£0.2 59+1.1

His 67 1.3+0.3 10.9+0.1 59+1.1

GluorAsp64 22405 10.8+:0.1 4.0+:1.6

nonenzymic  buffer to buffér 2.0 3.0

2The data were obtained by a least-squares fit of the Marcus
equatiod to rate constants for proton transkgrsuch as shown in Figure
5. AGY% is the intrinsic kinetic barrier andvand wP are the work
functions or thermodynamic terms for the dehydration and hydration
directions, respectively’. This work. Here the variant is H64A HCA
Il. ©From Earnhardt et al.3Q); the variant is a truncation mutant of
murine CA V in which the C-terminal residue is Ser 22 in the
conventional carbonic anhydrase numbering schérReferencel?.
¢ Reference36. " Reference37. 9 Referencess.

with the mutant K64H HCA 11l which places His 64 in the
active site, the rate constant for proton transfer is-100-

fold less than in HCA 1l 82). However, the backbone
conformations of rat CA Il and HCA 1l are very closely
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of the previous studies in Table 2. These parameters of the
application of Marcus theory have been interpreted to signify
a very rapid and facile proton transfer preceded by an
unfavorable preequilibrium in which the active site cavity
including water molecules attains conformations that allow
a rapid proton transferl{).

However, in view of the existence of nonproductive
binding sites, we must consider that valueskgfobtained
for exogenous proton donors are affected. We observed the
unusually low values oAAG*, of less than 1 kcal/mol for
the two examples of intermolecular proton transfer; these
data may be affected by the presence of nonproductive
binding sites. We point out that considerations of nonproduc-
tive binding are less of a concern in the free energy plots of
ks for mutants of K64H 17), R67H (36), and K64E HCA
[l (37), since these are cases of intramolecular proton
transfer (although we may still need to account for confor-
mational states of these side chains that are not involved in
proton transfer). Accordingly, the values afG*, for the
intramolecular proton transfer are larger and similar to the
values anticipated from the nonenzymic bimolecular case
(Table 2). Another feature for consideration in Figure 5 is
that the entries for the pyridine derivatives occur separated
from the entries for the imidazole derivatives (with the
exception of 1-vinylimidazole) because the values of kg p

superimposable with a root-mean-square deviation of 0.81for the pyridine-type proton donors are smaller. In fact,
A for backbone atoms. Prominent side chains in the active 1-vinylimidazole does have &g (5.9) in the region of those

site cavity of CA Il and Ill are shown in Figure 7. The cavity
for CA 11l is much more sterically constrained and contains
two positively charged residues (Lys 64 and Arg 67) not
present in HCA II. Thus the array of binding sites for
imidazole may be different in HCA Il compared with
available sites in H64A HCA I, although both may involve

of the pyridine derivatives (see legend to Figure 5), and the
value ofkg due to proton transfer from 1-vinylimidazolium
appears consistent in Figure 5 with the pyridine entries.
However, a different array of productive and nonproductive
binding sites for pyridine compared with imidazole deriva-
tives could influence Figure 5. In fact, Duda et al. (personal

Trp 5 in some manner. In addition, the more constrained communication) have found that crystals of H64A HCA II
and more electrostatically charged cavity in CA Ill may diffused with pyridine show that this exogenous proton donor
increase the energy barrier for construction of a hydrogen- binds in az-stacking complex with Phe 131 in the active
bonded water chain connecting the zinc-bound water andsite cavity and not with Trp 5.

the imidazole binding site. _ _ We therefore consider the second-order rate constants
An additional feature of proton transfer in catalysis by describing the proton transfie/Keq® determined using eqs
HB64A HCA Il is the continuous free energy plot for the rate g and 8 from thé®0 exchange studies for proton transfer in

constant for proton transfég with derivatives of imidazole
and pyridine ions as proton donors (Figure 5). Using a similar
set of imidazole and pyridine derivatives, Earnhardt et al.

(33) carried out the same experiment as in Figure 5 using a

truncated form of CA V in which 20 residues from the

amino-terminal end were deleted. Their example does not ;.

the dehydration direction. These rate constants are not
affected by nonproductive bindin@@) but show consider-
ably more scatter than the valueskgf(Figure 5). The scatter

2 The observed overall activation energy for proton tranaféf is
scribed in Marcus theory in terms of two variables, the standard free

have a residue 5, and yet their results are very similar to energy of reactiolG° and an intrinsic kinetic barriehG¥, which is

those of this study (compared in Table 2), emphasizing our the value ofAG* whenAG®

conclusion that the predominant binding site of these
exogenous buffers is not Trp 5. The solid line of Figure 5 is
the fit of the Marcus rate theory tks. Table 2 gives the
resulting values of the intrinsic kinetic barridiG¥, and the
work function or thermodynamic contributiod (dehydra-
tion direction) to the proton transfet7, 34, 35).2 These data

0, that is, when the transfer is free of
thermodynamic influences and represents a pure or “intrinsic” energy
barrier. The Marcus equation is further modified to describe proton
transfers in which there is a component of the observed activation barrier
that does not depend @xG° for the reaction. This component is called
the work termw'. In nonenzymic, bimolecular proton transfers, the
work term is considered part of the free energy of reaction needed to
bring the reactants together, form the reaction complex, and reorganize
the solvent structure prior to proton transfer. Similavi§,is the work

demonstrate a general result that has also been observed faerm required for the reverse reactioNGops = W + [1 + (AG®0ps —

intramolecular proton transfer in HCA 11L{, 36, 37) and
for intermolecular proton transfer involving exogenous
donors in CA V @3); in this application of Marcus theory

W+ WP)/4AGH]2AG¥,. Use of this expression assumes that the work
termsw" andwP as well as the intrinsic energy barri&G*, do not

vary for proton transfer between the series of homologous proton donors
and acceptors to which the equation is fit. In this work, the observed

to proton transfer in carbonic anhydrase the intrinsic barrier activation barrier is obtained fromg, the experimental rate constant

AG¥ is small, less than 2 kcal/mol, and the work functions
are large, generally-611 kcal/mol (Table 2). The data for
H64A HCA 1l obtained here are qualitatively similar to those

for proton transferAG¥o,s = —RT In(hke/kT), whereh is the Planck
constant andt is the Boltzmann constant; and the observed free energy
of reaction is obtained from\pK, of the reactantsAG°qss = RT

In[( Ka)acceth(Ka)donoJ-
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suggests different binding sites or orientations in binding sites 14.
for different exogenous donors with varied contributions to

proton transfer as measured ky/Kes2. With values near
10" M1 s71, ke/Ke® is clearly not diffusion-controlled. In

with wild-type HCA Il for which kea/Kn at 1@ M~* s* does
approach diffusion control3g). Wild-type HCA 1l has His

64 as a proton shuttle accessible near the surface of the
enzyme and is efficient in proton transfer. H64A HCA I

An et al.

Khalifah, R. G., Strader, D. J., Bryant, S. H., and Gibson, S.
M. (1977) Biochemistry 162241—-2247.

15. Tu, C. K., Thomas, H. G., Wynns, G. C., and Silverman, D.

17.

18.

would require the exogenous proton donor to move deeply 19

into the active site cavity. The scatter of points kafKeq®

for buffer activation of H64A HCA 1l in Figure 5 is greater

20.

than the scatter in equivalent measurements for wild-type ,

HCA Il (38). This most likely reflects specific interactions

between the exogenous donors and their binding sites in the 22,
active site cavity and causes scatter in the free energy plot 23.

of Figure 5.
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