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ABSTRACT. The residue phenylalanine 198 (Phe 198) is a prominent cause of the lower activity of human
carbonic anhydrase Ill (HCA IIl) compared with HCA Il and other isozymes which have leucine at this
site. We report the crystal structures of HCA Ill and the site-directed mutant F198L HCA IllI, both at 2.1
A resolution, and the enhancement of catalytic activity by exogenous proton donors containing imidazole
rings. Both enzymes had a hexabhistidine extension at the carboxy-terminal end, used to aid in purification,
that was ordered in the crystal structures bound in the active site cavity of an adjacent symmetry-related
enzyme. This observation allowed us to comment on a number of possible binding sites for imidazole
and derivatives as exogenous proton donors/acceptors in catalysis by HCA lll. Kinetic and structural
evidence indicates that the phenyl side chain of Phe 198 in HCA I, tabdufrom the zinc, is a steric
constriction in the active site, may cause altered interactions at the zinc-bound solvent, and is a binding
site for the activation of catalysis by histidylhistidine. This suggests that sites of activation of the proton-
transfer pathway in carbonic anhydrase are closer to the zinc than considered in previous studies.

Carbonic anhydrases are, with some exceptions, zinc-zinc, acts as a proton shuttle in the transfer of protons
containing metalloenzymes that catalyze in two stages thebetween the active site and the bulk solvent during the
hydration of CQ to HCO;~ and a proton 1—3). The first catalyzed hydration1(—6).
stage in the hydration direction is the nucleophilic attack of  The o class of carbonic anhydrases contains the mam-
the zinc-bound hydroxide on G{followed by the dissocia-  malian enzymes including 14 known isozymes of human
tion of the resulting HC@ from the zinc and the replace-  carbonic anhydrase with varying tissue distributions and
ment of this ligand by water (eq 1). The second step catalytic activity (, 7, 8). Human carbonic anhydrase |l
regenerates the catalytically active zinc-bound hydroxide by (HCA 111) is cytosolic and is expressed at high levels in

a series of proton transfers (eq2;-3): skeletal muscle and adipose tissue and to some extent in brain
ho and .Iiver._ Several suggestions ha_ve been_ made fqr the
EZn—OH +CO,= EZn—HCO;% phyS|0Ic_>g|caI role of CA. III,. but its function remains
_ uncertain 7, 9, 10). HCA lll is different from other catalytic
EZn—-H,0 + HCO; (1) isozymes in thex class because of its resistance to sulfona-
mide inhibitors and lower catalytic activity. HCA 1l has
B+ EZn—H,0= BH" + EZn—OH~ (2) values ofk.q; andkea/Krm for hydration of CQ near 2 ms?

and 0.3uM~* s7* compared with maximal values near10
where B represents an exogenous proton acceptor preserins ! and 100uM~* s7* for HCA Il (1-3, 11, 12). The
in the bulk solvent. In human carbonic anhydrase Il (HCA crystal structures of bovine CA Il (BCA Ill)X3) and rat
1) the side chain of His 64, located about 7.5 A from the CA Il (RCA Ill) ( 14) have been previously determined at
2.0 and 1.8 A resolution, respectively, and are extremely
" This work was supported by a grant from the National Institutes SiMilar in backbone and side chain conformation.

of Health (GM25154) and by the Thomas Maren Foundation. A key to understanding the differences in catalysis between

*The atomic coordinates have been deposited in the Protein Data ; : . - C
Bank (entries 1793 and 1797). CA Il and CA Ill is residue 198, the side chain of which is

* To whom correspondence should be addressed. R.M.: phone, (352)l0cated on the hydrophobic side of the active site cavity.
392-5696; fax, (352) 392-3422; e-mail, rmckenna@ufl.edu. D.N.S.: These two isozymes have very similar backbone conforma-

phﬁ’”e' (35d2) ﬂ39§'3556? fax, (352) 392-9696; e-mail, silvermn@ tjons (13). In HCA IIl, Phe 198 has its phenyl ring about 5
College.mea.utl.equ. . L . . . h .
s Department of Biochemistry and Molecular Biology. A from the zinc; in HCA Il this site is occupied by leucine.

I Department of Pharmacology and Therapedutics. There is about a 10-fold enhancement in bk and kea/

! Abbreviations: HCA Ill, isozyme Il of human carbonic anhydrase; K, replacing Phe 198 with Leu in HCA 1I1Q). Interestingly,

F198L HCA I, the site-specific mutant of human carbonic anhydrase ; ; i i
Il in which Phe 198 is replaced with Leu; RCA IIl, rat carbonic there is very lile change in catalysis for the reverse

anhydrase Ill; PEG, poly(ethylene glycol); rms, root mean squared; "eplacement; the mutant L198F HCA Il has catalytic activity
4-Ml, 4-methylimidazole. very similar to that of HCA Il (5). There is an increase in
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the K, of the zinc-bound water from a value &6 in wild-
type HCA lll to 6.9 in F198L HCA 11l (L6). This enhance-
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terminal hexahistidine tag. A further purification step
involved anion-exchange chromatography prior to protein

ment was suggested to be due to an altered interaction inconcentration and crystallization. Expression and purification

F198L HCA Il between the side chain of Thr 199 and the
zinc-bound solvent moleculd ). The side chain of Thr 199
is a hydrogen bond acceptor for the zinc-bound water.

In HCA 1l the side chain of His 64 acts as a proton shuttle
group (L—5). HCA lll has a lysine at residue 64 which is
not efficient in proton transfer during catalysis; this accounts
in part for the lower catalytic turnover for this isozyniy.
However, the catalytic activity can be enhanced by the

of F198L-C183S-C188S HCA lll (referred to as F198L HCA
1l for the remainder of the text) were performed in a manner
similar to that of HCA Ill. Concentrations of HCA Ill and
F198L HCA Il were determined from the molar extinction
coefficient 6.2x 10* M1 cm™t at 280 nm 25).
Crystallography Diffraction quality crystals of HCA llI
and F198L HCA Il were obtained by the hanging-drop vapor
diffusion method 26) using a 6.7 and 6.0 mg/mL enzyme

presence of proton donors from solution. There are numeroussolution, respectively. Prior to crystallization the enzyme was
studies of the activation by exogenous proton donors of the buffered in 10 mM Tris buffer, pH 8.0 for HCA 1il and pH

hydration of CQ catalyzed by carbonic anhydras8s 18—
20). In this capacity, imidazole and derivatives in solution

9.2 for F198L HCA lll. Crystallization drops of HCA Il
were obtained by mixing 10L of enzyme solution with 3

are second substrates that carry out the function of the protor¢L of precipitant solution (30% PEG 8K/10 mM Tris, pH

acceptor B in eq 2. Mutants of HCA Il lacking the proton
shuttle His 64 are activated nearly to the level of catalytic
activity of wild type by millimolar concentrations of imi-
dazole and derivative8(18, 19). The observation that the

8.0). This procedure was the same for F198L HCA 11l except
that 10uL of enzyme solution was mixed with pL of
precipitant solution (30% PEG 8K/10 mM Tris, pH 9.2).
Both drops were suspended over 1 mL of their respective

rescued activity near saturating concentrations of imidazole Precipitant solution.

is close to that of wild type suggests that the rescuing

Sixty degrees of data were collected from a single crystal

imidazole binds in a region close to the side chain of His 64 of HCA Ill, and 147 degrees of data were collected from
in HCA 11 or the imidazole binds elsewhere in the active two crystals of F198L HCA Ill using an R-axis i+ image

site cavity, and the great flexibility of water structures plate system with Osmic mirrors and a Rigaku HU-H3R CU
produces a pathway for proton transfer about equivalent rotating anode operating at 50 kV and 100 mA with a crystal-
energetically to His 64. Hence, there is interest in identifying to-detector distance of 150 mm and a*Cad 1.0 oscillation

binding sites for these rescue agents. Despite considerabléngle, respectively. The HCA Ill data were collected at 293
study, there is little structural information on the binding K with an exposure time of 60 s per frame while F198L
sites from which this activation occurs. X-ray crystallography HCA Ill data was collected at 100 K with an exposure time

identified two binding sites for 4-methylimidazole (4-Ml)
in the active site of H64A HCA 1118, 21) and for histamine
in the active site of HCA 1122). It was determined that the
binding site of 4-MI associated with the indole ring of Trp
5 is nonproductive in proton transfet9).

We report the crystal structures of C-terminal hexahisti-
dine-tagged HCA 11l and F198L HCA lll and the enhance-
ment of catalytic activity by exogenous proton donors
containing imidazole rings. These studies imply that the
phenyl side chain of Phe 198 in HCA Il is a steric
constriction in the active site but can also function as a
binding site for the activation of catalysis by histidylhistidine.

EXPERIMENTAL PROCEDURES

EnzymesWe prepared C183S-C188S HCA Il with a
hexahistidine tail at the C-terminus. The mutations at

of 300 s per frame. The F198L HCA crystals were quick-
dipped into a cryoprotectant solution (30% glycerol in
precipitant solution) prior to flash freezing. Both data sets
were indexed, scaled, and reduced with the software DENZO
and SCALEPACK 27). The HCA lll data set was assigned
the hexagonal space grolés with unit cell parametera
= 44.7 A andc = 222.2 A resulting in arRsym of 10.2%
(32.4% outer resolution shell) and overall completeness of
88.1% (85.0% outer resolution shell) to 2.1 A resolution.
The F198L HCA Il data were assigned in the monoclinic
space groupP2; with unit cell parametera = 44.5 A b =
70.8 A, andc = 44.5 A andB = 115.1° resulting in anReym
of 8.1% (34.1% outer resolution shell) with an overall
completeness of 92.3% (87.7% outer resolution shell) also
to 2.1 A resolution (Table 1).

Phasing and initial refinement of HCA 11l were performed
by molecular replacement methods using the 1.8 A resolution

positions 183 and 188 were to enhance crystallization by model of RCA Il as the search model4). The results of
removing oxidizable cysteine residues and the hexahistidinethe rotation and translation searches have been previously

tail to facilitate purification. The positions of residues 183

described for HCA 11l by Duda et al2@). Similar methods

and 188 are solvent exposed on the side of the enzymewere employed to phase the F198L HCA Il data, using the
opposite to the active site. The mutations C183S and C188Ssolved HCA Il model (with residue 198 mutated to an
and the presence of the hexahistidine tail did not affect alanine to prevent any phase bias), which was placed into

catalysis. The expression, crystallization, data collection,
molecular replacement, and initial phasing of the C183S-
C188S HCA Il structure with a C-terminal hexahistidine
tag (referred to as HCA lll in this paper) have been
previously reported?3) and therefore will be discussed only
briefly. Expression of HCA Il was carried out using
Escherichia colBL21(DE3)pLysS 24). Protein purification
was achieved by immobilized metal affinity chromatography
(Ni-NTA; Qiagen), taking advantage of the exposed C-

the monoclinicP2; space group using the rotation and
translation matrix obtained from the software CNeB)( An
initial phasing data set was generated by rigid-body refine-
ment resulting in aRyok Of 29.1%.

Both structures were refined using standard protocols in
CNS @28). After one cycle of rigid-body refinement followed
by geometry-restrained positional refinement and placement
of the zinc ion, a cycle of simulated annealing, refined by
heating to 3000 K and gradual cooling, was carried out. A
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Table 1: Crystallographic Statistics

HCA Il F198L HCAIII
Data Collection
resolution (A) 20.6-2.10 20.0-2.10
(2.17-2.10p (2.17-2.10p
space group P65 P2,
unit cell (A)F a=b=447, a=445b=7038,
c=2222 c=445,=115.T
molecules/asu 1 1
Reyr? (%) 10.2 (32.4) 8.1(34.1)
unique reflections 12938 13525
completeness (%) 88.1(85.0) 92.3(87.7)
Refinement
protein atoms 2127 2124
water molecules 109 98
AverageB Factors (&)
protein main chain 29.9 24.7
protein side chain 317 26.7
solvent molecules 39.0 29.6
Luzzati coord error (A) 0.3 0.3
Reryst/Reree (%) 20.5/25.8 18.6/23.7
rmsd bond lengths (A)/ 0.006/1.4 0.006/1.3
angles (deg)

2 Data for the highest resolution shell are given in parenthésRgn
= (3|l — OQyyl) x 100, wherd is the intensity of a reflection and]
is the average intensity.Reyst= (3 nlFo — KFel/ 3 hilFol) x 100. 9 Ryree
is calculated from 5% randomly selected data for cross-validation.

cycle of temperature factor refinement and energy minimiza-
tion resulted in arRyon Of 24.2% for HCA 11l and 23.9%
for F198L HCA lIl. Interactive modeling building, using the
graphics program O, version 29), allowed for further
improvement of the structures. Calculatgé2 — |F.| and
|Fol — |F¢| electron density maps contoured at 2howed
electron density for the extending C-terminus for both
structures. For both HCA 1l and F198L HCA Il all six
histidine residues of the C-terminal His tag were built, and
the side chains could be placed. After additional cycles of
refinement and interactive building and solvent placement,
the final statistics for the HCA Il structure we,ys; of
20.5% andRyee 0f 25.8% and for F198L HCA I wer&gyst
of 18.6% andRye Of 23.7% (Table 1).

0 Exchange Membrane-inlet mass spectrometry was
used to measure the exchangé®f between C@and water
at chemical equilibrium catalyzed by carbonic anhydraée (
30) (egs 3 and 4). We used an Extrel EXM-200 mass

HCOOY¥0™ + EZnH,0 = EZnHCOJ®%0™ =
COO+ EZnO®H™ (3)

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

spectrometer with a membrane-inlet proB6) (o determine

the isotopic content of C£ Solutions contained a 25 mM
total concentration of all species of @@Qnless otherwise
indicated.

This method gives two rates for th% exchange catalyzed
by carbonic anhydrase3(Q). The first is R,, the rate of
exchange of C@and HCQ™ at chemical equilibrium, as
shown in eq 5. Herée,* is a rate constant for maximal

RY[E] = koot 1SV(Ker + [S]) (6)

Duda et al.

interconversion of substrate and produ® is an apparent
binding constant for substrate to enzyme, and [S] is the
concentration of substrate, either €@ bicarbonate 30—
32). The ratiok.®/Kes® is, in theory and in practice, equal
to ke.afKm Obtained by steady-state methods.

This method also determin&s,o, the rate of release from
the enzyme of water bearing substrate oxygen (eq 4). This
is the component of th&0 exchange that is enhanced by
exogenous proton donors. In such enhancements, the exog-
enous donor acts as a second substrate in the catalysis
providing a proton (eq 4), and the resulting effect ‘80
exchange is described by eq 6. In e&gPsis the observed

Ry, o/[E] = ks IBl/(Kei® + [B]) + Ry o /[E]  (6)

maximal rate constant for the release ot3 to bulk water
caused by the addition of the buffdf.«® is an apparent
binding constant of the buffer to the enzyme, [E] and [B]
are the concentrations of total enzyme and total buffer, and
Ri,o° is the rate of release of &40 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.

RESULTS

Structure The structures of HCA 11l and F198L HCA I,
each exhibiting an ordered C-terminal hexahistidine exten-
sion, have been solved and refined to 2.1 A resolution (Table
1). Analysis of the bond geometry of the two structures, using
the software package PROCHECRS], showed them to
conform to standard values. The estimated upper error limit
for the atomic coordinates of both HCA Ill and F198L HCA
Il was 0.3 A based on Luzzati analysi34 (Table 1). The
structures of these two enzymes are highly superimposable
with rms deviation of all atoms at 0.4 A, excluding residue
198. For each enzyme, HCA IIl and F198L HCA llI, the
hexahistidine tag at the C-terminal end of the protein extends
from the back side of the enzyme, on the side of the enzyme
that is opposite to the active site cavity. In the crystal
structures, there is no interaction of this hexahistidine tag
with any residues of the active site cavity of the same enzyme
(Figure 1). However, inspection of théR2| — |Fc| and|F|
— |F¢| electron density maps for HCA Ill and F198L HCA
[Il revealed the ordered C-terminal extension of residues
262—-267 of the hexahistidine tag located in the active site
cavity of an adjacent symmetry-related molecule in both the
P6s (HCA I1ll) and P2, (F198L HCA Ill) space groups,
respectively (Figure 1C,D). Comparisons of the structure of
this hexahistidine-tagged HCA Il with reported structures
of BCA lll (13) and RCA Il (L4) suggested that the presence
of hexahistidine in the active site cavity caused no significant
changes in the structure of the enzyme (Supporting Informa-
tion S1).

The general conformation, positioning, and interactions
of the hexahistidine extensions in the active site cavity of
HCA Il and F198L HCA Ill were similar, surprising
considering the different packing arrangements in the two
crystal systems (Figure 1). There were several conserved
H-bond interactions between backbone carbonyl oxygens of
the hexahistidine extensions and active site side chains (these
included the backbone carbonyl oxygens of His 263 and His
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Ficure 1: C-Terminal hexahistidine tag (26267) interactions. Packing diagram depicting a reference CA 1ll and the unit cell translated
related molecule (1,0,0) with its hexahistidine tag buried within the active site of the reference molecule. (A) HCA Il and (B) F198L HCA
Il in P6s and P2; space groups, respectively. The active site histidines, zinc ion, and heaxahistidine tag are depicted as ball-and-stick
models. The red open box depicts a close-up view of the hexahistidine tag in the active site of (C) HCA Ill and (D) F198L HCA Ill. The
2|F, — F¢| electron density for the hexahistidine tag is colored blue and contoured AllTesidues are as labeled. Figure generated and
rendered using BobScript and Raster31B, (47).

266 with Arg 67, and His 267 and Arg 91) and several Ti99
conserved hydrophobic contacts (these included the imidazole
ring of His 263 with Val 69, and His 267 with Phe 131) for
both structures. Interestingly, in the HCA Il structure, the
imidazole ring of His 267 formed an additionatstacking
interaction with the phenyl ring of Phe 198 (absent in F198L H64 “out”
HCA 1l1) and also made additional hydrophobic contacts with
residues Pro 202 and Glu 204. Other additional hydrophobic
interactions of the hexahistidine tag in HCA IIl were the
imidazole rings of His 263 and His 264 with Leu 60. On
the other hand, the hexahistidine tag in F198L HCA llI
exhibited additional H-bond interactions between the back-

OH/H,0
Ko4 T200

L198/F l 98

H119

H64 “in™

N62

bone carbonyl oxygens of His 264 with Asn 62 and His 266
with GIn 92, and two solvent molecules (not observed in
HCA IlI) further stabilized the carbonyl oxygens of His 264

H94

H9%6
N67/R67

and His 267. It was also observed, for both hexahistidine

tags, that there were no observable interhexahistidine interacigyre 2: Superimposition of the active sites of HCA II, HCA
tions, yet they both had the same overall conformation, Ill, and F198L HCA Ill. HCA Il is in orange (histidine 64 side
induced most likely by the structural constraint imposed by chain shown in the “in” and the “out” conformation, as labeled).

the enzyme active sites. In the case of HCA Il there was a
general trend of more hydrophobic contact stability, whereas
in the F198L HCA Il there was a trend of more polar
interactions (Figure 1, Supporting Information S2).

Lysine 64 in HCA Il is a residue of interest since this is
the position from which His 64 acts as a proton shuttle in
the more efficient CAs of the class b). In crystal structures
of HCA I, His 64 is in two stable conformers, an “in”
orientation extending toward and an “out” orientation point-
ing away from the active site zinc, with both conformations
having no apparent interactions with other reside%).

The structure of HCA 11l revealed that thetMitrogen of
Lys 64 is hydrogen-bonded (2.9 A) to the backbone carbonyl

HCA 1l and F198L HCA Il are shown in yeIIow and cyan,
respectively. Conserved solvent molecules (zinc-bound hydroxide/
water, W1, W2, and Wd) assigned to each structure, HCA 1l, HCA
Ill, and F198L HCA llI, are colored orange, yellow, and cyan,
respectively. Note the open circles illustrating the conservation of
the solvent network (with the exception of W2 in the case of HCA
I1). Figure generated and rendered using BobScript and Raster3D
(46, 47).

of Trp 5 and points away from the active site (Figure 2,
Supporting Information S3). Interestingly, a different interac-
tion of Lys 64 was observed for BCA Il in which the side
chain forms a salt bridge with Glu 4.8). The side chain of
Lys 64 in F198L HCA Il adopts yet a different conformation
than that observed in either HCA IIl or BCA lll. In this case
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the N nitrogen has no apparent interactions with other amino
acids and is 12.5 A from the zinc ion, somewhat closer than
13.5 A seen for HCA Ill but still pointing out of the active
site (Figure 2, Supporting Information S3). This difference
in the observed side chain conformations of Lys 64 may be
due to the difference in crystallization conditions (HCA IlI
and F198L HCA Il crystallized at pH 8.0 and 9.2,
respectively), yet in all cases the lysine points away from
the active site.

Another residue important in the catalysis is Thr 199, the
side chain hydroxyl of which is a hydrogen bond acceptor
for the zinc-bound solveniL-2). The distances between Thr
199 Oy1 and the oxygen of the zinc-bound solvent molecule
were the same within error for HCA Ill, RCA lll, and HCA
I1 (2.5 A) but somewhat larger for F198L HCA 11l (2.8 A)
(Figure 2, Supporting Information S3). Analyses of the
distances between theyGitom of either Leu 198 or Phe
198 and the zinc ion, the zinc-bound solvent molecule, W1,
W2, and Wd (Figure 2) are provided in Supporting Informa-
tion S1. The @ atom was chosen for this analysis due to its
central location on the side chains of both Leu and Phe. The
Cy atom for Leu 198 in F198L HCA Ill was 7.8 A from the
zinc, greater than for HCA Il in which this distance is 7.1

Ordered Salent. Comparison of the positions of ordered
solvent molecules in HCA 1ll and F198L HCA Il revealed

an overall conservation of several solvent molecules, despite

the bound hexabhistidine tag; these included the zinc-bound
hydroxide/water, W1, W2, and Wd (known as “deep water”)
shown in Figure 2. These solvent locations had been
previously observed in RCA 11114) and HCA II (35, 36).

The solvent molecule W2 was slightly displaced in the CA
Il structures compared to HCA I, mostly likely a conse-
quence of the side chain of Lys 64 in HCA Il compared
with His 64 in HCA |l (Figure 2). Previously, Eriksson and
Liljas, when describing the structure of BCA llI, referred to
a water molecule hydrogen-bonded to theing of Phe 198
(13); in the HCA Il structure described in this work, no
such water molecule was observed and was most likely
displaced by the binding of the hexahistidine extensions into
the active sites.

Catalysis The catalytic properties of F198L HCA IlI
compared with HCA Il in the hydration of C{and in the
exchange of®O between C@and water have been reported
by LoGrasso et al1). The maximal, pH-independent values
of the steady-state constafits; andk../Kn for hydration of
CO; andRy,o for the catalyzed®O exchange are given in

Table 2. These data show an increase by at least 10-fold in

catalytic activity resulting from the replacement of Phe 198
with Leu. Under our experimental conditions the values of
the catalytic constant&../Kn and Ru,0 in Table 2 were
identical for HCA IIl and F198L HCA Il with and without
the hexahistidine extension.

Addition of imidazole enhanced the proton-transfer-
dependent rate constaR},o/[E] during catalysis by both
HCA Ill and F198L HCA Il (Figure 3), which is represented

Duda et al.

Table 2: Maximal, pH-Independent Values of Steady-State
Constants for Hydration of CORate ConstanRy,o/[E] for 18O
Exchange, and Apparent Second-Order Rate Constants for
Activation of HCA Ill and F198L HCA Il by Imidazole and
Histidylhistidine

F198L

HCA I HCA I
KealKm (uM~1s71)a 0.3 7.4
Keat (M- 1)2 2.0 22
Ru,0/[E], no buffer (ms?1)° 1.8 20
kg?9Ker® for imidazole (M—1s1)P 0.1 0.5

k9K for histidylhistidine M ~1s )¢ 0.05 none
pKa,, zinc-bound HO? <6.0 6.9

2 These are maximal, pH-independent valuegefK, and kea for
hydration of CQ at 25°C from ref 16. ® Conditions as in Figure 3.
¢ Conditions as in Figure 4.From ref 16.

140

120

100

[e ]
o

Ruz20/[E] ms™
23

n
o

N
o

o

0

50 100

[Imidazole] mM

Ficure 3: Activation by imidazole ofRy,o/[E] catalyzed by M)
HCA Ill and (O) F198L HCA lll. The pH was 7.3 for HCA Il
and 7.2 for F198L HCA Il at 25C with the total ionic strength
of the solution maintained at a minimum of 0.2 M by addition of
Na,SO,. Data are from ref46 and19. The solid lines are a fit of
eq 6 to the data with parameters given in Table 2.

150 200

imidazole concentration on the rate const&mE]; this
constant reports the interconversion of £bd HCQ™ (eq
5, data not shown; for F198L HCA 1ll there was a very slight
inhibition of about 20% at 200 mM imidazole; see Figure 3
of ref 16).

The dipeptide histidylhistidine was found to activé&go/
[E] for HCA 1lI; however, histidylhistidine had no measur-
able effect on catalysis by F198L HCA IIl (Figure 4, Table
2). It is interesting to note that increasing concentrations of
histidylhistidine caused an inhibition iRy/[E] for HCA lI
but not (or very slight) for F198L HCA Il (Figure 4). This
inhibition may arise by binding of histidylhistidine at the
metal in a manner described for the binding of imidazole to
HCA | (37) or for the binding of 4-methylimidazole to H64A
HCA 11 (38). Another possibility is that histidylhistidine binds
to the zinc through its carboxyl group. In either case, the
data indicate that histidylhistidine is capable of binding deep
in the active site cavity.

DISCUSSION

With the structural and kinetic data of this report, we are

as ks*YKe® of eq 6 in Table 2. There was a greater able to comment on two significant issues in catalysis by
enhancement observed for the mutant. As shown in Figurecarbonic anhydrase. The first is the role of residue 198 as a
3, saturation was not approached for F198L HCA 1l or HCA significant contributor to the unique catalytic properties of
Il even at 200 mM imidazole; hence, we were not able to HCA Ill among the carbonic anhydrases of thelass. The
determineKes® or ks°s of eq 6. In catalysis by both HCA  second is to find within the active site cavity locations from
Il and F198L HCA Il there was no change upon increasing which proton transfer is efficient.
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mation S3). Previous kinetic comparison of HCA Ill and
K64A HCA 1l has shown that Lys 64 does not participate
significantly in proton transfer20), unlike His 64 in HCA
II (5). Kinetic results suggested that the conformations
available to Lys 64 are dependent on other residues of the
active site cavity. For example, the replacement of Arg 67
with Asn in the active site cavity increasdgl; about 10-
fold; Jewell et al. suggested that this is in part due to a role
in proton transfer for Lys 64 in R67N HCA 11l which would
have an increased range of side chain conformations in the
absence of the charged Arg 67 side chdi®) (These results
with Lys 64 are reminiscent of similar results in which the
side chain conformation of His 64 is altered in the mutant
120 T200S HCA Il compared with wild type3Q). The authors
100 ¥ ® . . suggested that the side chain orientation of His 64 depended
° on surrounding solvent structure that could be related to
80 distant mutations within the active site cavity. Tu et al., using
a double mutant cycle based on K64A-F198L HCA I, found
that replacing Lys 64 with Ala and Phe 198 with Leu showed
40 F simple additive effects oR./Kn for hydration and on the
] pK, of the zinc-bound water, implying that these residues
20 T—“'—‘:'_Hf o T do not interact in the mutations studieD]. However, the
0 ) ) , , different orientations of Lys 64 in Figure 2 may simply be
o 0 20 30 40 50 a result of the more basic crystallization conditions for F198L
[HisHis] mM HCA Il (pH 9.2) compared with HCA 1l (pH 8.0), which
FIGURE 4: Effect of histidylhistidine (A) onill) Ry,o/[E] and @) would decrease ionization of Lys 640Nn F198L HCA I
Ry/[E] catalyzed HCA Ill and (B) on[{) Ru,o/[E] and @) Ry/[E] releasing the side chain constraint.
catalyzed F198L HCA llI. For both experiments the pH was 7.0 at  |nteraction of Thr 199 and Zinc-Bound Aqueous Ligand.

25 °C with the total ionic strength of the solution maintained at a ; ;
minimum of 0.2 M by addition of Ng&8Qy. The solid lines are a fit The pH dependence of the catalytic activite/Km for

of eq 6 to the datdR.,o/[E] with parameters given in Table 2. hydration of CQ catalyzed by carbonic anhydrase is
determined predominantly by th&pof the zinc-bound water

Catalytic Actvity of HCA lll. The catalytic activity of molecule (). In mutants of HCA IIl containing replacements
HCA lIl is considerably lower than that of HCA Il in the  at position 198, this I§, varied from<6.0 for wild type to
hydration of CQ by at least 2 orders of magnitude (Table 9.2 for F198D HCA Ill @1). The K, of the zinc-bound water
2). A feature of the structure that is relevant in explaining was greater by nearly 1Ka unit for F198L HCA IlI
the smaller activity of HCA lll is the difference at position compared with HCA Ill (Table 2). LoGrasso et al. found a
198, which is Phe in HCA Ill and Leu in HCA Il and other  correlation between hydrophobicity of the residue at position
catalytic carbonic anhydrases of theclass. We examined 198 and this K. (41). Part of the enhanced activikg./Kn
the structures of HCA Il, RCA lll, HCA lll, and F198L HCA  of F198L HCA IIl compared with wild type may be related
Il (Supporting Information S1). This reveals that the 6f to this K in that correlations of the basicity of metal-bound
Phe 198 in HCA Ill and RCA Il is closer to the zinc by hydroxides in nucleophilic attack on GQ@re well docu-
0.5-0.7 A than the @ of Leu 198 in F198L HCA III; all of mented 42). This emphasizes the strong influence of this
these are considerably closer by 9174 A than the @ of position on the properties of the active site. Figure 2 showed
Leu 198 in HCA Il. This change in position of the side chain that the replacement of Phe 198 with Leu in HCA Ill caused
is not a consequence of a shift in backbone conformation; no backbone changes or changes in coordination to the metal
the distance from the & of residue 198 to the zinc is and there is no alteration in the water structure, including
essentially the same at 6.7 and 6.9 A for HCA Il and F198L the zinc-to-oxygen distance.

HCA 1ll, respectively. Thus, not only is the active site of It has also been suggested that the increas&impay be
HCA Il constrained by the presence of the bulkier phenyl related to a change in distance or orientation between Thr
ring, but the side chain has been brought closer to the zinc199 and the zinc-bound solvent molecul&)( On the basis
(Figure 2). This extra constraint on the active site of HCA of the double mutant F198L-T199A HCA lll, Chen et al.
Il may be responsible for the lower catalytic activity,/ (17) concluded that the enhancement in tig pf the zinc-

Km than that for HCA 11, which is near diffusion control at bound water observed by the substitution of Phe 198 with
100uM~1s71 (2). It certainly also would explain the weaker Leu is consistent with an altered interaction of the adjacent
binding of the classic carbonic anhydrase inhibitors aceta- Thr 199 with the zinc-bound solvent molecule. They
zolamide and ethoxzolamide on wild-type HCA Ill compared observed that the enhancement i pcaused by the
with F198L HCA 11l (16). replacement of Phe 198 with Leu was abolished when Thr

Another structural difference is in the side chain confor- 199 was also replaced with AldT). The enhancement in
mation of Lys 64, which in F198L HCA Il extends out of activity of F198L HCA Ill compared with HCA Ill was
the active site cavity with no predominant interaction with associated with decrease in free enefgdG from 1.4 to
other residues but in HCA 1l forms a hydrogen bond with 1.9 kcal/mol. Also, the change in th&pof the zinc-bound
the backbone carbonyl oxygen of Trp 5 (Supporting Infor- water caused by the replacement of Phe 198 with Leu was

R4/[E] and Ruz0/[E] ms™

E

60

R4/[E] and Ruzo/[E] ms™




10052 Biochemistry, Vol. 44, No. 30, 2005 Duda et al.

associated with aAAG of 2.6 kcal/mol. Chen et al.1{) binding of the hexahistidine tail. This site is not present in
suggested that these changes caused by replacement of B198L HCA 1l and accounts for the lack of activation of
phenylalanine to a leucine were due to a conformational catalysis by histidylhistidine. The phenyl ring of Phe 198
change in the hydrogen bond interaction between the sideproposed as a binding site for histidylhistidine is about 5 A
chain of Thr 199 and the zinc-bound water. In the structure from the zinc in HCA |lll. These results suggest that
studies reported here, there does appear to be an increasegroductive binding sites for activation of carbonic anhydrase
distance of the hydrogen bond observed between TH0 O could be closer to the zinc than the side chain of His 64 in
and the zinc-bound water (2.8 A) compared with HCA 1ll, HCA II, which in the “in” conformation is 7.5 A from the
RCA I, and HCA Il (2.5-2.6 A), tempered by the zinc (6, 35). In the case of activation by imidazole, which
experimental uncertainties (0.3 A) based on Luzzati analysisshows activation of both HCA 1ll and F198L HCA IlI
(34). The potential energy of a €H:--O hydrogen bond  (Figure 3), the situation is more complex; that is, there is
that is altered in distance by 0.2 A can readily amount to as most likely an array of binding sites for imidazole that is
much as 2.0 kcal/moK@). Within the experimental uncer-  different from that of histidylhistidine. The use of the
tainties, we conclude that a comparison of the crystal hexahistidine extension and histidylhistidine has shown a
structures of HCA 1ll and F198L HCA Il is weakly likely site of activation of HCA lII.

supportive of, but at least does not exclude, an effect of Phe

198 on the interactions of the adjacent Thr 199 with the zinc- SUPPORTING INFORMATION AVAILABLE

bound solvent molecule. . o
T ; . i The active site distance geometry of HCA Ill, F198L HCA
Activation of Carbonic AnhydrasePreviously, crystal lll, RCA IIl, and HCA Il (S1); the observed interactions

lographic studies have been used to identify binding sites of between the hexahistidine tag in the active site of HCA Il

anhycase. Diferent bincing sites for nistamine and phony- 210 F198L HCAll (S2), and the acive sites of HCA I
: and F198L HCA Il (S3). This material is available free of
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