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Abstract 

Carbonic anhydrase IV (CAIV)  is a membrane-associated enzyme anchored to plasma membrane surfaces by a 
phosphatidylinositol glycan linkage. We have determined the 2.8-A resolution crystal structure of a truncated, soluble 
form of recombinant murine CAIV. We have also determined the structure of its complex with a drug used for glaucoma 
therapy, the sulfonamide inhibitor brinzolamide (Azoptm).  The overall structure of murine CAIV is generally similar 
to that of human CAW, however, some local structural differences are found in  the active site resulting from amino acid 
sequence differences in the “130’s segment” and the residue-63 loop (these may affect the nearby catalytic proton 
shuttle, His-64). Similar to human CAN, the C-terminus of murine CAIV  is surrounded by a substantial electropositive 
surface potential that may stabilize the interaction with the phospholipid membrane. Binding interactions observed for 
brinzolamide rationalize the generally weaker affinity of inhibitors used in glaucoma therapy toward CAIV compared 
with CAII. 
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A family of seven well-characterized isozymes designated I-VII, 
the mammalian carbonic anhydrases (CAS) catalyze the reversible 
hydration of carbon dioxide through a two-step, zinc-hydroxide 
mechanism (Silverman & Lindskog, 1988; Sly & Hu, 1995; Chris- 
tianson & Fierke, 1996; Stams & Christianson, 1998). 

Zn-OH- + CO’ + H 2 0  t3. Zn-H20 + HC03-. 

Zn-H20 t3. Zn-OH- + H+ . 

The three-dimensional structures of human CAI  (Kannan  et  al., 
1984), human CAII  (Liljas  et  al.,  1972;  Hikansson et al., 1992), 
bovine CAII  (Eriksson & Liljas, 1993), human CAIV (Stams et al., 
1996), and murine CAV (Boriack-Sjodin et al., 1995) reveal a 
common fold dominated by a P-sheet superstructure. The catalyt- 
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ically obligatory zinc ion resides on one face of the P-sheet  at the 
bottom of a 15” deep active site cavity. Zinc is liganded by 
His-94, His-96, His-119, and hydroxide ion with tetrahedral ge- 
ometry; Thr-199 accepts a hydrogen bond from zinc-bound hy- 
droxide ion. In isozymes I1 and IV, His-64 acts  as a catalytic proton 
shuttle between zinc-bound solvent and bulk solvent. 

One of the most efficient carbonic anhydrase isozymes (Baird 
et al., 1997), CAIV is membrane-associated (Sly & Hu, 1995; 
Stams & Christianson, 1998). On the plasma membrane of specific 
segments of kidney tubules, CAIV plays important roles in mod- 
ulating equilibrium pH in the lumen and in bicarbonate reabsorp- 
tion (Lucci et al.,  1983; Brown et al., 1990; Brechue et al., 1991); 
in  lung,  CAIV functions to catalyze the dehydration of serum 
bicarbonate to  COz (Effros  et al., 1981; Fleming et al., 1993). In 
the eye, CAIV is located in the endothelial cells of the choriocap- 
illaris  (Hageman  et al., 1991), and there is functional evidence for 
its localization in the basolateral membranes of nonpigmented epi- 
thelium in ciliary processes (Hageman  et al., 1991). This impli- 
cates  CAIV as a possible  pharmaceutical target for glaucoma 
therapy: topically applied CA inhibitors are known to significantly 
decrease intraocular pressure, a major risk factor of glaucoma. 
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Carbonic anhydrases-inhibitor  complexes 

Recently, the crystal  structure of  human CAW has  been  deter- 
mined (Stams et al.,  1996).  The  zinc  binding  site  and  the  hydro- 
phobic  substrate  binding  pocket of  CAIV are generally  similar  to 
those of  CAII.  However,  several  differences are found  between 
these two  isozymes.  CAIV contains two disulfide linkages, 
Cys-6-Cys-11G  and  Cys-23-Cys-203,  that  are  not  conserved  in 
CAII.  Not  only do these  linkages  stabilize  the  conformation of the 
N-terminal  domain,  but  the  disulfide  Cys-23-Cys-203  stabilizes 
an active site loop  containing  a  cis-peptide  linkage  between  Pro-201 
and  Thr-202.  Another  intriguing  difference is found in the  loop 
containing  the  catalytic  proton  shuttle,  His-64. In most  mammalian 
carbonic  anhydrases,  the  adjacent  residue at position 63 is glycine. 
Rodent  CAIVs  are  exceptional in that  Gly-63  is  replaced  by  glu- 
tamine,  and this difference  largely  explains  the  apparently im- 
paired  proton  transfer  and  catalysis by rodent  CAIVs  (Tamai et al., 
1996). 

A  notable  difference  between  human  CAIV  and other isozymes 
is that the Val-131-Asp-136 segment  adopts an extended  loop 
conformation  instead of  an a-helix conformation as found  in  CAII. 
Furthermore,  the  disordering of the  Lys-124-Glu-138  region in 
one of  two  molecules  of  human CAN in the asymmetric  unit  may 
result  from  the  substantial  cleavage of the  Arg-129-Asn-130 link- 
age (Stams  et  al., 1996).  Because this region  of the  active  site is 
known  to  be  a  critical  affinity  determinant for inhibitor  binding 
(Baldwin  et  al.,  1989), the complex of  CAIV  with a  sulfonamide 
inhibitor may  reveal important  structural  features  relevant to the 
design of drugs  used  to  treat  glaucoma. 

Here,  we  report  the  2.8-8,  resolution  X-ray crystal structure of a 
truncated,  secretory  form of  murine  CATV produced  in  Esche- 
richia coli (Okuyama et al.,  1992,  1995).  The  truncated  form  lacks 
the  C-terminal  glycosylphosphatidylinositol (GPI) anchor,  but  ap- 
pears  to  have full activity (Hurt et  al., 1997).  Recombinant  CAIV 
contains  264  residues,  with 57% sequence  identity to human  CAIV 
and 33% sequence  identity  to  human  CAII  (identities  based  on 
alignment of tertiary  structures).  The  maximal  value of kca,/K,,, for 
C02 hydration  exhibited by  murine  CAIV is 3 X lo7 M” s-I, 
threefold  less  than the corresponding  value for human  CAII  or 
human  CAIV, kc,, FJ 1 .O X lo5 s” at  pH 7-8, which is 10-fold  less 
than  that of  human  CAIV (Hurt et al., 1997).  Because kea, reflects 
proton  transfer  from  zinc-bound  water  to  His-64 in the  second step 
of catalysis  (Silverman & Lindskog,  1988),  the  structure of  murine 
CAIV  and its comparison  with  human CAN reveals  clues  regard- 
ing  the  molecular  basis of  impaired  proton  transfer  in  murine CAN. 
In addition, we report the crystal structures of the CAN- 
brinzolamide  and  CAII-brinzolamide  complexes at 2.8 8, and 
2.25 8, resolution,  respectively,  which  illuminate for the  first  time 
the  structural  basis  of  drug-isozyme  discrimination  between  CAIV 
and  CAII. 

Results and discussion 

Structure of murine CAIV 

The  overall  fold of  murine  CAIV is similar  to  that of  human 
isozymes 11 and N (Fig.  1).  However,  some  significant  differences 
in local active site structure may correlate  with  differences  in 
catalytic  activity  among  these  three  isozymes. The principal dif- 
ference is found  in the “130‘s  segment,”  which  comprises  one  wall 
of the  active site cavity  about 6-8 8, away from  zinc. In human 
CAII, this segment  is  a  three-turn a-helix (Liljas et  al., 1972; 
Hsansson et al.,  1992). In the crystal  structure of  human CAN, 
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Fig. 1. Ca superposition of murine CAIV (white),  human CAIV (cyan), 
and  human CAII (magenta).  The  disulfide  linkages of murine CAIV and 
human CAIV are yellow,  and  the  active site zinc  ion is green.  The 130‘s 
segment  is  highlighted by a red ball  at  position 131 in  human CAII and 
human CAIV; electron  density is not  observed for this  segment  in  murine 
C A N  and  presumed  disordered  (dotted  line). 

there  are two  molecules in the  asymmetric  unit;  in  one  molecule, 
the  130’s  segment  adopts an extended  loop  conformation,  and  in 
the  second  molecule, this segment is disordered  due  to  proteolytic 
nicking  at  the  Arg-129-Asn-130  linkage  (Stams  et  al.,  1996).  This 
segment is similarly  disordered  in  murine CAIV, despite  four-  and 
six-amino  acid  deletions  in  the  alignment  with  human  CAII  and 
CAIV, respectively: 

12 0 13 0 140 

hCAII LVHWNT--KYGDFGKAVQQPDG 

mCAIV IVHKKLTSS----KE--DSKDK 

hCAIV IVHEKEKGTSEWVKEAQDPEDE 

Gel  electrophoresis  experiments  with  murine CAN show  no  evi- 
dence of proteolytic  cleavage  (data  not  shown).  Therefore, the lack 
of electron  density for this  segment  indicates  that  the  flexibility 
and  disorder of  the 130’s  segment is not  dependent  on  proteolytic 
nicking.  Instead, it must  be  an  inherently  flexible  loop  in this 
particular  isozyme. 

Other  structural  differences  among  human  CAII,  human CAN, 
and  murine CAN are  found in the  vicinity of the  catalytic  proton 
shuttle,  His-64 (Fig. 2). In native  CAII,  His-64 is oriented  toward 
the  active  site  at  pH 8.5 (the  “in”  conformation) (Hsansson et  al., 
1992); at lower pH values,  His-64  rotates  away  from  the  active site 
to  the  “out”  conformation (Nair & Christianson,  1991).  In  human 
CAIV,  His-64 adopts  the  “out”  conformation  at  pH  5.1,  which 
appears  to  be  consistent with the  behavior of this residue  in CAII. 
However, in murine  CAIV, His-64  adopts  the  “out”  conformation 
at  pH 7,  which  contrasts  with  the  pH-dependent  conformation of 
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Fig. 2. Superposition of His-64 regions of murine C A N  (color coded by 
atom), human CAIV  (cyan), and human CAII  (magenta). In murine CAIV 
and human CAIV, His-64 occupies the “out” conformation (i.e., oriented away 
from the active site), whereas in  human CAII, it occupies the “in” confor- 
mation (i.e., oriented toward the active site). Note that, despite the appear- 
ance of Gln-63 in murine CAIV and Gly-63 in human CAIV and  human CAII, 
the backbone conformation of residue-63 is similar in  all three structures. 

this residue  in  the  other  two  isozymes.  Intriguingly,  the  adjacent 
glycine  residue  at  position  63,  which is conserved  among  nearly  all 
characterized  carbonic  anhydrases, is replaced  by  glutamine in 
murine  and rat CANS (Tamai et al.,  1996).  Consequently,  Gln-63 
may affect  the  conformation  and  chemistry of  neighboring His-64, 
because  the k,,, value of murine CAN in the pH  range  of  6-8 is 
found to be approximately  10-fold less than  that  of  human CAN 
(Baird et al.,  1997;  Hurt et al., 1997).  These  observations  agree 
with  and  extend  those  of  Tamai et al.  (1996),  who  also  provide 
evidence  that  Gln-63 + Gly substitution in  murine CAN in- 
creases  the  activity of the  enzyme,  demonstrating  that  Gln-63  does 
indeed  modulate  proton  transfer at His-64  (Tamai et al.,  1996). 
However,  comparison  of  the His64 region  of  human  CAII,  human 
CAIV,  and murine CAIV reveals  no  major  conformational  differ- 
ences  in  the  polypeptide  backbone  (Fig.  2).  Possibly,  interactions 
between  the side chains of Gln-63 and His-64 may  modulate the 
function of  His-64.  Further  enzymological  and  X-ray crystallo- 
graphic  experiments  are  necessary  to  address this speculation. 

Other  features in the active site of  murine  CAIV are similar to 
those of  many other  mammalian  carbonic  anhydrases  (Liljas et al., 
1972;  Kannan et al.,  1984; H h s o n  et al.,  1992;  Eriksson & 
Liljas,  1993):  Conserved  zinc  ligands are His-94,  His-96,  His-1  19, 
and  hydroxide  ion  [at  pH  5.1  in  human CAN, the  nonprotein 
ligand is sulfate (Stams et al., 1996)l. An electron  density  map of 
the  zinc  binding site is found in Figure 3. Thr-199  accepts  a  hy- 
drogen  bond  from  zinc-bound  hydroxide  and  orients  the  nucleo- 
phile  for  catalysis. The zinc-binding site is also  stabilized by 
conserved  “indirect”  zinc  ligands,  i.e.,  residues  that  hydrogen  bond 
to  histidine  metal  ligands.  Indirect  ligands  in  the  active site make 

Fig. 3. Difference electron density maps of the zinc binding site of murine 
CAIV, generated with Fourier coefficients IF,,\ - IFci and phases calculated 
from the final model minus zinc (magenta, contoured at IOU), or zinc 
ligands His-94. His-96, His-1 19, and hydroxide (cyan, contoured at 3 r ) .  
Metal coordination geometry is tetrahedral. The hydrogen bond network 
between zinc-bound hydroxide, Thr-199, and Glu- 106 is indicated by dashed 
lines. 

the  following  hydrogen  bonds: NSl of  His-94  to 0 ~ 1  of  Gln-92, 
NS1  of  His-96  to 0 of  Asn-244,  and  Ne2  of  His-1 19 to 062 of 

Finally,  the  two  disulfide  linkages  observed  in  human CAN are 
conserved  in  murine CAN. These  structural  elements  contribute  to 
the  stabilization of  CAIV  against  solubilization in 5% SDS (Whit- 
ney & Briggle,  1982; W a h d  et al.,  1996),  and  both  disulfides are 
found  adjacent to the  enzyme  active  site  cavity  in  the  N-terminal 
region: Cysd-Cys-1lG and  Cys-23-Cys-203. As  found in the 
structure of  human CAN (Stams et al.,  1996).  the latter  disulfide 
linkage  apparently  helps to stabilize  a  cis-peptide  linkage  between 
Pro-201  and  Asn-202. 

Glu-117. 

Membrane association 

The biological  requirement for enhanced  stability of CAN prob- 
ably  arises  from its location  in  harsh,  extracellular  environments. 
As  mentioned  in  the  introduction,  CAIV is a  GPI-anchored  mem- 
brane  protein  expressed on the  plasma  membrane of specific  epi- 
thelial and endothelial  cells.  The  GPI  anchor is attached  to  the 
C-terminus  of  the protein  (Zhu & Sly, 1990),  which is located on 
the  opposite  side of the  molecule  relative  to  the  active site cavity. 
With this geometry,  the active site is oriented  toward  the  lumen  and 
is fully  accessible for catalysis when the  GPI  anchor is inserted 
into  the  membrane (Stams et al., 1996). 

As  found  for  human CAN (Stams et al.,  1996),  there is a  sig- 
nificant  electropositive  surface  potential  flanking  the  C-terminus 
of murine CAN (Fig.  4). This surface is generated  by the  posi- 
tively  charged  side  chains  of  several  basic  residues:  Arg-37,  Lys-39, 
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Fig. 4. Electrostatic  surface  potential of murine  CAIV,  human CAIV, and 
human  CAD  calculated  with GRASP (Honig & Nicholls, 1995);  the  color 
scale ranges  from - 8kT (red) to + 8kT (blue).  Note  the  extensive  positive 
electrostatic  surface  potential  (blue)  surrounding  the  C  termini of murine 
CAIV  and  human CAW (the  location of each C terminus is indicated  by  a 
yellow “C”). This  feature  facilitates  membrane  adsorption  and  orients  the 
enzyme  active  site  away  from  the membrane so it is fully accessible for 
catalysis. 

kg-112, LYS-152,  LYS-155,  LYS-188,  LYS-213,  LYS-217,  LYS-253, 
and  Lys-258.  Although  only  Lys-39,  Lys-188,  and  Lys-258  are 
conserved  between  murine  CAIV  and  human  CAIV,  the  net pos- 
itive  surface  potential is conserved  because  human  CAIV  has  a 
total of 11 basic  residues  flanking its C-terminus (Stams et al., 
1996)  (Fig.  4).  Except  for  Lys-213,  these  residues are not  con- 
served  in  CAII  (Fig.  4). This supports  the  proposal  that  these 
residues  facilitate  the  interaction of  CAIV  with  the  negatively 
charged  phosphate  groups  of  the  phospholipid  membrane,  and  a 
complementary  electrostatic  interaction  with  the  protein  surface 
helps  stabilize  the  orientation of the  protein  on  the  membrane 
surface (Stams et al.,  1996). 

Other  membrane-associated  proteins  are known to contain  clus- 
ters of  basic residues  that  facilitate  membrane  adsorption;  such 
clusters  generally  flank  a  hydrophobic  myristoyl or farnesyl  group 
that  anchors  the  protein  to  the  membrane  surface.  Experimental 
and  theoretical  analysis of basic  peptide  association  with  mem- 
branes  containing  acidic  lipids  suggests  that  each  basic  residue  on 
the  protein  contributes  about  1  kcallmol to the  membrane  associ- 
ation  energy  under  physiological  conditions  (Ben-Tal et al.,  1996). 
This may explain why an equivalent  number of basic  residues 
flank  the  GPI-anchored  C-termini  of  murine  CAIV  and  human 
CAIV, even  though  these  basic  residues are not  conserved  at  iden- 
tical  locations  in  primary  structure. 

Binding of brinzolumide (AzoptTM) to CAII and CAW 

Compounds  bearing  sulfonamide  groups  have  long  been known to 
be potent  inhibitors of the  carbonic  anhydrases (Mann t Keilin, 
1940),  and  the  most  notable  clinical  significance  of  acetazolamide 
and  related  sulfonamides is in  glaucoma  therapy  (Maren,  1984, 
1987;  Baldwin et al.,  1989;  Greer et al.,  1994).  Inhibition  of  ocular 
carbonic  anhydrase  decreases  aqueous  humor  secretion,  which  in 
turn lowers  intraocular  pressure: this is the  major  risk  factor of 
primary open-angle  glaucoma  (Quigley,  1993;  Tielsch et al.,  1994). 
Although  isozyme II is presumed to be  the  predominant  ocular 
receptor  of  topically  applied  sulfonamide  inhibitors, the  localiza- 
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tion  of  isozyme IV in certain  ocular  tissues  (Hageman et al.,  1991) 
also  implicates this isozyme  (Maren et al.,  1993).  Notably,  the 
affinity  of  CAIV for  sulfonamide  inhibitors is up to 100-fold  less 
than  that  of  CAII,  suggesting  that  the  rational  design  of  isozyme- 
specific  inhibitors would be  possible  once  the  molecular  basis  for 
this phenomenon is understood  (Baird et al.,  1997). 

Brinzolamide (Azoptm) is a  potent  sulfonamide  inhibitor of  the 
carbonic  anhydrases,  with IC5,, values  of  3.2 nM and  45.3 nM 
against C A I  and CATV, respectively  (Camras et al.,  1997;  Dean 
et al.,  1997; Shin et al.,  1997; Stewart et al., 1997)  (Fig. 5). This 
is the  newest  carbonic  anhydrase  inhibitor  approved  for use in the 
treatment  of  glaucoma.  Comparison  of  the  CAI-brinzolamide  and 
CAIV-brinzolamide  complexes  reveals significant  structural dif- 
ferences  accounting  for  the  generally  decreased  affinity  of  sulfon- 
amide  inhibitors  toward  isozyme IV. 

Brinzolamide  binding to the  active site zinc  ion  of  CAII is 
similar to that  observed  in  other  CAI-sulfonamide stru- (Eaiks- 
son et al.,  1986,  1988;  Baldwin et al.,  1989;  Vidgren et al.,  1990, 
Prugh et al.,  1991;  Cappalonga et al.,  1992),  and  an  electron  den- 
sity  map is found  in Figure 6. The  ionized  sulfonamide  nitrogen 
coordinates to zinc  and  displaces  zinc-bound  hydroxide. In addi- 
tion, this nitrogen  donates  a  hydrogen  bond to the  hydroxyl  group 
of  Thr-199,  which in turn donates  a  hydrogen  bond  to  the  carbox- 
ylate  group  of  Glu-106.  Sulfonamide  oxygen  O3 displaces  the 
“deep”  water  molecule  located  at  the  mouth  of  the  hydrophobic 
pocket  (Eriksson et al.,  1986,  1988). This oxygen  also  accepts  a 
hydrogen  bond  from  the  backbone  amide NH of  Thr-199.  Sulfon- 
amide  oxygen 0 4  is not  within  hydrogen  bonding  distance  of  any 
hydrogen  bond  donors,  nor is it  within  the  inner  sphere  of  zinc 
coordination (ZII+~-O separation = 3.9 A). 

The  oxygen  atoms  of  the  endo-sulfonamide  group,  designated 
0 2  and 05, make  polar  interactions  with  active  site  residues: O5 
accepts  hydrogen  bonds  from  the d H 2  of  Gln-92  and a  solvent 
molecule,  and 0 2  engages  in  a weakly  polar,  dipole-quadrupole 
interaction  with C3-H  of  Phe- 13 1.  Finally,  the  aliphatic  ether “tail” 
of  brinzolamide  makes extensive van der Waals contacts  with  hy- 
drophobic  residues  on  one  wall  of  the  active  site  cavity  (Leu-198, 
Pro-202)  and also on the  opposite wall  (Phe-131  and  Val-135  in 
the  130‘s  segment). 

The  conformation  of  the  six-membered  sulfonamide  ring of brin- 
zolamide is such  that  the  ethylamine  group  adopts  a  pseudo- 
equatorial  conformation. This allows  the  ethylamine  nitrogen to 
hydrogen  bond  with  the  hydroxyl  group  of  Thr-200.  The  ethyl- 
amine  group  sterically  forces  proton  shuttle  group His-64 from  the 
native,  “in”  conformation  (i.e.,  pointing  toward  the  active  site) to 

Fig. 5. Brinzolamide (AzoptTM; (+)-4-ethylamino-3,4-dihydro-2-(3- 
methoxy)propyl-2H-teno[3,2e]-1,2-thiazine-6-sulfonamide-l,l-dioxide) is 
a  potent  CA  inhibitor  with ICs0 values of 3.2 nM and 45 nM against  CAII 
and CAW, respectively. 
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Fig. 6. Difference  electron  density  map of the  human  CAII-brinzolamide 
complex,  generated  with  Fourier  coefficients IF,I - IF,] and phases  cal- 
culated  from  the  final  model  minus  the  atoms of brinzolamide  (contoured 
at 3 ~ ) .  The  sulfonamide  nitrogen of brinzolamide coordinates to  zinc  and 
displaces zinc-bound  hydroxide,  thereby  maintaining  tetrahedral  metal  co- 
ordination  geometry.  The  aliphatic  tail of brinzolamide  makes  van  der 
Waals contact  with  Phe-131  and Pro-202. 

the  “out”  conformation  (i.e.,  pointing away  from the  active  site),  a 
phenomenon  that has been  observed  in  the  binding  of  related  in- 
hibitors  and is thought  to  contribute  a  factor of -5 to  affinity  due 

1 

Gln 

I: S t m  et al. 

to  the  resultant  displacement of  ordered solvent  (Baldwin et al., 
1989;  Smith  et  al.,  1994). 

The electron  density map  of the  CAN-brinzolamide  complex 
reveals  that  the  inhibitor  binds  to  the  active  site  zinc  ion  in  a 
manner  generally  similar  to  that  observed in the  CAII-brinzolamide 
complex  (data  not  shown):  (1)  an  ionized  sulfonamide  nitrogen 
displaces  zinc-bound  hydroxide  and  donates  a  hydrogen  bond to 
Thr-199;  (2)  the  backbone NH group of  Thr-199 donates  a  hydro- 
gen  bond to  one  sulfonamide  oxygen;  (3) Thr-200 accepts  a hy- 
drogen bond from N1  of the  inhibitor;  and  (4)  the eNH2 group of 
Gln-92  donates  a  hydrogen  bond  to Os of the  inhibitor.  However, 
brinzolamide  makes three intermolecular  contacts with CAII  that 
are not found  in  the  CAIV complex.  These  include: (1) a  dipole- 
quadrupole  interaction  between  the  inhibitor O2 atom  and  the  C3-H 
of  Phe-131; (2)  a  hydrogen  bond  between  the  inhibitor Os atom 
and  a  solvent  molecule;  and  (3)  extensive  van  der Waals contacts 
between  the  aliphatic  ether “tail” of the  inhibitor  and  (a)  the Pro- 
202  region of the  hydrophobic  wall  in  the  active site, and (b) 
residues  Phe-131  and  Val-1  35  of  the  130’s  segment.  A  superposi- 
tion  of the  two  enzyme  active sites is found  in  Figure 7, and  the 
overall  enzyme  structures are compared  in  Figure 8. In the CAIV- 
brinzolamide  complex,  the  130‘s  segment  remains  disordered,  and 
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Table 1. Data collection and  refinement statistics 

Native Murine Human 
murine CAIV CAIV-brinzolamide CAII-brinzolamide 

Number of measured reflections 26,921 24,955 18,107 
Number of unique reflections 6,750 7,084 8,703 
Maximum resolution (A) 2.8 2.8 2.25 

Completeness of data (%) 94.8 97.9 65.5 
Number of reflections used in refinement (>2(+) 5,404 5,789 7,483 
Number of reflections in R J ~ ~  test set 664 717 - 

Rfllerg2 0.083 0.097 0.098 

Rcryrrb 0.182 0.191 0.144 
RJIZPC 0.267 0.277 - 

Number of non-hydrogen atomsd 2,019 2,045 2,064 
Number of solvent molecules included in refinement 9 3 55 
RMSD from ideal bond lengths (A) 0.007 0.007 0.0 13 
RMSD from ideal bond angles (") 1.4 1.4 3.0 
RMSD from ideal dihedral angles (") 25.2  25.6  26.2 
RMSD from ideal improper angles (") 1.2  1.1  1.2 

aRm,,, for replicate reflections, R = C l f h  - ( & ) l / E ( l h ) ;  I* = intensity measured for reflection h; (6) = average intensity for 

hCrystallographic R factor, Revs, = 211Fo;1 - ~ F c ~ ~ / C ~ F o ~ ;  IF,I and IF,.I are the observed and calculated structure factor amplitudes, 

'Free R factor, R,+<. = ZIlF,I - IF,II/Z/F,I for only those reflections included in the R J ~ ~ .  test set. 

reflection h calculated from replicate data. 

respectively, for those reflections not included in the R J ~ ~ ~  test set. 

asymmetric unit 

the aliphatic ether "tail" of the inhibitor makes no stabilizing in- 
teraction with this segment. This indicates that the 130's segment 
is so flexible that inhibitor binding cannot stabilize it in a discrete 
conformation. The resultant loss of 34 A2 of solvent-excluded 
surface area in the enzyme-inhibitor complex is most likely the 
key feature responsible for  the IO-fold lower affinity of brinzola- 
mide toward CAIV relative to CAII.  Thus, the primary molecular 
determinant of weaker sulfonamide binding to isozyme IV relative 
to isozyme I1 is now established. This information may be useful 
in the design of even more effective, second-generation carbonic 
anhydrase inhibitors for use in glaucoma therapy. 

Materials and methods 

Ctystallization 

The hanging drop vapor diffusion method was used to crystallize 
murine CAN, in which 3 pL of protein solution (4  mg/mL of 
murine C A N  in  15 mM Tris-HC1, pH 8.6) was equilibrated against 
3 p L  of 20% polyethylene glycol 4000, 100 mM Tris-sulfate, 
pH  7,  at 4 "C. The biggest crystal appeared in two weeks and had 
approximate dimensions of 0.3 X 0.5 X 0.075 mm. 

The murine CAIV-brinzolamide complex was cocrystallized 
using the same  conditions  as used for  the native protein. The 
inhibitor was initially dissolved in  DMSO with an inhibitor con- 
centration of 100 mM. Subsequently, 1 pL of this  stock solution 
was added to 100 p L  of 4 mg/mL protein solution prior to setting 
up hanging drops crystallization trials. Crystals exhibited similar 
size and morphology to those of the native enzyme. 

Crystals of native CAII were grown as described (Hikansson 
et al., 1992), and crystals of the CAD-brinzolamide complex were 
prepared as follows. Crystals were transferred into 4.0 M K2HP04, 
pH 10, over a period of one day. After equilibrating overnight, 
these crystals were then crosslinked by slow transfer into 0.1% 

(vol/vol) glutaraldehyde in 4.0 M K2HP04 to stabilize the crystal 
lattice. After 6-8 h, the crystals (yellow in color) were removed 
from the crosslinking solution, washed with 4.0 M K2HP04 buffer, 
and allowed to sit in this buffer solution overnight. In order to 
prepare enzyme-inhibitor complexes, crystals were soaked in a 
4.0 M K2HP04 solution containing 4 mM inhibitor dissolved in 
DMSO such that the  final concentration of DMSO  in the solution 
was less than 10% (vol/vol)  for three days. 

Data collection 

Diffraction data from crystals of murine CAIV were collected on 
an R-AXIS IIc image plate detector using Cu-Ka radiation (A = 
1.541 8 A) from a Rigaku RU-200HB rotating anode X-ray gener- 
ator operating at 50 mV and 100 mA. Intensity data were pro- 
cessed with MOSFLM and CCP4 programs (Leslie, 1992;  CCP4, 
1994). Crystals diffracted X-rays to 2.8-A resolution and belonged 
to space group C222,. with unit cell parameters a = 53.5 A, b = 
85.2 8, c = 121.9 A. With one molecule in the asymmetric unit, 
the packing density, V, = 2.3 A3/Da, indicated 47% solvent con- 
tent (Matthews, 1968). Crystals of the CAN-brinzolamide complex 
were isomorphous with those of native CAIV and likewise dif- 
fracted  X-rays to 2.8-A resolution.  Crystals  of the CAII- 
brinzolamide complex were isomorphous with those of the native 
enzyme (Hikansson  et al., 1992) and diffracted X-rays to 2.25 8, 
resolution (Table 1). 

Molecular replacement 

The  crystal structure of murine CAIV was solved by molecular 
replacement with AmoRe (Navaza, 1994). Using a truncated poly- 
alanine model of CAIV as a search probe against 20.0-4.0-A data, 
the cross-rotation search yielded the highest peak at 7 . 4 ~  with a = 
153.6", p = 42.4", and y = 74.2" (the second highest peak was  at 
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4 . 6 ~ ) .  Subsequently, the translation function calculation yielded an 
unambiguous solution with the highest peak at 6% (the second 
highest peak was at 4 . 0 ~ ) .  The crystallographic R-factor after rigid- 
body refinement was 0.428 using 20.0-2.8-A resolution data. After 
iterative rounds of simulated annealing refinement with X-PLOR 
(Briinger et al., 1987) and model building, the final model of 
murine C A N  yielded a crystallographic R-factor of 0.182 (Rfree = 
0.267) with excellent stereochemistry (Table 1). Coordinates have 
been deposited in the Brookhaven Protein Data Bank with acces- 
sion code 2ZNC. 

CAII-brinzolamide and CAN-brinzolamide complexes 

Brinzolamide was fit  into difference Fourier maps calculated 
against the native CAI1 and CAIV structures. Structures of the 
CAII-brinzolamide and CAN-brinzolamide complexes were then 
refined with X-PLOR (Briinger et al., 1987) to final crystallo- 
graphic R-factors of 0.144 and 0.191, respectively (Table 1). 

Coordinates of the CAII-brinzolamide and CAIV-brinzolamide 
complexes have been deposited in the Brookhaven Protein Data 
Bank with accession codes 1A42 and 32NC, respectively. 
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