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Structure of a monoclinic polymorph of human
carbonic anhydrase Il with a doubled a axis

The crystal structure of human carbonic anhydrase II with a
doubled a axis from that of the usually observed monoclinic
unit cell has been determined and refined to 1.4 A resolution.
The diffraction data with &2 = 2n + 1 were systematically
weaker than those with & = 2n. Consequently, the scaling of
the data, structure solution and refinement were challenging.
The two molecules comprising the asymmetric unit are related
by a noncrystallographic translation of % along a, but one of the
molecules has two alternate positions related by a rotation of
approximately 2°. This rotation axis is located near the edge
of the central S-sheet, causing a maximum distance disparity
of 1.7 A between equivalent atoms on the diametrically
opposite side of the molecule. The crystal-packing contacts are
similar to two sequential combined unit cells along a of the
previously determined monoclinic unit cell. Abnormally high
final Reyys and Ry values (20.2% and 23.7%, respectively)
are not unusual for structures containing pseudo-translational
symmetry and probably result from poor signal to noise in the
weak h-odd data.

1. Introduction

Carbonic anhydrases (CAs) are widely distributed in all forms
of living organisms. They catalyze the reversible conversion of
CO, and water to bicarbonate and play a significant role in a
number of physiological processes including respiration, fluid
secretion and pH control. Human CA II (HCA II), which is
the most thoroughly studied of the CAs, is one of the fastest
enzymes known, functioning at near diffusion control with a
kea/ Kin for hydration of 108 M~'s™. To date, nearly 300 wild-
type and mutant HCA II crystal structures with and without
inhibitors have been deposited in the Protein Data Bank
(PDB; Berman et al., 2000). The overall topology of HCA II
is a core ten-stranded twisted B-sheet with seven surface
a-helices. Located near the center of the molecule is the
active-site Zn atom, which lies at the base of a solvent-filled
conical depression. The zinc is coordinated to three histidine
residues and a water molecule or hydroxyl ion in a distorted
tetrahedral geometry.

The most commonly occurring crystal polymorph of HCA 11
in the PDB belongs to the monoclinic space group P2;, with
unit-cell parameters a >~ 42, b >~ 41, ¢ >~ 73 A, B >~ 104°, and
contains one molecule in the asymmetric unit. These mono-
clinic crystals were originally reported by Liljas and coworkers

Received 23 November 2009
Accepted 22 February 2010

PDB Reference: human
carbonic anhydrase II, 3ks1.

628

doi:10.1107/50907444910006797

Acta Cryst. (2010). D66, 628-634



research papers

in 1988 (PDB code 1ca2; Eriksson et al., 1988). Over the past
decade, there have been anecdotal reports of monoclinic
crystals of HCA II with a doubled a axis that presumably
contain two molecules in the asymmetric unit. However, a full
structure determination based upon these rarely occurring
crystals has not been reported. A brief report described partial
high-resolution data measured from one of these crystals
(Duda et al., 2001), but the structure was never determined.
The structure of HCA 1I in the doubled unit cell (a = 84.0,
b=411,c=736 A, = 109.3°) has been solved by molecular-
replacement methods using synchrotron data and has been
refined to 1.4 A resolution. A comparison of this crystal poly-
morph with that in the more common smaller monoclinic unit
cell shows that the molecules share the same lattice, but one of
the two molecules in the larger cell is disordered.

2. Experimental procedures
2.1. Expression and purification

Cloning and expression of wild-type HCA 1II followed the
procedures normally used in this laboratory (Domsic et al.,
2008). The HCA II gene was expressed in a recombinant strain
of Escherichia coli BL21 (DE3) pLysS containing a plasmid
encoding the HCA II gene (Forsman et al., 1988). Purification
was carried out using affinity chromatography as described
previously (Khalifah et al., 1977). Briefly, cells were enzyma-
tically lysed with hen egg-white lysozyme and the lysate was
passed through agarose resin coupled with the HCA II inhi-
bitor p-(aminomethyl)benzenesulfonamide. The bound HCA

Figure 1

Pseudo-precession photograph calculated on intensities for 0k/ (left)
and 1k/ (right) layers using the PRECESS_X utility from the PHASES
package (Furey & Swaminathan, 1997). Both sides of figure are scaled
equally, with an arbitrary floor of 790 for the highest intensity bin.

IT was eluted with 0.4 M sodium azide, 100 mM Tris pH 7.0 and
the azide was removed by extensive dialysis against 10 mM
Tris pH 8.0. Protein concentration was carried out by cen-
trifugal ultrafiltration; the final protein concentration was
determined by spectrophotometric analysis and the purity was
assessed by SDS-PAGE (data not shown).

2.2. Crystallization, diffraction data collection and structure
solution

Crystals of HCA II were grown using the hanging-drop
vapor-diffusion method at room temperature. Crystallization
drops were prepared by mixing 5 U protein at a concentration
of ~5mgml~" in 50 mM Tris pH 7.8 with 5 ul precipitant
solution consisting of the same Tris buffer containing 1.2 M
sodium citrate. These drops were equilibrated against 1 ml
precipitant solution. Crystals appeared within 7 d and were
dipped into cryoprotectant solution [30%(v/v) glycerol in
precipitant solution] before being flash-cooled at 100 K for
X-ray data collection.

Diffraction data were measured on Cornell High Energy
Synchrotron Source (CHESS) beamline A1l at a wavelength of
0.978 A. A total of 300, 0.5° oscillation, frames were measured
with an exposure time of 2 s and a crystal-to-detector distance
of 90 mm. All diffraction data were integrated and scaled with
HKL-2000 (Otwinoski & Minor, 1997). The data were char-
acterized by alternating strong (h-even) and weak (h-odd)
reflections. A pseudo-precession photograph of the 0k/ and
1kl zones calculated from the scaled intensities is shown in
Fig. 1.

The structure of HCA II in the doubled monoclinic crystals
was solved by the molecular-replacement method in space
group P2; using the CNS software suite (Briinger et al., 1998).
The structure of HCA II refined at 1.05 A resolution (PDB
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Figure 2

Native v = 0 Patterson map calculated at 3.5 A resolution, showing the
noncrystallographic translation peak at u = 1/2, w = 0. The map was
calculated using CCP4 (Collaborative Computational Project, Number 4,
1994).
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code 2ili; Fisher et al., 2007) with all waters removed was used
as the starting model. Diffraction data between 15 and 4 A
resolution were used for the rotation-function and translation-
function searches. Pseudo-translational symmetry was apparent
in the molecular-replacement results. A single highest peak
was observed in both the cross rotation-function and trans-
lation-function searches, resulting in a Patterson correlation
coefficient of 0.30 following the translation search. When the
coordinates of the best solution (chain A) for the translation
search were held fixed, a second cycle of translation search
located the second molecule (chain B) at x’ >~ x + a/2, with a
correlation coefficient of 0.79. This translational symmetry was
confirmed in the v = 0 section of a 3.5 A Patterson map (Fig. 2).
The 4 A cross rotation and translation searches identified
similar solutions, aside from an origin choice along the a axis,
when used with either s-even or h-odd data only. However,
only the solution from the 4#-odd data could be refined further.
It is possible that the strongest low-angle data were over-
loaded and omitted from the h-even data, thus compromising
the rotation or translation function using this portion of data.

2.3. Refinement of the model

Preliminary refinement of the starting molecular model was
performed with the CNS package at 2.5 A and was extended
to 1.7 A resolution. This model was then used as the initial
model for refinement at 1.4 A resolution using the PHENIX
software package (Adams et al., 2002). Changes to the model
between cycles of refinement were made using the graphics
program Coot (Emsley & Cowtan, 2004). Default protein
restraints were based on accepted protein geometry (Engh &
Huber, 1991). Individual restrained positional refinement was
carried out on the A-chain atoms and the side-chain atoms of
the B chain. The main-chain atoms of the two positions of the
B chain (B’ and B”; see §3.3) were refined independently as
rigid bodies. All non-H atoms were refined with isotropic
temperature factors and TLS treatment of the A and B chains
as independent groups. Based on the temperature-factor ratios
between atoms in alternate positions, fixed occupancies of 0.6
and 0.4 were set for the B’ and B” alternate positions of the
B chain, respectively. Alternate positions for monomer A were
not observed.

Originally, the high-resolution limit for processing of the
data and refinement was 1.25 A, but the R values of the
refined model were elevated in the resolution bins beyond
1.4 A and the higher resolution electron-density maps were
qualitatively noisier. Analysis of the weak h-odd data showed
that the mean I/o(I) was only 1.4 beyond 1.4 A resolution.
Consequently, the data were rescaled using HKL-2000
(Otwinowski & Minor, 1997) to a resolution limit of 1.4 A and
the free-R list of reflections was retained. Data statistics are
included in Table 1.

After additional rounds of refinement and model building,
a final round of PHENIX refinement was carried out using
anisotropic temperature factors for the A chain and solvent
and isotropic temperature factors for the B chain and
including individual coordinate refinement for the main-chain

Table 1

Refinement and model statistics.

Values in parentheses are for the highest resolution bin.

Space group . P2,
Unit-cell parameters (A, °) a=2840,b=411,
c=736, f=1093

Molecules in asymmetric unit 2
Vym (A*Da™) 2.07
Solvent content (%) 40.6

Resolution (A)
No. of unique reflections

17.9-1.4 (1.45-1.4)
90672 (8910)

Completeness (%) 96.8 (95.7)
Redundancy 3.1 (3.1)
Rumerge 6.3 (19.6)
(o (1)) 14.5 (6.1)
No. of reflections used for Reys (|Fo| > 0) 85788

No. of reflections used for Ry (|F,| > 0) 4588 (5.1)
Repysit/Riree 20.2/23.7

Maximum-likelihood estimated coordinate error (A) 0.2
R.m.s. deviations

Bond lengths (A) 0.006
Bond angles (°) 1.12
Ramachandran statistics (%)
Favored 88.1
Allowed 114
Generously allowed 0.5
No. of protein atoms 6177
(including alternate conformations)
No. of Zn atoms 2
No. of solvent atoms 536
Average B factors (AZ)
Main chain 19.9
Side chain 15.5
Zn 8.8
Solvent 19.1

T Ruerge = Yopia 2y [1i(hkD) = (LKD) /Xy o LKD) % Ryt = Yo [1Fonsl =
\Fcalc”/th/ [Fopsl- 8 Riree is calculated in same manner as Ry except that it uses
5% of the reflection data omitted from refinement.

atoms of the B chain. The final model contained two HCA II
chains consisting of amino acids 4-261 each, two Zn atoms and
536 water molecules. This model has an Ry of 20.2% and an
Riree Of 23.7% for all measured data at 1.4 A resolution. A
Ramachandran plot (PROCHECK; Laskowski et al., 1993) of
the final model showed 88.1% of the amino acids in the most-
favored region, 11.4% in the additionally allowed region and
0.5% in the generously allowed region. Complete refinement
and model statistics are included in Table 1. The refined model
of the structure in the doubled monoclinic cell could be used
in preliminary refinements using data from two other crystals
(data not shown): one at 1.9 A resolution and the second being
the partial 1.2 A resolution data set (Duda et al., 2001).

3. Results and discussion
3.1. Unusually high R factors and pseudosymmetry

Normally, at a resolution of 1.4 A and assuming accurate
data measurement and completeness one would expect the
Reryst value to approach 15% within ~0-3%. Since the Ry
value of 20.2% for the doubled cell is higher than this range,
the raw intensity data were examined. It was already known
that the data contained weak data alternating with strong data
(Fig. 1). The intensities were separated into /4 even and 4 odd
and compared separately. The calculated R,y values for the
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two halves of the data were 17.4 and 39.9%, respectively. The
mean intensities of the h-even and h-odd data were 714 and
52.6, respectively, giving a I}, cyen/I1 0qq Tatio of 13.6. Further-
more, 6180 of the 6610 (93 %) reflections with 7 < 0 were s-odd
data.

When R values are calculated, the contribution of system-
atically weak data to the denominator causes an artificially
high result. Furthermore, weak data are characterized by
decreased signal to noise, resulting in less reliable diffraction
measurements, which also contribute to high R values. Similar
high R values in a crystal structure containing pseudo-
symmetry have been addressed previously (Vajdos et al,
1997). An example of pseudo-translational symmetry com-
bined with twinning has also been also reported (Brooks et al.,
2008), although the high R values were not discussed. In the
latter case, the authors discussed the possibility that a non-
crystallographic symmetry operator coinciding with crystallo-
graphic symmetry in a higher space group may induce twin-
ning in the lower symmetry space group. In the doubled HCA
IT monoclinic cell there is no possibility of merohedral twin-
ning, nor are there diverging rows of diffraction spots in the
raw data frames characteristic of epitaxial crystal twinning in
monoclinic space groups.

3.2. Evolution of the molecular model during refinement

During refinement of the model, it became obvious that
many residues in the B monomer had alternate positions.
Originally, two locations were found for 35 amino acids all
located near one edge of the central B-sheet: residues 55-69
and 162-181. Subsequently, a trial SHELXL (Sheldrick, 2008)
refinement with anisotropic atomic displacement parameters
(ADPs) revealed that an additional 75 amino acids may also
have alternate positions. These were detected in the .1lst

Figure 3

Superposition of the two alternate positions of the B chain (B’ and B”;
blue and magenta) onto the A chain translated by x’ = x + 1/2 (green).
This figure was produced with PyMOL (DeLano, 2002).

diagnostic file, which provides two sets of coordinates for each
atom judged to have possible alternate positions.

After extracting the two sets of C* coordinates from the
diagnostic file, they were combined with the alternate C* co-
ordinates for the 35 residues already refined separately. On
displaying these together with the rest of the C* coordinates
in Coot it was clear that a rotational displacement may be
involved, since all of the dual positions were located on one
side of the molecule. Furthermore, the distance between pairs
of atoms gradually decreased from the edge of the sheet
towards the center of the molecule. At this point, the co-
ordinates from the A monomer were superimposed using Coot
on each of the two sets of alternate positions in order to
generate a tentative model for each complete molecule. All
main-chain atoms of the two alternate B monomers (B’ and
B") were then refined as rigid bodies and the side-chain atoms
were allowed to refine independently. It is thought that this
model is most consistent with the diffraction data.

To examine the possibility that the rotational displacement
of the B molecule arose from the imposed higher symmetry
of the monoclinic space group, the structure was solved and
refined in space group Pl. The refined unit cell had para-
metersa=42,b=41.1,c=73.6 A, a=90.0, 8=109.3, y=90.1°,
with an Ryeree value on rescaling of 3.7%. Each chain was

Figure 4

Selected indexed unit cells. Simplified representation of packing diagrams
for the (a) small and (b) doubled monoclinic cells. Open circles represent
HCA 1I molecules. In (a) the blue cell outlined is the selected indexed
small monoclinic cell (a >~ 42, b >~ 41, c ~ 73 A, B =~ 104°) and contains
one molecule (blue open circle) in the asymmetric unit. The gray cell
outlined is an alternative but not selected small monoclinic cell (a >~ 42,
b~41,c~74 A, B~ 109°) that was not selected in indexing as the ¢ axis
is larger. In (b) the red cell outlined is the selected indexed doubled
monoclinic cell (a >~ 84, b ~41,c~74 A, B >~109°). This is the a-doubled
cell of the not-selected small monoclinic cell shown in (a) and contains
two molecules in the asymmetric unit. The blue open circles are the
A-chain ordered molecules and the red open circles are the rotationally
disordered B-chain (B’ and B'") molecules. This figure was produced with
PyMOL (DeLano, 2002).
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refined in PHENIX with restrained atomic positions, isotropic
temperature factors and noncrystallographic restraints
between the A and C chains (corresponding to the A chain in
P2,) and between the B and D chains. No attempt was made to
model disorder in the B and D chains. As with R, the
refined R g and Ry also improved to 17.7% and 20.2%,

respectively. If the true crystal symmetry was triclinic and the
apparent rotational disorder in P2, was an artifact of imposing
the 2, screw axis, then by calculating the 2; screw-related
coordinates of the triclinic D chain onto the B chain should
reveal the 2° rotation. This was not the case and therefore
confirmed the space group as P2;.

Q)

Figure 5

Stereoviews of monomer B: 2|F,| — |F,| electron density (gray) contoured at 1.30 and |F,| - |F,| electron density (green) contoured at 2.50 superimposed
on residues (a) Ile33 and (b) Asp110 close to the rotation axis and (¢) Glu234, (d) Glu236, (e) Phel76 and (f) Thr177 distant from the axis. Maps were
phased using the coordinates of the A monomer and the higher occupied coordinates of B’ (cyan C atoms). The lower occupancy C atoms of B” are
shown in yellow. Red, oxygen; blue, nitrogen. This figure was produced with PyMOL (DeLano, 2002).
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3.3. Rotational disorder in monomer B

The final refined model contains alternate positions for all
257 amino acids of the B chain. In contrast to the multiple
side-chain conformations seen in many other structures at this
resolution, the final model is a result of a slight rotation of
each of the alternate positions (B’ and B”) from the position
of the B chain if it were translated a/2 from the A chain. By
calculating the distances between C* atoms in the two alter-
nate positions of the B chain, the minimum distances identify
Aspl10 and Ile33 as being close to the rotation axis. The
maximum C*—C? distance of 1.7 A is at Gly235, which is
the most distant residue from the approximate rotation axis.
Superposition of the B” chain onto the B’ chain in Coof results
in an r.m.s. distance of 0.24 A for 257 paired C* positions and
a 2.1° rotation. Although the deviations of each of the B-
monomer positions from the translated A monomer are small
(Fig. 3), these differences are the ultimate cause of the
doubling of the monoclinic unit cell. Conversely, without the
dual positions in the B monomer the noncrystallographic
translation would become a true unit-cell translation in the
smaller monoclinic unit cell.

In a recent report, Pletnev and coworkers (PDB code 3hlr;
Pletnev et al., 2009) describe a 90° rotational order—disorder in
the structure of a fluorescent protein in which the diffraction
images included a subset of diffuse intensity peaks. In this
instance pseudo-translational symmetry was not observed,
but the diffraction data in the body-centered space group
mimicked those belonging to a higher symmetry space group.
In the present structure more modest rotational order—
disorder is present along with translational symmetry, but the
abnormal diffraction effects seen in 3hlr are not present.

3.4. Crystal-packing comparison: small to doubled
monoclinic cell

The indexing of crystal unit cells can be defined by many
different vectors and different 8 angles (in the case of mono-
clinic cells), but the conventional choice of unit cell is defined
by the three shortest non-coplanar edges. Two unit cells that
define the smaller HCA II lattice are shown in Fig. 4(a) viewed
down the unique b axis. Based on convention, the unit cell
with B~ 104°, ¢ ~ 72 A (shown in blue in Fig. 4a) is therefore
accepted over the alternate unit cell with 8 ~ 109°, ¢ >~ 73 A
(gray in Fig. 4a). Also according to convention, in the doubled
monoclinic cell the longer of the a and ¢ axes would normally
be defined as ¢, but for a direct comparison with the smaller
monoclinic cell 2 =~ 84 A has been used here (shown in red in
Fig. 4b). This also demonstrates why the doubled cell with
B >~ 104°, ¢ =~ 72 A cannot be the true unit cell (gray in
Fig. 4b), as the relationship of the B chains (red open circles in
Fig. 4b) with respect to the A chains (blue open circles in
Fig. 4b) does not connect lattice points along c as it does in the
smaller cell (shown in blue in Fig. 4a). Consequently, the unit
cell with >~ 109°, ¢ ~73 A is the true (and selected) doubled
monoclinic cell. It should be emphasized that ignoring the
disorder in the B chains the overall packing of the molecules
are identical in 2ili and 3ks1. The differences in 8 angle and ¢

axis are merely a consequence of how the unit cells are defined
as a result of the cell-edge doubling.

4. Conclusions

One of the questions answered by this structure determination
is the source of the doubling of the a axis. The apparent
rotational disorder causes the B chain to differ from the A
chain and is the source of the weak diffraction for the A-odd
reflections interleaved with a more expected lattice similar to
the well characterized small cell (Fig. 1). When compared with
the C” positions of the A chain which had been translated by
% along the a direction, the two alternate positions of the B
chain differ by rm.s.d.s of 0.38 and 0.51 A for the higher and
lower occupancy positions, respectively (Fig. 3).

When viewed in Coot, the main chain of the translated A
chain is located nearly midway between the two main-chain
positions (B’ and B”) of the B chain. From the X-ray structure
reported here it is impossible to determine whether each B
chain in the crystal has two alternate positions or whether
some regions of the crystal have B chains in one position and
some regions have B chains only in the alternate position. It is
also possible that only a subset of the amino acids of the B
chain have alternate positions; that is, the residues farthest
from the proposed rotational disorder axis. However, this
possibility is probably less likely since the active-site Zn atom
and two of its histidine ligands were included in the list
of possible alternate positions resulting from the SHELX
anisotropic test refinement (see §3.2). It would be unlikely that
two ligands of the active-site metal have two positions while
the third does not.

The model of the doubled a-axis HCA II presented here
may be a simplified model of a much more extensive rotational
disorder and merely describes two of the higher occupied
versions of a continuum of states. In this study, the choice
was made based upon unbiased difference density consistently
translated from the refined model in a subset of the amino
acids and was subsequently augmented by analysis of the
anisotropic ADPs. That a model of only two alternate rota-
tional states may not be sufficient is reinforced by the overall
diffuse nature of the electron density for amino acids distant
from the rotation disorder axis (Fig. 5).
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