Construction of CPEB mutants

Point mutations were made with a Chamaleon mutagenesis kit (Stratagene). The selection
primer was located in plasmid pMyc—CPEB?, 5'-CCTCGAGGGGCGGGCCCGTACCC-
AATTCGCCC-3', and changed a Kpnl site to a Srfl site. This primer was used in
conjunction with the following mutation primers to create new clones: serines 174 and 180
to alanine (CPEB-AA), 5'-GCTCTCGATTGGACGCCCGGTCTATTTTGGATGCTC-
GCTCC-3'; and serines 174 and 180 to aspartic acid (CPEB-DD), 5'-GCTCTCGATTG-
GACGATCGCTCTATTTTGGATGATCGCTCC-3'. The His-tagged form of the mutant
CPEBs was obtained by subcloning the Ncol-BamHI fragment of CPEB-AA and CPEB-
DD into the Ncol and BamHI sites of pHis—CPEB®.
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Despite the worldwide public health impact of malaria, neither
the mechanism by which the Plasmodium parasite detoxifies and
sequesters haem, nor the action of current antimalarial drugs is
well understood. The haem groups released from the digestion of
the haemoglobin of infected red blood cells are aggregated into an
insoluble material called haemozoin or malaria pigment. Syn-
thetic B-haematin (Fe™-protoporphyrin-IX), is chemically"?,
spectroscopically” and crystallographically* identical to haemo-
zoin and is believed to consist of strands of Fe""-porphyrin units,
linked into a polymer by propionate oxygen-iron bonds. Here we
report the crystal structure of (-haematin determined using
simulated annealing techniques to analyse powder diffraction
data obtained with synchrotron radiation. The molecules are
linked into dimers through reciprocal iron—carboxylate bonds
to one of the propionic side chains of each porphyrin, and the
dimers form chains linked by hydrogen bonds in the crystal. This
result has implications for understanding the action of current
antimalarial drugs and possibly for the design of new therapeutic
agents.

Numerous mechanisms have been proposed for the drug action
of the quinoline-based antimalarials such as chloroquine®, but
consensus has only been reached regarding its localization in the
digestive vacuole of the trophozoite®”, its in vitro disruption of
haem aggregation or detoxification®, and its association with
haemozoin'®. The structure of haemozoin remains speculative
despite the many spectroscopic tools used to characterize it**'"'"2,
This aggregated product of haem detoxification is now believed to
be a coordination polymer?**~1*"1¢ principally because of the n'-
carboxylate links between the iron and the propionate of an adjacent
haem, and because monomeric haematin (Fe'-protoporphyrin-IX

Figure 1 Representation of the Fe"-protoporphyrin-IX molecule used in the structure
solution (hydrogen atoms not shown). The arrows indicate torsional degrees of freedom
for the vinyl and propionic acid groups. This illlustration corresponds to the molecular
conformation obtained in the structure solution.
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(OH)) dissolves more readily than B-haematin in aqueous and
coordinating solvents.

Here we describe the crystal structure of B-haematin, a well-
known synthetic analogue of haemozoin. For this work to be
directly relevant to malarial haemozoin, we needed to establish
that the crystal structures of these two solids are identical. -
haematin is spectroscopically identical to haemozoin that is isolated
from or found in malarial trophozoites*’, but this alone is not
sufficient proof of solid-state structural identity. Previously, we
prepared homogenous single-phase microcrystalline powders of B-
haematin from the dehydrohalogenation of haemin'” and compared
their powder X-ray diffraction patterns with those of whole dried
parasitized red blood cells’. The diffraction patterns are visually
identical, implying that they both correspond to the same triclinic
unit cell and are isostructural at the atomic level; therefore, to solve
the structure of one phase is to solve the structure of both. Two
factors favour the use of synthetic B-haematin for the crystal-
lographic analysis: a better signal-to-background ratio in the
diffracted intensity, and the observation of sharper diffraction
peaks. Neither of these indicates a difference in the atomic structure
within each unit cell; therefore, the current results are directly
transferable to natural haemozoin.

We collected high-resolution X-ray powder diffraction data at
beamline X3B1 of the National Synchrotron Light Source from
samples of B-haematin, both in a 1-mm capillary and in a flat-plate
sample holder. The powder patterns indexed to a triclinic unit cell, a
=12.196(2) A, b =14.684(2) A, c = 8.040(1) A, a = 90.22(1)°, B =
96.80(1)° y=97.92(1)% V =1416.0(3) A% pey, = 1.45(1) gem 5 Z=
2, which is essentially identical to eartlier results™ for other batches
of B-haematin. We determined the structure by a simulated anneal-
ing algorithm, similar to described methods'®". Briefly, the chemi-
cal structure of the Fe"'-protoporphyrin-IX unit is known (Fig. 1),
implying that the previous estimates of all bond distances and
angles were good, although the eight torsion angles per molecule
have to be determined. We took an initial estimate of the geometry
of the porphyrin group from that of haemin®. Solving a crystal
structure consists of positioning the molecule(s) within the unit cell
and finding the torsion angles that give the best agreement between
experimental and calculated powder diffraction profiles. For any
candidate structure, we define an agreement factor between the
observed (Ios(26)) and calculated (I.,(20)) powder patterns as

S= fdzo(lobs(za) - Icalc(ze))z
(Jd261,,,(20))*

In practice, it is more efficient to compare the integrated
intensities of diffraction lines, but their overlap prevents this from

Figure 2 Two unit cells of the crystal structure of 3-haematin, viewed along the [001]
direction. Formation of dimers occurs through Fe1—-041 bonds, whereas dimers are
linked by hydrogen bonds through 036 and 037. All other hydrogens are omitted for
clarity.
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being done unambiguously. We have developed a technique that
compares integrated intensities Ay extracted from the data using
the Le Bail algorithm? with a set of By calculated for a candidate
structure. S can be calculated very efficiently by noting that

J a20( Y A fu20) — thlBhk,Fhk,(ze))z
(fd20 th;Ahkahkz(w))z

Z (Ahkl - Bhkl)Fhkl,h'k’l'(Ah’k'l’ - Bh’k'l’)
hkLh'k'l'

( thlA”k’)z

where f,(20) is the profile of the (hkl) powder peak and the overlap
Fhkl,h’k’l' = fdzofhkl(zo)fh'k’l'(ze)

is significant for nearby peaks, and only needs to be computed once.
A similar method has been described'?, using the Pawley extraction
method and the least-squares correlation matrix for Fypp-

Using the first 150 diffraction peaks (20 < 24.82°) from the
capillary data set, we made numerous simulated annealing runs in
both triclinic space groups. In P1, the 2 molecules in the unit cell are
related by inversion symmetry, and so there are 14 parameters (3
coordinates for the centre of the molecule, 3 Euler angles to
specify its orientation and 8 torsion angles). All of the structures
with § < 0.02 in space group P1 were essentially identical. In each of
these cases, one of the carboxylic oxygen atoms was in the range of
1.90-2.49 A from the iron atom, and the oxygen—oxygen distances
of the other propionate groups were 3.25-3.97A. In every one of
these solutions, the molecules were paired into dimers by two
reciprocal iron—oxygen bonds as shown in Fig. 2. The annealing
schedule often could not reach such a low value of S, but these
metastable solutions never showed suitable bonding neighbours for
the propionic oxygens. Simulated annealing in P1 (2 independent
molecules, 25 geometrical parameters) also found a candidate
structure equivalent to the P1 structure described above and
never found anything with a lower value of S.

A Rietveld refinement of the structure was performed using
GSAS™ on the flat-plate data set. We kept the geometry of the iron—
porphyrin ring as a rigid body in the Rietveld refinement, with the
high-spin iron ion located 0.47 A above the plane of the porphyrin
ring. Soft bond distance constraints were included for the refine-
ment of the positions and bond angles of the carbon and oxygen
atoms of the vinyl and propionic groups. The best refinement
obtained has R, = 6.37%, R; = 3.0% and X* = 4.2. Correspondent
values in the Le Bail fit were R,,, = 4.13% and x* = 1.9. Observed and
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Figure 3 Observed (crosses) and calculated (solid line) X-ray powder diffraction patterns
of B-haematin, using X-rays of wavelength 1.16192 A. The lower trace shows the
difference curve.
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calculated diffraction patterns are shown in Fig. 3. Given the
limitations of the powder diffraction technique on this sample
and the size of the molecule (43 non-hydrogen atoms), the atomic
coordinates are not as accurately determined as from a typical
single-crystal experiment; however, the overall result of the
molecular bonding geometry is unequivocally established by this
work.

After the Rietveld refinement, there was not significant structure
in the Fourler difference map, which ranged between —0.095 and
+0.086 ¢© A As an independent test of the correctness of the
connection topology of the molecules, we ran Fourier difference
calculations starting with the atomic positions of only the iron—
porphyrin ring. The oxygen bonded to the iron and the two carbons
of the propionic side chain are immediately visible. This precludes
the possibility that the S factor in the structure solution stage is
insufficiently sensitive to the propionic chain’s positions which
might lead to solutions in which these fragments are incorrectly
located.

The refined crystal structure is shown in Figs 2 and 4. The
inversion symmetry creates the dimer pair in the unit cell, and
these in turn stack in the lattice to give parallel iron porphyrin units
along the [001] direction. Critical metric parameters include the
Fel-041 bond distance, which converged to a value 1.886(2) A
Refinements were satlsfactory for 036-H-037 hydrogen bonds, in
the range of 2.8 A, which is in agreement with crystallographically
characterized carboxylic acid dimers. The Fe—O bond length is not
significantly different from those found for high-spin ferric com-
plexes of synthetic porphyrins, for example 1.898(4) A (acetate) and
1.847(2) A (phenoxide)®. The refined atomic coordinates and
selected bond distances and angles are given in the Supplementary
Information.

This structure is consistent with all of the known spectroscopic'™
and magnetic>'" properties of B-haematin. To our knowledge*,

Figure 4 Packing diagram of the crystal structure of 3-haematin. The [131] face, which is
roughly parallel to the porphyrin rings, is in the plane of the paper. Lighter shaded atoms
(C, grey; O, red; N, green; Fe, blue; H, not shown) are nearer the viewer. The chains of
hydrogen-bonded dimers extend from left to right.
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there has been no observation of a porphyrin dimer in which the
metal atoms are reciprocally esterified by the side chains. A similar
idea was first suggested® in 1949, but in that model, dimerization
was proposed to be by ion pairing of a cationic six-coordinate iron
to anionic propionates, which has never been experimentally con-
firmed.

Comparing the solubilities of haematin and B-haematin, in
sufficiently alkaline solutions -haematin will dissolve, presumably
by solvation of the free carboxylate groups and rupture of the iron—
carboxylate bonds. This will be true for either the dimer described
here or the previously proposed polymer. On the basis of our
structure, the difference in solubilities in coordinating solvents such
as pyridine and dimethyl sulphoxide might be due to a chelate effect
in which the kinetics of iron—carboxylate bond substitution are
retarded owing to the dimeric nature of $-haematin; the rate of the
back reaction following solvolysis of one Fe—OC(O) bond to the
dimer will compete with the solvolysis of the second Fe—OC(O)
bond to give to completely separate monomers. In the case of a
polymer, each solvolysis reaction will lead to liberation of a haem.
However, any discussion of solubilization of these species requires
full consideration of the inhomogenous kinetics of the crystal/
solution interface, and these will be markedly influenced by crystal-
lite morphology, size and the solute—solution interaction. Conse-
quently, the observed solubility characteristics alone are insufficient
evidence for the polymeric structure.

In vitro experiments have established that the quinoline anti-
malarial drugs are associated with the crystallization of
haemazoin'. This suggests that their therapeutic effect occurs by
interference with the formation of that solid phase. Proposed
mechanisms for such a drug action can be grouped into three
categories: (1) direct binding of the drug to haem monomers or
dimers in solution, which interferes with the crystallization of
haemozoin; (2) enzymatic inhibition of a protein that catalyses
haemazoin crystallization® and (3) chemiabsorption of the drug
onto crystallized haemazoin, leading to inhibition of further haem
aggregation®.

Some models in the first category'®" have proposed a haem—drug
complex capping the extension of a presumed haematin polymer. As
we have established that haemazoin is not a coordination polymer
so that the growth of a chain cannot be stopped at a single site, these
models must be re-examined. This is not merely a semantic
difference, that is to substitute crystallization for polymerization.
Any such model now has to explain how a ~1 mM intravacuolar”’
concentration of chloroquine could act catalytically to maintain a
sufficient (~0.4 M) concentration of free haematin'® to disrupt the
Plasmodium trophozoites and display the known therapeutic
action.

The second category of models suggests that a protein mediates
haem aggregation into haemozoin, and that the action of quinoline
drugs is to inhibit this supposed haem polymerase®. The fact that
quinoline inhibits the growth of haemozoin in vitro argues against
this hypothesis, although the in vitro growth of haemozoin at
physiological pH and temperature has not been unequivocally
shown. Unfortunately, the isolation of proteinaceous fractions
from Plasmodium trophozoites with unambiguous activity to
form haemozoin has been controversial, and considerable uncer-
tainty lingers over the role of enzyme in the aggregation/detoxifica-
tion process™'*".

Finally, the haematin—quinoline complex may not be covalently
bonded to haemozoin'’, and an evaluation of all of these mechan-
isms has led to the proposal of a general and as yet undetermined
surface—drug interaction as the origin of quinoline’s drug action®.
Both natural and synthetic malaria pigment crystallize as long
thin needles®, whose approximate dimensions are 1.0 * 0.1 pum,
0.6 £ 0.1 pm and 0.2 £ 0.1 pm, as isolated from mature tropho-
zoites. These remarkably uniformly sized and shaped crystals have
estimated volumes and surface areas of 0. wm’ and 2 pm’
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respectively. Together, these crystals feature a pair of relatively small,
fast-growing faces which correspond to ~5% of the total crystal
surface area. The hypothesis that antimalarial drug action of quino-
line arises from surface absorption on the actively growing faces of
malaria pigment crystallites is entirely consistent with the following
estimate of ~8% surface area coverage for the final crystallites. (The
experimentally determined density for malaria pigment, p = 1.45(1)
g cm” from the structure and unit cell, indicates that there are 0.3
fmol of haem per crystal, and thus in a typical 80-fl red blood cell
with a haemoglobin concentration of 20 mM there is enough haem
to make about 10 of the final malaria pigment crystals. Absorption
coverage is based on estimates of the intravacuolar chloroquine
concentration of ~1mM and chloroquine’s predicted Connolly
surface coverage of ~300 A.) Clearly, for crystallites formed and
growing in the young trophozoites, there will be more than
sufficient chloroquine to ensure complete surface coverage,
although we note that we are not aware of any experimental
description of either the number or morphology of the crystallites
isolated from young trophozoites. The hypothesis of a surface
adsorption process limiting new haem uptake is therefore plausible,
and this work provides impetus to further determine the surface
structure and chemistry of malaria pigment.

Haemoglobin catabolism and B-haematin formation in the
Plasmodum trophozoite is a highly organized process designed
not just to efficiently deliver amino acids for de novo protein
synthesis, but also to avoid the build-up and adventitious release
of free haem. The organization of digestive vacuole haemoglobin
peptidases is well understood'®***. In contrast, issues regarding
iron oxidation and haemozoin nucleation and growth remain
poorly explained, and these must be considered as potential drug
targets. Although there is evidence that quinoline surface adhesion
is present, and contributes to the remarkable concentration of drug
within the digestive vacuole of Plasmodium, there may be other
interactions that also contribute to their drug action. Detailed
information concerning all levels of intravacuolar haem processing
is required if the biochemistry of haem detoxification is to be
understood at a more meaningful level. The unexpected observation
of haem dimers in the solid malaria pigment is a fundamental
ingredient of any such description. U
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