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MOLEQULAR RECOGNITION IN PATHOLOGICAL CRYSTALLIZATIONS:
Gout. Interactions between Albumin and Sodium Urate

Monchydrate Crystals

D. Perl-Treves and L. Addadi
Structural Chemistry Dept., Weizmarn Institute of
Science, Rehovot, Israel.

Abstract: Pathological crystallizations encompass a
range of diseases caused by the formation of urwanted
crystals in the body fluids. We investigate the
relations between these crystals and proteins present
in the biological enviromment, aiming at a basic
understanding of their interactions at a molecular
level. We focused on the crystallization of
monosodium urate monohydrate (MSU), related to the
disease of gout. Human serum albumin (HSA), which is
found associated with the crystals in gouty patients,
acts in vitro as a crystal nucleator of MsU.
Morphological and immunolabeling studies showed a
selective interaction of HSA with the {110} faces of
MSU crystals. These faces are formed of homocharged
layers of sodium cations or urate anions. The
nucleating effect is pH dependent, with the mid-point
of the curve around physiological pH. Blocking
reactions indicate that carboxylate groups are active
in the nucleation of MSU. We propose a nucleation
mechanism whereby structured anionic damains on the
protein surface interact with cationic layers on the
(11I0) cxystal surface. This type of interaction may
be general for induction of crystallization under
pathological conditions.

The importance of the role played by crystals in our body
and in the life of most organisms is in general not fully

appreciated. Organisms fram all five kingdoms are known
to build solid phases that fulfill a large variety of
functions, ranging fram skeletal support to food grinding
and protective structures, fram navigational and balance
purposes to storage sites. In many cases, the organisms
are able to oTtrol the mineralization process at the
molecular lewvel™.
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In ocontrast to biomineralization, pathological
crystallization refers to the formation of urwanted
crystals inside the organism. Common examples are kidney
stones, formed mainly of calcium oxalate, uric acid and
brushite crystals, or gall stones, camposed mainly of
calcified deposits of cholesterol. Certain types of joint
diseases are also associated with the deposition of
crystals, namely sodium urate crystals in gout, calcium
pyrophosphate cryﬁtals in pseudogout, or apatite crystals
in osteocarthritis“. Pathological crystallizations cannot
however be classified according to chemical camposition
only. The crystalline deposits display a variety of
polymorphic forms, different crystal habits and
aggregation states, each probably reflecting a different
etiology.

In all these diseases crystals grow in complex
biological enviromments and interact with their molecular
and macramwlecular constituents. Often whole arrays of
capourds are found associated with the pathological
crystals, and it is practically impossible to distinguish
canpounds that may have triggered crystal formation from
those that adhered to the crystals at a later stage. It
is thus a very difficult task to determine the
mechanism(s) of nucleation and growth of these crystals
at the molecular level.

In all these diseases the body fluids are
supersaturated with respect to the mineral formed at the
site of deposition: This however is a but not
sufficient condition for the disease to indicating
that, as always in crystallization, the ernwviromment has
an essential role in the triggering and/or modulation of
crystal growth. Additives have long been known to exert
an inhibitory effect on crystal growth, as they are
adsorbed onto the crystals or_muclei, and thus interfere
with their regular 3. on the other hand,
nucleation is rarely fn hanoga'xgous process;6 organized
surfaces of monolayers™, polymers“ or proteins™ have been
shown to operate, under appropriate oconditions, as
nucleators of various crystalline materials at different
levels of specificity.

In biomineralization, specific macramolecules are
secreted by many organisms :Ln]order to initiate and
control crystal formation’. In pathological
crystallizations, on the other hand, epitaxial nucleation
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on specific biological substrates is not expected, since
the biological enwvirament is not predetermined +to
interact with the crystals. Nucleation on these
substrates 1s rather expected to follow rules of
induction at some lower level of specificity, which may
well present same general camnon characteristics. We feel
that a basic understanding of the ways of interaction
between forming crystals and the macrowlecular
canponents in the biological enviromment must first be
achieved before addressing the question of the molecular
mechanism(s) involved in pathological crystallizations.

Crucial to the treatment to follow is the concept
that crystal surfaces, although determined by the
arrangement of the molecules within the crystal lattice,
display surface structures which are different fram each
other and from that of the crystal bulk. Interactions, at
any level of specificity, must be therefore influenced by
thestructlmeofthesué‘facesofthecrystalandofthe
interacting counterpart™. We shall hereforth describe
the approach we have developed in the study of systems
relevant to pathological crystallizations, where
crystal-protein interactions are analyzed at the level of
recognition between structured surfaces.

For an analysis of recognition patterns between
macramolecules and crystals, ionic molecular crystals
have many advantages over inorganic ooes; they are
stereochemically more articulated and the density of
charge on their surfaces is lower. Specific interactions
are thus easler to distinguish fran non-specific
electrostatic adsorption. These are same of the reasons
why we chose to study sodium urate monchydrate (MSU)
crystals, whose precipitation in joints causes the
diseaaeknownasgout. The crystal structure of MSU is
known”, and possible factors influencing MSU
crystallization have been investigated in a number
of clinical, as well as laboratory studies 4

factors predisposing certain hyperuricemic patients and
not others to develop gout are, however, still unknown

Sodium urate monchydrate crystals, fonned in vitro
and in the joint fluid (synovial f1 appear as
elangated plates of 1 to 50 um in length™. Theczystals
grown in vitro display well defined large {010} plate
faces, narrow {100}, {1I0} and occasionally &]610} side

faces, and small {001} top faces (Fig.l)
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morphology indicates faster growth in the ¢ direction
relative to the directions perpendicular to c. This can
be easily rationalized, as the packing is characterized
by strong stacking interactions of the purine rings along
c, reinforced by electrostatic interactions with the
sodium ions arranged in the interstack space (Fig.2a).
Significantly, potassium urate is isamorphous to MSU,
while the corresponding salts of 1lithium, cesium or
rubidium couldn't be obtained under analogous conditions.
This is presumably due to the match between the spacing
along ¢ as determined by the stacking interactions and by
the sodium, or potassium ion. A similar match cannot be
achieved with the small lithium ions or with the large

cesium ones.

(010)
(001) |

(100) (170,

Fig.1l: Morphology of typical crystals of monosodium
urate monchydrate grown in vitro at room
temperature, pH 7-8.

The small {001} faces (Fig.2e) have the strongest
hydrophobic character, while {010} (Fig.2a) and {100}
(Fig.2b) have an intermediate ionic character with purine
rings alternating along the face with sodium ions and
water molecules. The {110} faces have a unique character;
they are composed of layers of sodium cations and water
molecules (Fig.2d) that run parallel to the face,
alternating with layers composed exclusively of urate
molecules (Fig.2c¢). Each molecule of urate emerges
edge-on to the layer, thus endowing it with an anionic
character.
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Packing arrangement of monosodium urate
monohydrate: (a) on the (010) face; for clarity,
only one molecular layer is shown. (b) On the
(100) face; for clarity only one molecular layer
is shown. (c) on the (1I10) face; the layer of
urgte ions. (d) on the (1I10) face; the layer of
Na' ions and water molecules. (e) on the (001)
face, delineated by the expressed side faces.

[2651/5



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:21 19 February 2013

6/[266) D. PERL-TREVES, 1.. ADDADI

In vivo, MSU crystals are associated with a variety
of synovial flu.]:g canponents, but mainly with albumin and
immunoglobulins In this study on crystal-protein
interactions, we chose to first investigate in vitro the
system MSU-albumin. Human serum albumin is the main
protein component of serum and synovial fluid (conc. 6-20
mg/ml). It is a globular protein of MW=66 Kdaltons that
is involved in a wide range of transport processes in
blood. It has some polyelectrolyte character, due to the
presence of a relativel Ys 1arge number of acidic and basic
residues at its surface

We found that albumin accelerates up to tenfold the
appearence of crystals of MSU in vitro relative to the
samesolutionsintheabserneé)f albumin, and that the
process is exclusively kineticl Heat-denatured albumin
loses most of its nucleating power, thus highlighting the
importance of the protein surface structure in the
nucleation process. In addition, albumin has no effect
on the nucleation of uric acid crystallized under the
same conditions (pH=7-8, roam temperature) but in the
absence of sodium. It does, however, accelerate the
crystallization of potassium urate, which is isomorphous
to MSU. These results indicate a high degree of
specificity of the nucleation effect in relation to both
the protein and to the crystal surface structure. Studies
were then undertaken to further define the specificity of

the protein-crystal contacts.
CRYSTAL SPECIFICITY

Three independent techniques were used to determine
which, if any, of the crystal faces, preferentially
interact with the protejn:; morphology, immunofluocrescence
and immunogold label

Morphology: The crystal habit appears to be unchanged
when crystallization is performed in the presence of
albumin in solution. The relative area of the side faces
does, however, increase, indicating that adsorption of
protein takes place preferentially on the {110} and/or
{100} faces.
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Immunofluorescence: Crystals grown in the presence of
protein were incubated with antibody raised against human
serun albumin, and subsequently with fluorescently
labeled Protein A. The latter protein selectively binds
to antibodies. Fluorescence was detected specifically
fram the side faces of the crystals grown with albumin in
solution, indicating the selective presence of albumin on
those faces (Fig.3). No fluorescence was observed f£from
the control crystals grown without albumin. Denatured
albumin appears by this test to induce a much weaker
response, and fluorescence seems to be equally
distributed on all crystal faces.

Fig.3: Immunofluorescence labeled crystals of monosodium
urate monohydrate (a) viewed in white light, (b)
viewed in the fluorescence mode: Enlargement
x800.

Immunogold labeling: Crystals incubated with antibodies

as described above were subsequently incubated with
colloidal gold labeled Protein A. The crystal faces were
identified in the scanning electron microscope, and the
number of gold particles adhering to each of them was
counted. On the basis of observations performed on a
large number of crystals, one face type, {110}, interacts
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preferentially with albumin. As noted above, this face
has the unique characteristic of being formed of
hanocharged layers alternating parallel to the face. The
protein damain interacting with such a face must also be
charged. We describe below the information obtained on
the nature of the groups camposing these domains.

PROTEIN SPECIFICITY

The nucleating effect of alb.m:!fb towards MSU crystals was
found to depend strongly on pH™’. The critical region is
between pH 7 and 8. Albumin is barely nucleating at pH 7
and displays almost maximal acceleration of nucleation
above pH=8 (Fig.4). This effect hints at the
participation of groups whose state is changed around pH
7.4. Such modifications in proteins may be due either to
direct titration of the active groups, resulting in a net
change of charge, or to conformational changes.

A series of studies were undertaken to identify the
groups involved. Blocking of lysine residues with dansyl
chloride had a weak erratic effect on the nucleating
power of the resulting blocked proteins, although as much
as 30 groups out of a total of 52 were blocked (Table 1).
Blocking of carboxylic groups performed at pH=6 with
glycine ethyl ester, under non-denaturing conditions,
resulted in 48 groups being blocked. The blocked protein
had its nucleating potential reduced by 50%. The reagent
acts on neutral carboxyls and has an optimum operating pH
at 6. Reaction at higher pH resulted in fewer groups
beingblockedandinaoonoani t decrease in the effect
of the blocking on nucleation®”,

Blocking of carboxylate groups by Woodward's reagent
K reduced the nucleating effect of the reacted albumin by
up to 95% when performed at pH=7.6. The influence of
blocking was also dependent on the number of groups
blocked (Table 1). Interestingly, when the reaction was
performed at pH=7, the nucleating effect was reduced by
only 8 %, even though the nucleation experiment was
performed at pH=8. Since the reaction was not
accampanied by denaturation in either case, the
difference must be attributed again to the nature of the
titratable groups. There are ~93 amino acids with
carboxylate side chains in albumin, most of which are
thought to be exposed to water. With 16-28 groups
reacted, blocking must take place statistically on the
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Fig.4: pH profile of the effect of albumin on sodium
urate nucleation. The nucleating power is
expressed as 100 (l-ti/to)wheretiandtoare
the induction times for nucleation in the

presence and in the absence of albumin

exposed groups. We can infer that deactivation of the
protein with respect to nucleation occurs when one or
more carboxylate groups of the nucleating domain is
blocked. These groups are susceptible to blocking at
pH=7.6, but not at pH=7.0. The results are thus in
agreement with the pH de of the nucleating
effect. It has been suggested“” that Woodward's reagent
K reacts with carboxyls only when they are in the charged
form 000~ . If this is true, the pKa of the groups active
in nucleation would be set around 7.4, as compared to the
pKa of an isolated cﬁ'f:bmcyl which isz3axound 4. In
biological enviromments““ and on surfaces“”, however, pKa
values of carboxylic groups ranging fram 3 to 11 have
been reported. In view of this, a pka of 7.4 is not
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Table 1

Nucleating effect of HSA at pH= 8.0 after blocking of HSA
carboxyl groups with glycine ethyl ester (GEE), dansyl
hydrazine (DNS-H) or Woodward's reagent K (WRK),
and amino groups with dansyl chloride (DNS-Cl1).

<
+

pH of nature of number of residual
Reagent blocking the groups nucleating
reaction groups blocked power 2
GEE 6.0 000 ;| 48 0.52
GEE 7.0 COOCH 20 0.89
GEE 8.0 OOCH 16 1.00
DNS-H 7.0 COOOH ? 0.72
WRK 7.6 o0 P 16 0.85
WRK 7.6 oo™ P 20 0.50
WRK 7.6 000" D 28 0.05
WRK 7.0 o000 P 20 0.92
DNS-C1 8.0 N, 18 0.97
DNS-C1 8.0 N, 30 1.00

4+
T

a: (1- tE;t )/(1 tn/ q o° time of appearance of the

of HSA, ¢ in presence of
blockedHSA,tn in presence of native HSA.
b: suggested.

particularly surprising. It would imply closely spaced
domains of negative charges influencing each other.

Alternatively, the observed pH dependence may be
explained by conformational transitions. Indeed, between
pl{6arﬂ8tnmanse52malb\minmdergoesthesocalled
'neutral transition'“®, and an active participation of
carboxyls*s'e groups in this +transition has been
proposed“”. The nucleating carboxylate groups in this
scenario may thus be exposed at pH=8 and 'hidden' at
pH=7.

+
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It has been suggested that Woodward's reagent K may
react at higher pH withzgmine or imidazole groups, in
addition to carboxylates“”. This possibility gives rise
to a different explanation of the pH dependence of the
nucleating effect, involving histidines and/or lysines in
their neutral basic form. The results obtained by
blocking with dansyl chloride and glycine ethyl ester, do
however show involvement of carboxyl, and not amino
groups. In addition, as established above, the
interacting crystal faces are charged, inplying that the
counterpart should be charged as well. Involvement of
basic residues would thus be expected to result in an

opposite pH dependence of the nucleating effect.
IMAGE OF THE NUCLEATION SITE

It has been tacitly assumed in the discussion to this
point that specific structural protein/crystal
interactions occurring during nucleation follow the same
recognition rules as those occurring during growth. This
implies that the nuclei have the same structure as the
mature crystals, a generally accepted assuggtig'l
strengthened by some indirect experimental evidence“’/™<°.

If this assumption is correct, then cambined with
the data on crystal specificity and protein blocking
reactions, certain conclusions can be drawn about the
nucleation site, and a tentative nucleation mechanism can
be consequently proposed. The nucleation site 1s
camposed of a structured domain of carboxylate groups on
the protein surface, whose relative geametry is
determined by the secondary and possibly tertiary
structure of albumin. This structured anionic nucleating
domain interacts with a layer of sodium ions and water
molecules fram solution, akin to the cationic layer of
MSU crystals on the (11I0) face. Whether this first layer
is assembled on the protein or is part of a metastable
molecular aggregate preexisting in the supersaturated
solution is open to speculation. Given the very high
level of supersaturation of solutions of sodium urate
that can E& maintained in a metastable state without
nucleation“?, we personally prefer the latter
explanation. The function of the protein would then be to
stabilize the nucleus, allowing it to eventually grow
into a crystal.
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The three dimensional structure of albumin has
very recently been determined at a resolution of 6 Y,
It is canposed of a series of a~helical domains assembled
in tight packing to yield an extended fairly planar
ellipsoidal surface of 140 by 408. Unfortunately the
side chains of the amino acids cannot be identified at
this resolution. The known sequence of albumin however
includes series of aspartate and glutamate residues
located such that they would be very close to each other
if arranged in an «-helical structure.

The proposed nucleation mechanism is reasonable in
terms of pathological crystallizations, insofar as it
involves the interaction of anionic domaing on the
protein with cationic layers on the crystal. This type
of interaction does not require epitaxial matching of
atamic positions and can be quite general for nucleation
of ionic crystals on charged substrates. The same
essential features were deduced go;; nucleating domains on
mollusk shell acidic proteins® /. In this case the
mineral is calcite and the crystals nucleate within a
preformed solid matrix. Analogous to sodium urate, the
first layer of calcium cations of the crystals interact
with structured carboxylate damains of aspartic and
glutamic acid residues. Nucleation of calcite ensues,
with a specific orientation corresponding in the crystal
lattice to layers of calcium cations and carbonate anions
perpendicular to c axis. Similarly oriented crystals
of sodium chloride®™ and vaterite~" were observed to form
under monolayers of stearate. Such striking similarities
in systems that are so different testifies to the
generality of the proposed nucleation mechanism.

We note in this context that the acidic nucleating
proteins extracted fram mollusk shell matrix, nucleate
calcite only when adsorbed on a substrate. These are
small proteins that assume an extended B-sheet
conformation. The substrate, be it their natural matrix
framework or an artificial one, provides the protein with
the rigidity required for nucleation to occur. The same
requirement is apparently not necessary for a large
globular protein as it is sufficiently rigidized by
intramolecular interactions. In fact albumin is known on
the contrary, toundergoaceglz'aindegreeofdenaturation
upon adsorption to substra .
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We found that albumin adsorbed on glass preserves
its ability to nucleate MSU crystals. In oontrast,
albumin adsorbed on plasma-treated polystyrene does not
induce crystallization of MSU any faster than polystyrene
alone. The different behaviour of the protein can clearly
be attributed to the chemical nature of the surface.
Albumin must be denatured to a greater extent when
adsorbed on the hydrophobic polystyrene surface, than on
the more . hydrophilic glass. We are presently
investigating the mechanisms of

on-denaturation-nucleation relations in greater
detail These studies are also relevant to the
pathological condition, where crystallization takes place
in contact with the charged surﬁaoe of cartilage,
canprising collagen and proteoglycans

CONCLUSIONS

We have shown here that proteins present in the body
fluids can recognize different crystal surfaces on the
basis of their structure and chemical nature. Recognition
can result in selective adhesion of the macramolecule to
the crystal surface and in stabilization of crystal
nuclei towards crystallization. In the case of gout, the
mechanism suggested here for nucleation in vitro may be
relevant to the in vivo situation as well. Albumin is
always present in the synovial fluid, but it is not
always in a nucleating state. We note *l'hat physiological
fluids have pH values close to 7.4. This pH is at the
mid-point of the observed pH dependence curve for
nucleation of sodium urate by albumin. The cambination
of supersaturation with localized pH fluctuations may
then transiently induce oconditions favourable to
nucleation. Furthermore, from studies performed directly
on synovial fluids extracted from gouty and non-gouty
patients, it appears that the behaviour of albumin with
respect to MSU nucleation is d.n the
physiological enviromment as in buffer solut:l.cns2

We do not intend to suggest that this is the only pathway
to crystallization in gout. It may provide only one, out
of many possible scenarios for the onset of crystal
formation in the disease. On the contrary, we note that
the same mechanism suggested for albumin may be operative
for other proteins as well. Interestingly, we found in
this context that the large family of IgG immnoglobulins
also induce in vitro faster crystallization of MSU,
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although a concentration of IgG higher than for albumin
is in solution in order to reach an analogous
eff . Immunoglobulins are the hypervariable family of
proteins comprising the antibodies in the body fluids.
They have the task of recognizing foreign particles
invading the body. Pathological crystals are also
included in this definition of foreign particles, and as
such might be conceivably recognized by specific
antibodies. We are _ presently investigating this
interesting possibility34
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