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Abstract

The subject of this study was the analysis of solubility, particle interactions and
aggregation behavior of lumazine synthase from Bacillus subtilis. Lumazine
synthase crystallizes in sodium/potassium phosphate buffer, pH 8.7. Contrary
to the decrease in solubility with increasing salt concentration, the osmotic
second virial coefficient remains almost constant and reveals the same slight
attractive interactions under storage and crystallization conditions.

In search of protein clusters that are involved in and accompany crystal nu-
cleation, supersatured solutions of lumazine synthase were studied by dynamic
light scattering and cryo transmission electron microscopy. As predicted by the
classical nucleation theory, increased supersaturation facilitated the nucleation
of crystals. This was accompanied by an increased detection of aggregates until
the light scattering spectra were dominated by uncorrelated intensity fluctu-
ations caused by a few but large aggregates, presumably microcrystals. Elec-
tron micrographs of supersaturated solutions showed network-like assemblies
of lumazine synthase molecules and in addition lumazine synthase clusters with
a linear arrangement.

Even in supersaturated solutions of lumazine synthase where no nucleation
took place, aggregates were detected by dynamic light scattering. In connec-
tion with atomic force microscopy studies carried out in the laboratory of Prof.
Peter Vekilov at the University of Houston, Department of Chemical Engineer-
ing, Texas, USA, these aggregates were identified as dense liquid droplets of
lumazine synthase that are metastable in respect to the original and the crys-
tal phase. At low supersaturations these liquid droplets are the only source of

new crystal growth layers.
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1 Introduction

1.1 Protein crystallization

Protein crystallization is the process of segregation of a solid phase with short-
and long-range order from an aqueous protein solution that is brought into
supersaturation (McPherson) [1999; [Pimpinelli and Villain, [1998]).

Detailed knowledge of the three-dimensional structure at high resolution is
essential to understand the molecular function of biological macromolecules
and hence, to develop novel drugs and pharmaceutical products and to en-
gineer proteins with improved properties (Blundell et al., [2002; Davis et al.,
2003). The periodicity in position and orientation of the macromolecules in
3-dimensional crystals is utilized in x-ray crystallography to determine the
molecular structure at atomic-resolution by analyzing the x-ray diffraction pat-
tern (Drenth) 1994; McPherson, [2003). Nuclear magnetic resonance is widely
used to determine dynamics and structure of proteins in solution. However, it
is limited to proteins with a molecular weight of less than 40 kDa. Electron
crystallography and tomography provide information at near-atomic resolution
of membrane proteins, macromolecular complexes and subcellular assemblies.

Despite the vast effort that has been expended on structural proteomics
(Sali et al., [2003) only for a small fraction of expressed and purified proteins
the structure could be solved at atomic-resolution by x-ray crystallography
(Chayen, 2004). Either the proteins could not be crystallized or the crystals
yielded only poorly resolved diffraction patterns and the amino acid sequence
could not be fitted into the electron density map.

On one hand, diffraction resolution is limited by the conformational flex-



1 Introduction 2

ibility of macromolecules, the variability in packing and the inhomogeneity
of large assemblies like virions (Malkin and McPherson| 2002). In addition,
the regular arrangement in crystals is disturbed by conventional defects that
are observed in crystals of small molecules as well, like point defects arising
from vacancies and incorporation of impurities, dislocations, stacking faults
and grain boundaries (Chernov, [1997; [McPherson et al., 2003, 1996). Fur-
thermore, rotational disorder may lead to low resolution or complete absence
of diffraction pattern. Braun et al.| (2000) showed by electron microscopy of
freeze-etched and silver decorated surfaces of lumazine synthase crystals that
rotational disorder of lumazine synthase molecules preferentially occurs near
relief perturbations.

It is not known which of these defects have the most aggravating impact
on diffraction resolution. However, any defects present at the initial stages of
crystallization cannot heal at later stages of crystal growth because of the lack

of plasticity, i.e. mobility of the defects (Chernov, 2003]).

1.1.1 Particle interactions

The problem of assembling of macromolecules into crystals with high speci-
ficity in position and orientation is related to the problem of macromolecular
interactions and molecular recognition in solutions.

Interactions are driven by different forces including hard-sphere, electro-
dynamic (London dispersion / van der Waals) and electrostatic forces (Is-
raelachvili, |1985]). Hard-sphere potential reflects the fact that macromolecules
cannot interpenetrate. Dispersion forces are short ranged and attractive but

negligible compared to the electrostatic forces. The main contribution to the
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latter is the Coulomb repulsion that depends on the charge of the macro-
molecules and ionic strength as described by the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory. Addition of salt and thus increase of ionic strength
screens the particle charges and consequently should induce attraction. Deviat-
ing from this theory, experiments showed that unexpected high ionic strengths
are often needed and attraction depends on the nature of the salts (Bénas et al.,
2002; Retailleau et al., 2002; Riés-Kautt and Ducruix, [1989)). Considering only
anions, the increase in attraction follows a direct order of the Hofmeister series
(Kunz et al., [2004a)) when the protein is studied at a pH above its isoelectric
point and the reverse Hofmeister order below the pl.

The salt specificity is still subject of fundamental work (Bostrom et al., 2004;
Kunz et al., 2004b). However, macromolecular interactions in solutions can be
characterized by the osmotic second virial coefficient that can be measured by
static light scattering (George and Wilson, |1994)), small angle x-ray scattering
(Finet et al., 2004)) or small angle neutron scattering (Velev et al., 1998). Basi-
cally, the sign of the second virial coefficient indicates whether the interactions
are repulsive or attractive. Slightly negative values in the range of about —1
to —8-10"*molml /g2, the so-called “crystallization slot”, correlate with condi-
tions that are favorable to crystallization. At more negative values amorphous
precipitate is formed preferentially as the protein-protein interactions become
stronger and hence, molecules cannot attain their lattice positions and orien-
tations before getting incorporated. At more positive values, the interactions
are repulsive and a solid phase is formed only at impractically high protein
concentrations.

The change in attraction with increasing salt concentration or other pre-

cipitating agents is illustrated by the schematic solubility diagram in fig. [I}
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Supersaturation

Precipitating zone

Nucleation zone

Protein concentration

Undersaturation Metastable zone

Adjustable parameter

Figure 1: Schematic solubility diagram. The adjustable parameter can be salt
or other precipitant concentrations, pH or temperature. In the metastable
zone, the supersaturation is low and crystal can grow but has a low proba-
bility of nucleation. At intermediate supersaturations, spontaneous nucleation
of crystals will take place (nucleation zone). At high supersaturations, the
macromolecules will form an amorphous precipitate. The transition between
the different zones is not well defined but fuzzy.

In general, crystals are preferentially grown at low supersaturation, which is
believed to be beneficial for the quality of crystals if the growth rate is trans-
port controlled. The ensuing decrease in supersaturation at the crystal surface
results in a reduction of molecular “landing frequency” that allows molecules
with wrong orientation and/or position to detach from the crystal surface and

to realign (Garcia-Ruiz, |1999; |Vekilov and Chernov, [2002).
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1.1.2 Nucleation of protein crystals

A supersaturated solution lowers its free energy by segregating a solid phase.
However, spontaneous phase separation is observed only at elevated levels of
supersaturation (fig. [I) and small crystallites tend to disappear even in super-
saturated solutions in order to eliminate their surface free energies. The reason
is the existence of an energy barrier, the so called nucleation barrier, that has
to be crossed and the rate limiting step is the formation of a critical nucleus
(Oxtobyy, [1998)).

The topic of nucleation is still controversial, although the main concepts were
already developed by Gibbs around 1900 (Gibbs| 1876, 1878, 1993)). Most of
the nucleation studies have been based on the classical capillary approximation
that assumes that nuclei of the new phase have the same molecular arrange-
ments as macroscopic regions of the new phase, i.e. have the same properties
(Feher and Kaml |1985}; (Garcia-Ruiz, 2003). As the new phase is stable, it has
a lower free energy than the parent phase. The free energy AGy of a volume
occupied by n molecules is given by the difference in chemical potential of

molecules in solution pp and the solid phase ficpys:.

AG!V - _n(,uP - ﬂ'cryst) (1)

The chemical potentials of the molecules can be expressed as a function of
their respective activities by u = p* + RT Ina. At equilibrium, the chemical
potentials of molecules in solution pz and in the solid phase fi.rys are equal

and thus, eq. [1| reduces to:

AGy = —n(RT Inap — RT lnag) = —nRT Ino (2)
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where ¢ is the supersaturation; the ratio of the actual activity of molecules in

solution and the activity at equilibrium. If the activity coefficients are almost

equal to unity, the activities can be replaced by the respective concentrations.
ap Cp

o= ~ (3)

Qe Ce

However, the introduction of a new interface increases the free energy by
AGs = A~y (4)

with A the surface of the new phase and = the surface free energy per unit
area. The surface term is minimized if the nucleus of new phase forms a sphere
and hence, this should be the shape of the critical nucleus in most cases. Using
vp, the volume occupied by one molecule in the crystal, and combining eqgs.
and 4] the total free energy can be expressed as a function of the radius of a

spherical nucleus.

4/3mr?
Vo

AG = RT Ino + 47’y (5)

Hence, small nuclei have a positive free energy and tend to dissolve faster
than they grow. Upon exceeding a critical size, the nuclei lower their free
energy by growing continuously. The interplay of volume and surface contri-
butions to the free energy is illustrated in fig. 2] The critical radius r*, the
nucleation barrier AG* and the number of molecules in the critical nucleus are

derived by the condition dAG/dr = 0 and are given by

* ZUO’Y AG* — 167”}373 . n* — 4/3<T*)3 (6)

" kpT Ino 3(kgT Ino)?’ Vo



1 Introduction 7

Surface contribution

AG* \ Nucleation barrier

r* critical size

Free energy (AG)

Volume contribution

Size of cluster

Figure 2: Schematic illustration of the free energy of formation of a spherical
cluster according to the classical nucleation theory. Free energy of the cluster
is made up of the free energy of the new phase that scales with the volume
of the cluster and the surface free energy. AG” and r” denote the nucleation
barrier and the critical size of the cluster, respectively.

Experimentally accessible are the number of crystals grown and the induc-
tion time, i.e. the time period prior to the formation of the critical nucleus.
The temporal and spatial distributions of density fluctuations occuring in the
bulk of the old phase are unpredictable. However, the probability that a den-
sity fluctuation reaches critical size is given by exp (—AG*/kgT) according

to Boltzmann and the nucleation frequency .J, i.e. the number of post-critical
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nuclei per unit time and volume, can be expressed as:

AG* 16mv3~3
J = rio exp (_ kBT) - o exp <_3(kBT)3(1n )2 (7)

The corresponding nucleation time for a given volume is usually given by

B AG*\ 16mv3~3 ®)
TSP LT ) T TP\ ST (o )2

This is not exactly correct as for AG* = 0, 7 should be 0. The coefficients

k and Ty are difficult to assess theoretically and are related to the kinetics
of attachment of molecules to the nuclei. The experimentally obtained nu-
cleation rates and induction times are random quantities. Hence, to study
nucleation it is essential to obtain statistics of the phenomenon by performing
multiple nucleation experiments on the same system and under precisely the
same conditions.

The exponential increase of the nucleation rate with supersaturation explains
the existence of a metastable zone (fig. . With decreasing supersaturation
the size of the critical nucleus r* and the nucleation barrier AG™ increase and
tend to infinity as the supersaturation approaches unity. Consequently, at low
supersaturations nucleation of the new phase is not forbidden but very unlikely.
With increasing supersaturation, AG* decreases to values comparable to kgT
and lower and the nucleation event becomes probable whereas the nucleation
rate increases exponentially.

The limitations of the classical nucleation theory are that the surface free
energy of a nucleus is assumed to be equal to that of a crystal interface, the size

of critical nucleus decreases smoothly with increasing supersaturation and the
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core of a nucleus behaves like the new the new bulk phase, i.e. has crystalline
structure. Those assumptions become questionable for nuclei that contain

only few tens of molecules. More advanced nucleation theories do account for

these problems (Oxtoby, 2003 Oxtoby and Kashchiev, [1994) but nonetheless

classical nucleation theory serves fairly well to describe nucleation phenomena.

1.2 Objective

The need for perfect crystals of biological macromolecules is unambiguous
(section . The interest in understanding the different processes involved in
crystal growth is reflected by the growing number of participants at the inter-
national conferences of crystallization of biological macromolecules
and DeLucas|, 2002).

So far, most studies were focused on the processes of mass transport and
incorporation of molecules into the crystals and creation of defects ,
1997), 2004} |Garcia-Ruiz et al., [1999; McPhersonl, [1999; [McPherson et al., [2003;
'Vekilov and Chernov,, 2002; [Vekilov and Rosenberger| 1998). Furthermore, the

osmotic second virial coefficient was used to identify conditions where crystals

grow readily (Bonneté and Vivares, 2002 Finet et al., 2004;|George and Wilson,

1994).

However, much less is known about the processes that are involved in and
accompany the birth of crystals. Most information stems from theory
and Kam), |1985; (Garcia-Ruiz, [2003; |Oxtoby, 1998, 2003; [Sear, 2002) and simu-

lation (Lomakin et al., 2003} [Tavassoli and Sear} [2002; [ten Wolde and Frenkel,

1997). In a few experiments, the critical nucleus itself was subject of inves-

tigations. For lysozyme the number of molecules in the critical nucleus was
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determined by light microscopy by measuring the nucleation rate (Galkin and
Vekilov, 2001) and nuclear magnetic resonance spectroscopy by determining
the induction time (Drenth et al., 2003). For apoferritin the critical nucleus
was directly observed by atomic force microscopy (Yau and Vekilov} [2000)
revealing a quasi-planar shape and for apoferritin, ferritin, pumpkin seed glob-
ulin and satellite tobacco mosaic virus the critical size of nuclei was measured
by dynamic light scattering (Malkin and McPherson, |1994).

Further, it is still controversial whether the formation of crystallization in-
termediates between monomers and crystals is a prerequisite for crystal nucle-
ation or not. The formation of aggregates with a fractal structure in supersat-
urated lysozyme solution was detected by dynamic and static light scattering
(Georgalis and Saenger, 1998 |Poznanski et al., 2003; Tanaka et al., [1999)
and small angle neutron scattering (Niimura et al., [1995)). Contrary, indepen-
dent lysozyme crystallization experiments studied by dynamic light scattering
(Muschol and Rosenberger, [1996) and small angle x-ray scattering (Finet et al.|
1998) did not find any signs of protein oligomers and hence, could not corrob-
orate these findings.

Up to now, the critical nucleus was only visualized for apoferritin by atomic
force microscopy. The observed planar nuclei deviate from the spherical shape
predicted by the classical nucleation theory (section and it is not known
whether this shape is common or the planar structure is a particularity of
apoferritin.

The aim of this study is to contribute to the unterstanding of structure and
identity of aggregates accompanying crystal nucleation. Aggregates and their
growth characteristics can be identified by time-resolved dynamic light scat-

tering. Protein clusters, crystal forming or amorphous, shall then be imaged
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Figure 3: Space filling model of lumazine synthase from B. subtilis. 5-fold axes
are labeled red, 3-fold axes magenta and two-fold axes red.

by cryo transmission electron microscopy that allows topographical studies at
submolecular resolution of protein aggregates while they are still dispersed in
solution. For studies of aggregation kinetics along this line, lumazine syn-
thase from Bacillus subtilis is an excellent model system due to its size (ap-
prox. 16 nm diameter) and reproducible crystallization behavior (section .
For evaluation of the experiments, the solubility and particle interactions of

lumazine synthase are needful and consequently, shall be determined too.

1.3 Model system: lumazine synthase from Bacillus

subtilis

Lumazine synthase from B. subtilis is a hollow spherical capside of 60 identical
subunits (60 B subunits) arranged in icosahedral symmetry (T=1) with a di-
ameter of 15.7 nm and a total mass of approx. 1 MDa (fig. . In complex with
the 3 o (riboflavin synthase) subunits, it is involved in the biosynthetic path-

way of the vitamin B2, catalyzing the last two steps of riboflavin biosynthesis

(Bacher et al., |1980, [1996]). In the presence of sodium/potassium phosphate,
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pH 8.7, lumazine synthase crystallizes in a hexagonal modification belonging
to the space group P6522. The x-ray structure was obtained at 3.3 A reso-
lution (Ladenstein et al., [1988)). Due to its size, symmetry and reproducible
crystallization behavior, lumazine synthase was used extensively in our group
as model protein to study rotational disorder of protein crystals by electron
microscopy (Braun et al., [2000; Tack et al., [1997)). In addition, there exists
a whole series of lumazine synthases from different hosts that can serve as
homologous impurities in crystallization experiments permitting the study of
their impact on formation of defects. Lumazine synthase was utilized to study
growth of crystals under different solution transport conditions, e.g. diffusion
limited growth under microgravity. The influence of changed transport con-
ditions was tested by the quantitative comparsion of point defect densities on

crystal surfaces and x-ray diffraction quality (Rodriguez-Fernandez, 2003]).



2 Results and Discussion

2.1 Solubility of lumazine synthase

Lumazine synthase crystallizes in the presence of sodium /potassium phosphate
buffer, pH 8.7, in a hexagonal modification (space group P6322, see Schott
et al., 1990 and section . To determine the equilibrium solubility, several
batch crystallization experiments (section have been performed at precip-
itant concentrations ranging from 1.25 to 1.5 M in 0.5 M steps at 20 °C. The
turbidity which was formed immediately upon addition of precipitating agent
to the protein solution, disappeared after mixing the solution. Until the first
appearance of crystals, the solution remained transparent. Depending on the
salt and protein concentration, crystals were observed within hours or days.

The conditions and observations for all experiments are summarized in table [T}

Na/K cp 1st appearance size (longest dimension) and
phosphate | [mg/ml| of crystals shape of crystals after 1 month
[M] after
1.25 21 >14d > 100 pm, hexagonal plates
1.3 15 4d ~ 100 pm, hexagonal plates
1.35 10 5d 20 — 100 pm, hexagonal plates
1.4 7 1d ~ 20 pm, hexagonal plates
1.45 6 overnight 20 + > 100 pm, hexagonal plates
1.5 5 <1h 30 — 100 pm, hexagonal prisms +
hexagonal plates

Table 1: Crystallization of lumazine synthase with an initial protein concen-
tration cp in sodium/potassium phosphate buffer, pH 8.7 — conditions and
observations.

After growth of crystals, the solutions were centrifuged and the supernatant

was removed. The crystals were washed twice with the corresponding buffer

13
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Na/K phosphate, pH 8.7 [M]
c [M| 02109 |12 |125] 1.3 |135| 14 |145| 1.5 | 1.55
I [M] 0.59 | 2.66 | 3.54 | 3.69 | 3.84 | 3.99 | 4.13 | 4.28 | 4.43 | 4.58
cg |mg/ml| 70 | 39 | 27 | 1.2 [055] 0.2 | 0.1 |0.05
dp - 10* 84 |46.8 (331|147 | 6.7 | 24 | 1.2 | 0.6

Table 2: Solubility of lumazine synthase in mass concentration cg and volume
fraction ¢ in different sodium/potassium phosphate buffers, pH 8.7, with
concentration ¢ and ionic strength 1.

and were allowed to dissolve. After centrifugating the solutions at 15400 rpm,
the protein concentration in the supernatant was measured by the Bradford
assay (Bradford, [1976)). To take into account a possible slow dissolution rate
and therefore a slow approach towards the equilibrium state, the concentra-
tions in the supernatant were measured over a period of one month. The
steady concentrations after 10 days were taken as solubilities. To determine
the solubilities at 1.2 and 1.55 M sodium /potassium phosphate, crystals grown
in 1.5 M sodium /potassium phosphate buffer were dissolved in 1.2 and 1.55 M
buffers assuming that the crystals grown in different sodium/potassium phos-
phate buffers have the same modification. However, the salt concentrations
within the crystals and the solutions differed. The difference in osmotic pres-
sure can damage the crystals and lead to a dissolution. Thus, the solubilites
determined for the 1.2 and 1.55 M sodium/potassium phosphate buffer are less
reliable and are presumably too high.

At high phosphate and low protein concentrations, the Bradford assay is less
reliable. The phosphate buffer contributes significantly to the measured ab-
sorption and samples with protein concentrations lower than 100 pg/ml differ
only slightly from the buffer. Table [2|lists all measured solubilities in mass per

volume cg and volume fraction ¢r. With increasing salt concentration and
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@ solubility
— o6=3

Protein concentration [mg/ml]

1.2 1.3 14 L5 1.6
Na/K phosphate buffer concentration [M]

Figure 4: Solubility of lumazine synthase from B. subtilis in Na/K phosphate
buffer, pH 8.7, in mass concentration and volume fraction ¢. The blue line
corresponds to a supersaturation of 3 (0 = ¢/cp).

thus increasing ionic strength I, the solubility of lumazine synthase decreases.

The protein stock solution contained 0.2 M sodium/potassium phosphate.
In earlier sets of crystallization experiments lumazine synthase was stored at
a salt concentration of 0.9 M (Braun et al., 2000; Rodriguez-Fernandez, 2003).
At those salt concentrations and ionic strengths electrostatic repulsions are
almost negligible and particle interactions are very short-ranged and attractive
(Muschol and Rosenberger, |1995). Comparing the crystallization conditions

with those of lysozyme, one would even expect the formation of lumazine
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synthase crystals under the storage conditions of ¢p < 30 mg/ml in 0.2 —
0.9 M sodium/potassium phosphate buffer, pH 8.7 (Riés-Kautt and Ducruix,
1989).

Temperature dependence of the solubility of lumazine synthase In search
of a temperature dependence of the solubility of lumazine synthase, crystals
grown in a broad range of supersaturation and buffer concentration (2-5 mg/ml
and 1.3-1.5 M respectively) were exposed to temperature changes. The size
of the crystals was monitored in the light microscope to detect differences in
solubility. The crystals were grown in batch mode (60 pl, 20 °C) directly in the
pit of an object slide that was covered with a glass slide and sealed with DMS
oil. Assuming that crystallization was finished after one month, the object
slides were then transferred to the light microscope that was equipped with a
temperature controlled stage that was especially built for these crystallization
experiments (section [4.4.1]). The samples were cooled down from 20 °C to 8 °C
or heated up to 32 °C within 30 minutes and stored at the final temperature
for 8 hours. No change in size and shape of the crystals could be detected for
any sample. Thus, it was concluded that the solubility of lumazine synthase
is almost independent of temperature at least in the investigated range.

This result is not totally unexpected. The phase diagram calculated for
particles with short-range interactions shows a very small change of solubility
with temperature at low protein concentrations (shown in fig. , Rosenbaum
and Zukoskil, [1996; [Vliegenthart and Lekkerker, 2000). A change in solubility
with temperature can be expected for solubilities at higher volume fractions
corresponding to crystallization at lower salt concentrations (Guilloteau et al.,

1992)). For example, lysozyme shows almost no temperature dependence in
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Protein solution

Control parameter (T)
Crystal

Protein concentration
Figure 5: Schematic phase diagram of protein solutions with short-range at-
tractive interactions.
the range from 10 °C to 30 °C at a salt concentration of 7 % (w/v) sodium
chloride whereas at 3 % (w/v) sodium chloride the solubility changes signifi-

cantly with an even more pronounced effect at higher temperatures (Muschol

and Rosenberger} 1997)).
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2.2 Particle interactions of lumazine synthase
2.2.1 2nd virial coefficient

The solubility of lumazine synthase decreases about two magnitudes when the
salt concentration is increased from 1.25 to 1.55 M (25 %). This decrease in sol-
ubility is equivalent to a decrease in repulsive interactions and crystallization
occurs in attractive regimes or nearby (Ducruix et al.| [1996; |George and Wil-
son, [1994; Muschol and Rosenberger, [1995; Velev et al., |1998; Yau et al., 2000).
To characterize the particle interactions, the osmotic second virial coefficient
A, was measured by static light scattering using the relationship between the
Rayleigh ratio Ry and the mass concentration of the protein c¢p (section m,
Schmitz, 1990; |Zimm), (1948)):

K- Cp 1
= — +2A4,- 9
Ry Mp | Threr (9)
with
47T2n2<d_n)2
K= ——-de 1

In egs. [9]and [10] Mp is the molar weight of the protein, N4 Avogadro’s number,
n, the refractive index of the buffer solution, A the wavelength of the scattered
light, 6 the scattering angle and dn/dc the refractive index increment.

As the used refractive index detector operates with white light and not at
the correct wavelength of 690 nm, the measured dn/dc of 0.21 ml/g contains an
error (section[4.3.1). For aqueous systems, this difference is about 5 % (Roess-
ner, |1996|) and thus the correct molar mass and 2nd virial coefficients should
be 10 % smaller and larger, respectively. The scattering intensity data for the

various salt concentrations extrapolated to zero angle are presented in fig. [6]
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Figure 6: Debye plots for lumazine synthase solutions in sodium/potassium
phosphate buffer, pH 8.7. Same salt concentrations have the same color: 0.2 M
black, 0.9 M red, 1.2 M orange, 1.3 M green, 1.4 M blue. The results of the

least squares fits to eq. [9] (solid lines) are listed in table

as Debye-plots of the scattering ratio Kcp/Rge versus protein concentration
cp and corresponding volume fraction ¢. The results of the least square fits
to eq. [9] are presented in table [3] and fig. [/} The intercepts at cp = 0 yield the
molecular weight and the 2nd virial coefficient A, is obtained from the slope of
the fitted lines. The experiments exhibiting a discontinuous curve progression
(dotted lines in fig. [6) were excluded from further analysis.

Fig. [6] reveals three main features: the calculated molar masses vary dras-

tically, in most of the cases being smaller than the published value (Mp ~
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Csart IM] | M [10° g/mol] | A [107° mol - ml/g?| By
0.2 858 26.7 0.59
0.2 790 2.1 4.6-1072
0.9 650 0.3 6.6-1073
0.9 1086 - 1.8 —4.0-1072
1.3 609 25.8 0.57
14 920 -2.7 —5.9-1072

Table 3: Calculated molar mass and 2nd virial coefficients of lumazine synthase
in sodium/potassium phosphate buffer, pH 8.7.

1 MDa; Schott et al., [1990) and the slope of Kcp/Rge with cp and thus the
2nd virial coefficient is almost zero for all examined conditions.

In the following, the variance of the molar mass and its deviation from the
true value shall be discussed. Among the variables contributing to eq. [9] the
protein concentration and the refractive index increment show the largest inac-
curacy. The protein concentration is determined by the Bradford assay. This
method has an error of +£10 %. In addition, the samples were filtered prior
to the light scattering experiment (section . Thus, a limited amount of
protein was removed from the samples. As mentioned above, the refractive
index increment was determined with limited confidence. In addition, the re-
fractive index increment of a protein solution depends not only on the protein,
but also on the type and the concentration of the solvent (Ball and Ramsden,
1998; Fasmanl, [1976; Yin et al., [2003).

In fig. [0 Kcp/Rpe increases at low concentrations and deviates from the
linear slope for all experiments. This is attributed to a decrease in protein con-
centration due to the filtering prior to light scattering experiments. The error
introduced is more aggravating at low concentrations and results in smaller

determined molar masses and “more negative” 2nd virial coefficients. Hence,
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Figure 7: 2nd virial coefficients (in mol - ml/g? and dimensionless) of lumazine
synthase for different sodium /potassium phosphate phosphate concentrations,
pH 8.7. Red line shows the 2nd virial coefficient for “hard spheres” (By = 4).

the data points for the lowest protein concentrations (0.05 up to 0.15 mg/ml)
were not included in the regression analysis.

A relative error in protein concentration changes the molar mass linearly
whereas a difference in the refractive index increment contributes as quadratic
term to the molar mass and the second virial coefficient. For example, using
values that are 10 % too high for both the protein concentration and the re-
fractive index increment, the calculated molar mass decreases by 33 % whereas
the 2nd virial coefficient increases by 21 %.

Considering these inaccuracies, the calculated masses coincide fairly well
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with the predicted one assuming that the refractive index increment at A =
690 nm is lower by 10 % (dn/dc =~ 0.19 ml/g). Three experiments do not
fit this picture; the topmost (blue, dashed line, 1.4 M) and the two lowest
datasets in fig. [6] (blue 1.4 M and red 0.9 M). The deviation of the first one
cannot be explained with the above mentioned arguments. Thus, its results
are not discussed further. The other two experiments show an angular de-
pendence in their scattering intensity contrary to all other experiments (not
shown). This indicates partly aggregated samples. Consistently, the calculated
molar masses are higher than for the other experiments. Both samples were
prepared from the same stock solution. Thus, the difference in mass cannot be
attributed to concentration differences alone. Interestingly, the sample with
lower salt concentration (0.9 M) shows “stronger aggregation” (higher molar
mass). Normally the opposite is expected. At a salt concentration of 1.4 M so-
dium/potassium phosphate the solubility of lumazine synthase is 0.55 mg/ml
whereas at 0.9 M the protein can be stored at concentrations higher than
30 mg/ml (table 2| and figld]). Thus, it is eligible to assume that the particle
interaction is more attractive at the higher salt concentration. The aggregates
should grow and the calculated molecular weight should be larger. By filtering
the solutions, most of the aggregates in the 1.4 M solution were removed. The
mean molar mass is still larger than in most other experiments but smaller
than for the experiment at 0.9 M. The reduction in protein concentration is
very small as most of the protein is present as single molecules (section .
In addition, the lower mass found at 1.4 M salt concentration can be explained
to a minor degree by a dependence of the refractive index increment on the
salt concentration as well. A decrease in dn/dc results in larger molar masses.

This assumption is supported by the relative high molecular weight found for
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the experiments conducted at 0.2 M sodium/potassium phosphate. This im-
plies that at increased salt concentrations the 2nd virial coefficients are even
smaller.

George and Wilson made the observation that osmotic 2nd virial coefficients
for proteins near crystallization fall within a narrow range of slightly negative
values from about —1 to —8-10"*mol ml /g2, the so-called “crystallization slot”
(George and Wilson, 1994). More recently, the solubility could be correlated
with the 2nd virial coefficient (Guo et al.l [1999; Haas et al., 1999).

The 2nd osmotic virial coefficient of lumazine synthase was determined in a
broad range of salt concentrations corresponding to more repulsive conditions,
where the protein can be stored for months (0.2 and 0.9 M sodium/potassium
phosphate, cg > 30 mg/ml), and more attractive conditions, where the protein
crystallizes readily (1.3 and 1.4 M, cg < 3 mg/ml). Contrary to the observed
change in solubility, the determined virial coefficients are very small, almost 0.
Ay ranges from —3-107% to 3-107° molml/g?. Considering the preceding error
discussion, the absolute values should even be smaller with a more profound
effect at higher salt concentrations. Thus, crystallization of lumazine synthase
occurs at conditions where it is not predicted by the “crystallization slot”.
More aggravating is that the stock solution is stored at the same apparent

“interaction conditions” as the crystallizing solutions.

2.2.2 Particle pair interaction potential

To explain the above contradiction, the relation between the osmotic 2nd virial
coefficient and the particle interaction has to be addressed in more detail. Re-

gardless of the kind of scattered radiation, the intensity scattered by particles
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in solution is the product of three contributions (Georgalis and Saenger| |1998;

Luzzati and Tardieu, [1980; [Piazzal 2000):

Ry = K Mpcp P(q) S(q,cp) (11)

a “contrast term” summing up the specific interaction between the sample
and the given radiation (for light K and the refractive indices), the “form
factor” P(q), which depends on the particle geometry and the “structure factor”

1'is the length scale over

S(q, cp) which accounts for inter-particle effects. ¢~
which the solution is probed, where ¢ is the length of the wave vector defined
as ¢ = (4mng/A) - sin(0/2). For particles much smaller than the wavelength
of the scattering light the form factor is almost equal to 1 (P(q) =~ 1) over
the range of accessible wave vectors ¢. Combining egs. [9 and [L1] the structure

factor is in the zero-¢q limit:

S0, cp) =142MpAscp or S(0,cp)=1—2MpAycp (12)

The S(q, cp) itself is related to the pair interaction potential U(r) through the
radial distribution function g(r), which is basically the probability of finding
two particles at a mutual distance r (Chandler, |1987; [McQuarrie, 2000):

S(q.cp) = 1+ pa / (9(r) — 1)e'sTdr (13)

where p, = cp Na/Mp is the number density of particles. In the low density
limit, where the potential energy of the system is pair-wise additive, g(r) can

be approximated by exp(—U(r)/kgT), with kgT the thermal energy. Thus
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the 2nd virial coefficient can be expressed as:

Ny2 o —U(r)
Ay = ]é[;r / (1 —e kBT ) r? dr (14)
P Jo

or by defining a dimensionless 2nd virial coefficient By = M3 Ay/Vp Ny =

M? Ay /(4/3ma® N4), with Ve and a the volume and radius of the particle (Bon-
neté and Vivares, [2002; Petsev and Vekilov) 2000; Vliegenthart and Lekkerker]

2000)):
3 o0 —U(r)
Bgzm/o (1—ekBT>r2dr (15)

To summarize, the 2nd virial coefficient is a function of the pair interaction

potential. However, as it is only a summation of all structural features in a
single number, it is a quite indirect characterization of particle interactions
that can only show that the experimental results are consistent with a chosen
potential.

For instance, for spherical particles interacting only through excluded vol-
ume repulsion, “hard sphere potential”, the dimensionless 2nd virial coefficient
solves to B =4 (U(r) = oo for r < a and U(r) = 0 for r > a). Values below
4 signalize attractive interactions compared to the hard sphere potential that
can lead to crystallization. Remember that hard spheres do form readily a fcc
phase at particle volume fractions of 0.5 due to entropic effects only.

Bonneté and Vliegenhart recalculated Ay for various proteins in terms of
By = M3% Ay/V, Ny and By = Ay Mpd respectively, being V, and d the ex-
cluded volume and the average mass density of proteins (d = 1.36 g/cm?),
resepectively (Bonneté and Vivares, |2002; [Vliegenthart and Lekkerker, 2000).

For almost all proteins examined, the optimum crystallization conditions cor-
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respond to By values varying between -4 and -40. The only protein which did
not fit this picture and crystallizes at a similar virial coefficient as lumazine
synthase was Brome mosaic virus (BMV) (Casselyn et al., 2001). BMV is
a large macromolecule (a = 13.4nm, Mp ~ 4.6 MDa) that crystallizes in the
presence of PEG 8000 (> 6 % (w/v)) with By < 3. Apoferritin is also known to
crystallize in the presence of cadmium ions at the low end of the crystallization
slot (=3 < By < 0.4; [Petsev et al., [2001)). Thus, it seems that positive values
of the 2nd virial coefficient are compatible with the formation of crystals as
long as they are smaller than B4°.

It remains controversial why the second virial coefficient does not decrease
with increasing salt concentration. By of lumazine synthase is always smaller
than 4 and thus compared to a system of hard spheres the interactions should
be attractive. The reason why no crystals are observed at relative low salt
concentrations could be that the protein concentration is not elevated enough.
Addition of sodium /potassium phosphate lowers the solubility due to a subtle
change in the pair interaction potential that is too small to be resolved in
terms of the 2nd virial coefficient because of limitations of the measurements
(section . This explanation alone is questionable. Usually, the change in
By accompanying the decrease in solubility as observed for lumazine synthase
upon addition of precipitating agent is at least 4 time larger than the total
range of By values found for this system (table [3} [Finet et al) 2004).

More likely is a counterbalanced interplay of attractive and repulsive forces.
The 2nd virial coefficient is essentially an integration of the pair interaction
potential over all distances weighted with the square of the distance (eq. .
Hence, small changes of the potential curvature can have an emphasized effect

on the second virial coefficient. As a consequence, following picture can be
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envisioned: Due to the salting out effect (Edwards and Williams, |2004; Kunz|
2004a) solubility decreases along with an increase of attractive inter-

actions at short length scales. Thus, the pair interaction potential becomes

more negative in the direct vicinity of the particle. Due to solvent structur-

ing (Israelachvili and Wennerstrom, (1996} Netz, 2004; |Svergun et al., 1998)) a

long-range repulsive interaction contributes to the potential. The formation

of an adsorption shell of hydrated sodium ions around the protein at elevated

buffer concentrations has been suggested for apoferritin (Paunov et al., 2001}

PPetsev and Vekilov, 2000)).

Those explanations are somehow speculative and cannot be confirmed or ex-
cluded by the 2nd virial coefficient alone. The exact knowledge of the energy
landscape is necessary to answer these open questions. The pair interaction
potential and the pair distribution function are directly accessible through the
structure factor. With static light scattering the structure factor can be de-
termined only in the low-¢ limit whereas neutron or X-ray scattering allows

the measurement of S(q) over a wide g-range due to their small wavelength

(Luzzati and Tardieu, 1980} [Niimura et al.; |1995). Especially neutron scatter-

ing is valuable because of the different contrast of protein and hydration shell

(Svergun et al., |1998).
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2.3 Nucleation of lumazine synthase crystals

To characterize the earliest stages of crystallization of lumazine synthase, su-

persaturated solutions were studied by time resolved dynamic light scattering

and cryo transmission electron microscopy (sections 4.3.2] and [4.4.2). The so-

lutions contained varying concentrations of lumazine synthase (1 to 16 mg/ml)

and sodium/potassium phosphate (0.2 to 1.5 M, pH 8.7).

2.3.1 Dynamic light scattering

In undersaturated solutions of lumazine synthase containing 0.2 M sodium/
potassium phosphate, pH 8.7, only single molecules were found by dynamic
light scattering. The calculated hydrodynamic radius of Ry = 8 nm coincides
well with the radius of 7.85 nm determined by x-ray crystallographic analysis
(Ladenstein et al., |1988). In the range of investigated protein concentrations
from c¢p = 1 to 16 mg/ml, no dependence of the size on protein concentration
was found. The particle size distributions were relative monodisperse with a
relative variance of less than 0.12. The relative variance is defined as standard
deviation of the particle distribution divided by the mean radius. Less than
1 % of all recorded spectra exhibited the presence of larger species (> 500 nm)
that were attributed to air bubbles or dust.

In order to investigate the aggregation phenomena occurring in supersat-
urated solutions of lumazine synthase, conditions that were compatible with
the time scale of dynamic light scattering measurements had to be identified.
Aggregation kinetics have to be slow enough, that the particle size distri-
bution can be assumed to stay constant within a single measurement (30 s,

section 4.3.2)). On the other hand, nucleation has to be frequent enough to be
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Figure 8: Time-resolved DLS: Time evolution of the average sizes and relative
masses of aggregates of lumazine synthase at cp = 3 mg/ml in 1.5 M sodi-
um/potassium phosphate buffer, pH 8.7. Monomers are not shown (R, =
8 nm).

observed.

When the protein concentration is increased from 3 to 5 mg/ml at a con-
stant salt concentration of 1.5 M sodium/potassium phosphate, pH 8.7, the
moment of first appearance of crystals shifts from a day to less than an hour.
Fig. |8 shows the time evolution of the average sizes and relative masses of
aggregates of lumazine synthase at cp = 3 mg/ml. Autocorrelation functions
were recorded directly after mixing the solutions. Most spectra showed only

the presence of the single lumazine synthase molecules, with a hydrodynamic
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radius of 8 nm (not shown in fig. [8). A minor fraction of all measurements
revealed a second population with a broad size distribution (variance > 0.3)
and its mean radius ranging from 100 nm to more than a micrometer with a
total weight of less than 0.1 % in mass (fig. [§). In less than 1 % of all collected
datasets the autocorrelation functions were best fitted by the sums of 3 or
more exponential decays. As no more than 2 populations can be identified si-
multaneously with confidence by dynamic light scattering, these datasets were
ignored. The frequency of observation of larger particles increased with time.
In the particular experiment shown in fig. [8 3 % of all records revealed larger
particles within the first 8 to 9 hours. After this period of time, the frequency
increased to 12 % and remained constant until the recording of spectra was
stopped after 22 hours (not shown). At the end of the experiment, i.e. after
22 hours, the solution was examined under the light microscope. Only very few
crystals with a diameter of about 150 pm were observed and the protein con-
centration remained almost unchanged as estimated from the total scattering
intensity of the sample.

Numerous crystallization experiments were performed in 1.4, 1.45 and 1.5 M
sodium /potassium phosphate buffer, pH 8.7, showing similar aggregation pat-
tern. To summarize, two regimes could be distinguished. At the beginning of
all crystallization experiments, the probability for detection of larger particles
was low. With time, the frequency increased whereas the onset depended on
supersaturation. The mass fraction of lumazine synthase of less than 0.1 %
contained in the aggregates was still very low. The exact moment of onset of
growth of aggregates could not be determined as no continuous growth in size
and mass was observed. In addition, crystallization experiments at virtually

unchanged conditions always differed in their aggregation behavior, i.e. in the
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Figure 9: Time-resolved DLS: Time evolution of the average sizes and rela-
tive masses of aggregates of lumazine synthase in 1.5 M sodium/potassium
phosphate buffer, pH 8.7. Black and blue bars: two different experiments at
cp = 3.5 mg/ml. Red bars: ¢p = 3 mg/ml, same experiment as in figure 8]
Monomers are not shown (R, = 8 nm).

onset of increased detection of aggregates. Thus, the induction period prior
to growth of aggregates could not be determined and could not be correlated
with the supersaturation to calculate the critical size of the nucleus.

At higher supersaturations, the first stage vanished almost completely. Fig.[9]
shows the time evolution of aggregates at cp = 3.5 mg/ml for two different
experiments in 1.5 M sodium/potassium phosphate buffer, pH 8.7 (black and

blue bars). For comparison the data from the experiment at ¢cp = 3 mg/ml
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(fig. |8) are included as well (red bars). At cp =3.5 mg/ml, aggregates were
present almost from the beginning on (black bars). The sizes were more de-
fined with a hydrodynamic radius of R, ~ 150 nm and the aggregates were
more abundant with a relative mass of 0.2 %. Fig. [9] shows areas where no
aggregates are present, for instance from t = 45 to 47 minutes, which corre-
spond to regions, where more than two populations were detected and thus
the datasets were ignored or where samples were taken for electron micro-
scopic examination (t = 0 min, 10 min, 33 min, 61 min). After 2 hours, total
mass of aggregates increased significantly up to 3 %. The spectra were dom-
inated by larger aggregates, presumably microcrystals, and in about 2 % of
all recorded autocorrelation functions from t = 120 to 240 minutes lumazine
synthase molecules were no longer detected. The calculated sizes of aggre-
gates ranged from tens of nanometers to several micrometers. The number of
scatterers contributing to the autocorrelation functions changed considerably
(number fluctuation) and the computed particle size distributions were flawed.
During the course of further data acquisition the autocorrelation functions be-
came so erroneous that they were best fitted by the sums of three or more
exponential decays.

Taking samples to the light microscope at t = 1 h, appearance and growth of
crystals from a clear solution was observed waiting a few minutes. Apparently
the particles that dominate the spectra were too small to be observed in the
light microscope but did grow easily to visible dimensions.

A different experiment at virtually the same conditions (blue bars in fig. @
showed faster aggregation. In the first ten minutes, the calculated size distri-
butions were still broad ranging from 100 nm to several micrometers in radius

and the relative mass was very low with a mass fraction of less than 0.1 %.
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With time, the relative mass of aggregates increased to 0.2 %, the calculated
radii varied less and increased from about 200 to 300 nm (t > 18 min). After
40 minutes, the spectra were governed by number fluctuations and all further
datasets were discarded. In both experiments crystallization was almost fin-
ished after two days with crystal sizes ranging from 10 to 30 pm. The reason
for the different aggregation behavior of lumazine synthase observed in the two
experiments can be attributed to a slightly higher supersaturation in the sec-
ond experiment or to a small variance in mixing the samples causing different
local supersaturations for a short moment.

At ¢p = 4 mg/ml, the autocorrelation functions were impaired by num-
ber fluctuations and did not decay to zero almost immediately after mixing
the protein solution and precipitating agent and starting data acquisition. 6
hours later, crystals and needle-like structures were observed under the light
microscope (fig. [I0). The latter disappeared within one day in favor of the
crystals. These needle-like structures were observed in earlier crystallization
experiments performed in our group in 1.55 M sodium/potassium phosphate
buffer, pH 8.7, at ¢p = 10 mg/ml and in 1.6 M buffer at a temperature of 10 °C
with cp = 8 mg/ml. The needles have a thickness of approximately 60 nm and
grow to lengths ranging from 280 nm to several micrometers. Within the
needles, lumazine synthase molecules were observed to be orthogonally packed
whereas no rotational order could be found (Rodriguez-Fernandez, 2003} |Tack,

1997).
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Figure 10: Light micrograph of a crystallizing lumazine synthase solution (cp
= 4 mg/ml, 1.5 M sodium/potassium phosphate buffer, pH 8.7) 6 hours after
mixing the protein and the precipitant solutions (scale bar = 100 pm).

2.3.2 Cryo transmission electron microscopy

The critical nucleus is in a transition state and as such energetically unfa-
vored. Consequently, the concentration of this particle should be negligible.
Near-critical nuclei, clusters with dimensions smaller or larger than the critical
nucleus are more stable and therefore have a longer lifetime. Thus, it should
be possible to directly observe those clusters by imaging methods. In 1.5 M
sodium /potassium phosphate buffer, pH 8.7, nucleation rate of crystals is in-
creased significantly at lumazine synthase concentrations above 3 mg/ml and
consequently, the probability to observe near-critical nuclei is enhanced.

To image the clusters linked to crystal growth and the critical nucleus, su-

persaturated lumazine synthase solutions were analyzed by cryo transmission
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electron microscopy. Samples were taken directly out of the light scattering
cuvette and prepared as described in section [£.4.2] This procedure allowed to
correlate particle size distributions derived by dynamic light scattering with
the structures visualized by electron microscopy.

Cryo samples were taken from the crystallization experiments at protein
concentrations of 3 mg/ml and 3.5 mg/ml in 1.5 M sodium/potassium phos-
phate buffer, pH 8.7, presented before (fig. |§ and fig. @7 black bars) at t =
0 min, 3 min, 7 min, 17 min, 27 min, 42 min and t = 0 min, 10 min, 33 min,
61 min, respectively. Only in the samples taken at t = 27 min and 42 min
from the 3 mg/ml lumazine synthase solution and the sample taken directly
after preparing the 3.5 mg/ml solution, lumazine synthase molecules could be
identified. In all other cryo-samples either the ice-layer was too thick because
of insufficient blotting or sample contamination or samples were blotted too
long and the holes were empty or the holey carbon film was detached from the
carbon grid.

Figs. and show cryo-TEM micrographs taken from the 3 mg/ml and
the 3.5 mg/ml lumazine synthase solutions 27 min and directly after starting
the crystallization experiments, respectively. Molecules are difficult to identify
as the contrast stems from the relative low density difference between pro-
tein (1.36 g/cm®) and solvent (1.20 g/cm?, table [6] in section and the
difference in scattering cross section of the atoms in the lumazine synthase
molecules and the sodium/potassium phosphate buffer whereas the scattering
cross section increases with Z3/2, with Z the atomic number.

Both micrographs show crowded solutions. Fig [ITJA shows a network of
lumazine synthase aggregates. However, it is difficult to discern whether the

molecules and aggregates are interconnected or not. In the higher supersat-
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urated solution also clusters with a linear arrangement of the molecules are
observed, consisting of 5 to 10 single particles (fig. , red line).

The sizes of the aggregates determined by dynamic light scattering and elec-
tron microscopy roughly match. At lower supersaturation, the size distribution
of aggregates varied over a broad range from hundreds of nanometeters to a
few micrometers. This can be explained by the structures seen in fig. [[TA. If
the aggregates move independently, smaller radii are detected by dynamic light
scattering. Upon agglomeration, they move together as a large body through
the solution and thus the detected size becomes larger. In the experiment at
cp = 3.5 mg/ml, the clusters seen with the electron microscope are smaller
than predicted by dynamic light scattering. The longest dimension of the lin-
ear aggregates is only as large as the mean radius of the aggregates of about
150 nm determined by dynamic light scattering.

Another contradiction is that light scattering experiments indicate that ag-
gregates should have been less frequently observed than single lumazine syn-
thase molecules as the relative mass of aggregates was less than 1 % (Figs.
and E[) However, the electron micrographs exhibit almost only aggregates.
Counting the number of lumazine synthase molecules on electron micrographs
of frozen solution of 0.2 M sodium/potassium phosphate buffer with cp =
5 mg/ml, in squares of 200 nm x 200 nm and assuming the thickness of the
frozen solution as 300 nm, the calculated protein concentration in the exam-
ined ice layers is at least 4 times too high. In addition, the solvent has a higher
contrast than the lumazine synthase molecules as the solvent is darker than
the proteins on the electron micrographs. But the protein is slightly denser
than the solvent in 1.5 M sodium/potassium phosphate buffer and the protein

should appear darker. All these observations together suggest that the sol-
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Figure 11: Cryo-transmission electron micrographs of crystallizing lumazine
synthase in 1.5 M sodium/potassium phosphate buffer, pH 8.7 (scale bar =
100 nm). A) c¢p = 3 mg/ml, sample taken 27 minutes after mixing solutions,
same experiment as presented in fig. B) cp = 3.5 mg/ml, sample taken
directly after mixing solutions, same experiment as presented in fig. El (black

bars).
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vent evaporated during sample preparation, presumably between blotting and
freezing of the sample. Therefore, it cannot be ruled out that the aggregates

seen with the electron microscope are artefacts of sample preparation.

2.3.3 Discussion

Dynamic light scattering has already been used successfully to estimate the
size of critical nucleus of supersaturated solutions of pumpkin seed globulin,
apoferritin and satellite tobacco mosaic virus (Malkin et al.| [1993; Malkin
and McPherson| [1993allb). Continuous aggregation leading to the formation
of crystals was established after an induction period and the size of critical
nucleus was estimated as greatest average size of aggregates within this induc-
tion period. Crystals were observed within 1 and 5 days at relative moderate
supersaturations and the size of critical nucleus was found to be R}, ~ 22 nm
and 32 nm at o = 1.3 and 1.2 for pumpkin seed globulin (R = 2.9 nm) and
Ry ~ 20 nm and 26 nm at o = 2.5 and 2.1 for apoferritin (R, = 6 nm),
respectively.

In solutions of lumazine synthase at similar supersaturations (cp ~ 1 mg/ml
at 0 = 10 in 1.5 M sodium/potassium phosphate buffer, pH 8.7 and cp ~
1 mg/ml at 0 = 2 in 1.4 M sodium/potassium phosphate buffer, pH 8.7) al-
most no aggregates were detected. Particle size distributions were similar to
those presented in fig. [8] during the first hours. At higher supersaturations,
e.g. at ¢ >> 20 where crystals were observed within a few days, larger agre-
gates were detected more frequently. Still, their relative mass and number was
very low with a mass fraction of less than 0.1 %. Only in a small region of

supersaturations (e.g. cp = 3.5 mg/ml, 1.5 M sodium/potassium phosphate
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buffer, pH 8.7, o ~ 35), large particles were so abundant that their size could
be determined with more confidence (fig. @ At even higher concentrations of
lumazine synthase, molecules aggregated too fast to be observed by dynamic
light scattering. The aggregation pattern observed by dynamic light scattering
almost only depended on supersaturation and a decrease in sodium/potassi-
um phosphate concentration from 1.5 M to 1.45 M did not affect the onset of
increased detection of aggregates.

To summarize, with lumazine synthase, no steady growth of aggregates was
observed and the detected aggregates could not be assigned to the critical nu-
cleus as it was the case for the three proteins mentioned above. To explain this
discrepancy, the limitations of dynamic light scattering have to be considered
first. To distinguish two monodisperse populations by dynamic light scatter-
ing, three conditions have to be fulfilled. First, the intensities of light scattered
by the different populations have to be comparable. As a first approximation,
the scattering intensity increases with the 6th power of radius. Thus, only few
but very large particles can have the same scattering intensity as an abundant
population of small particles. Next, the overall scattering intensity has to stay
constant within the timeframe of one measurement. Therefore, growth should
be negligible within a single measurement and the total number of scatterers
should remain constant in the scattering volume. This can be a problem if
one species is low in number but large in size. Third, the sizes have to differ
significantly. As a rule of thumb, the size difference between two species needs
to be about a factor of five or greater to obtain reliable resolution of particle

size distributions (Wilson) 2003)).
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Prenucleation events Provided that the stock solutions were free from im-
purities and aggregates, only single lumazine synthase molecules should have
been present directly after preparing the supersaturated solutions. Thus, prior
to any nucleation event the particle size distribution should peak at the position
of the single molecule. With increasing protein concentration, density fluctua-
tions will amplify and the size distribution will shift and broaden marginally,
but almost undetectable to dynamic light scattering due to the reasons listed
above.

In agreement with this general scenario, almost all autocorrelation functions
of lumazine synthase solutions recorded at lower supersaturation and prior to
nucleation were best fitted by a single exponentially decaying function. A
minor fraction of recorded autocorrelation functions deviated from the single
exponential decay and revealed the presence of larger particles. Fig. [12/shows
field autocorrelation functions acquired during different stages of crystalliza-
tion. Curve A (black line) resembles the majority of all recorded autocorrela-
tion functions, where only the single lumazine synthase molecules were found.
The field autocorrelation function B (red line) illustrates the case, where a
second population of larger species was detected. As can be seen, curve B
differs only slightly from curve A and thus, the second population contributes
little to the autocorrelation function B in fig. [12| and the calculated radius of
in this case 1568 nm is unreliable.

Nonetheless, this second population is present and the question of its nature
arises. A first assumption is the presence of “dust” or other impurities. This
is very unlikely as solutions of lumazine synthase in 0.2 M sodium/potassi-
um phosphate buffer, pH 8.7, prepared in the same way as the crystallizing

protein solutions, did not show this pattern. Next, formation of amorphous
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aggregates with a fractal structure was observed in supersaturated, but not
necessarily crystal-forming lysozyme solutions (Georgalis et al., [1999; {Umbach
et al., [1998)). If the formation of those aggregates is energetically allowed and
thus gives rise to the second population, there exists no reason why nucleation
and growth of those aggregates should cease. However, frequency and total
number and mass of the aggregates did not increase with time. Third, the sec-
ond population might be observed because of density fluctuations. If the mean
radius of this second population is in the range of found values from 100 nm to
more than a micrometer, then the particles should be larger than the critical
nucleus and continue growing. In addition, they should be detectable by light
microscopy and last should dissolve and grow slowly and thus contribute to
the autocorrelation functions over longer time scales. In summary, none of
the explanations is satisfactory and the real nature of the second population

remains obscure.

Postnucleation events Once ordered aggregates reach a critical size, they
continue growing. The frequency of this event, the nucleation rate, increases
exponentially with supersaturation (section . Nucleation is a stochastic
process and crystals nucleate and grow independently. Thus, the particle size
distribution of growing crystals is very broad. When gravity exceeds Brownian
motion because of high mass density, the crystals sediment.

At low nucleation rates, only few crystals grow in the volume observed by
dynamic light scattering and they contribute to the autocorrelation functions
as noise and, if larger, as number fluctuations. At high nucleation rates, crys-
tals nucleate almost instantaneous without an detectable induction period,

autocorrelation functions are quickly dominated by the large scatterers and
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Figure 12: Field autocorrelation functions g'(t) at different stages of crystal-
lization of lumazine synthase. Fitted radius and relative mass of aggregates
are listed in the legend.

mean size increases. Lumazine synthase crystals grown in 1.5 M sodium/pot-
assium phosphate buffer, pH 8.7, sediment very slowly because of the relative
small density difference between solvent (p ~ 1.2 g/cm?®) and protein (p ~
1.36 g/cm?3). Thus, very large but only few particles can interfere the spectra.

The time evolution of particle size distributions of lumazine synthase con-
forms with these predictions. At low protein concentration, aggregates were
detected with increased frequency after an induction period that decreases with

increasing supersaturation. In the case of the presented crystallization exper-
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iment in 1.5 M sodium/potassium phosphate buffer with ¢p = 3 mg/ml the
induction time was about 10 hours (fig. . The corresponding autocorrelation
functions resemble curve B in fig. [I2] that was recorded within this induction
time. At higher supersaturations, aggregates were detected almost instanta-
neously after mixing the protein and precipitant solutions. As the population
of aggregates grew in size and mass, intensity of scattered light increased (see
curves C1, C2 and C3 in fig. and sizes varied less (fig. [9] blue bars, 18 min
< t < 40 min). Within this period, an increase in the mean size was observed.
Waiting longer, autocorrelation functions became dominated by huge particles
so that the autocorrelation functions did not decay to zero within the period of
a single measurement (curve D in fig. and /or had values larger than one due
to large number fluctuations. These particles might have been microcrystals
as crystals were observed in the light microscope a few hours later.

Dynamic light scattering provides information about particle size distribu-
tion only and not about the type of scatterer. Thus, it is not certain that the
detected aggregates are crystalline, especially as the formation of needle-like
structures was observed at a slightly higher supersaturation of o = 40 (fig. ,
cp = 4 mg/ml, 1.5 M sodium/potassium phosphate, pH 8.7). Tanaka et al.
(1999) for example reported the growth of aggregates with fractal dimensions
in crystal-forming solutions and speculated that crystals were nucleated within

those aggregates.

Comparison with other protein systems Crystals of lumazine synthase
were grown within a few days only at very high supersaturations (o > 30,
cp > 3 mg/ml in 1.5 M sodium/potassium phosphate buffer, pH 8.7). Nor-

mally, protein crystals are grown at much lower supersaturations. Typical
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values range from 2 to 4 for apoferritin and pumpkin seed globulin (Malkin
and McPherson, 1993a.b) and 6 to 12 for lysozyme (Drenth et al. 2003). Su-
persaturation was defined as the ratio of the actual activity of proteins in
solution and the activity at equilibrium (0 = ap/ag ~ cp/cg, eq. |3 in sec-
tion . The activities can be replaced by the respective concentrations if
the activity coefficient is almost equal to one. This is certainly not the case
at the high salt concentrations employed for crystallization (Atkins, [1994)). As
already mentioned in section the determination of protein concentration
is less reliable at high phosphate and low protein concentration and thus, the
determined solubility concentration may introduce an error. The uncertainty
in supersaturation alone cannot explain the discrepancies in supersaturation
necessary to nucleate crystals.

In the crystallization experiments presented by Malkin et al. (1993)) and
Malkin and McPherson| (1993a,b), the protein stock solutions always contained
aggregates. Many other proteins show significant protein aggregation as well
after prolonged storage (Yoon et al.,2001)). It is possible that the clusters are
irregular aggregates of or around foreign protein or modified protein molecules
(Chernovl, [1997). They might act as seeds or at least promote formation of
critical nuclei thereby lowering the nucleation barrier and enhancing nucleation
rate. In the strict sense, this cannot be considered as homogeneous nucleation
anymore.

For apoferritin it was shown that it forms oligomers (dimers, trimers, etc . . .),
probably induced by partly denaturation of the protein (Petsev et al., 2000).
Compared to oligomer free preparations, oligomer containing solutions nucleate
faster, whereas supersaturated microhomogeneous monomer solutions produce

larger, better diffracting and less numerous crystals (Thomas et al., [1998).
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Furthermore, it was speculated that higher oligomers (~10 mer and ~180 mer)
may act as the nucleation centers observed by Malkin and McPherson (1993b)).

To verify this, a crystallizing solution of microhomogeneous apoferritin mono-
mers (section was studied by dynamic light scattering at a protein con-
centration of 1 mg/ml in 0.2 M sodium acetate buffer, pH 5.0, containing
0.11 M cadmium sulfate (2.3 % (w,v)). No higher oligomers were detected and
during crystal growth total intensity of scattered light decreased. Shape and
morphology of the obtained crystals agreed with published results (Thomas
et al., |1998).

It was shown that impurities (homologous or heterologous) are often present
in protein solutions and thus can influence both crystal nucleation and crystal
growth. In the majority of cases, the presence of aggregates is disadvantageous
for crystal quality as mosaicity appearing at initial stages of crystal growth
cannot heal at later stages of growth (Chernov, [2003]).

In the case of lumazine synthase, very high supersaturations are needed to
promote nucleation of crystals, which is generally known to be detrimental
for crystal quality (Vekilov and Chernovj 2002). In addition, with increased
supersaturation different solid phases, unstable with respect to the crystalline
phase, but with a lower free energy than the protein solution, can form (Rosen-
berger et al. |1996). At lumazine synthase concentrations above 4 mg/ml in
1.5 M sodium /potassium phosphate buffer, pH 8.7, needle-like aggregates were
formed besides crystals. The former might serve as nucleation sources or can

even become incorporated into the crystals.
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2.4 Metastable aggregates in supersaturated solutions of

lumazine synthase

During the induction period, during wich no lumazine synthase crystals nu-
cleated, a minor fraction of all recorded autocorrelation functions revealed
the presence of a second population of aggregates besides the single molecules
(first hours in fig. , whose nature could not be elucidated satisfyingly (sec-
tion . All discussed experiments were conducted at high supersaturations
and it can be assumed that the aggregates were detected only at conditions
where crystals nucleate readily and the aggregates were first signals of crystals.
Conversely, the second population was detected almost independently of salt
concentration whereas its frequency increased with protein concentration.
Figs. and show the time evolution of the average sizes and relative
masses of aggregates of lumazine synthase in 1.3 and 1.4 M sodium /potassium
phosphate buffer, pH 8.7, respectively. After mixing protein stock solution
and precipitating agent, preparations were filtered again through a 0.22 pm
syringe filter to assure that aggregates formed during the mixing process due
to high initial local supersaturations were removed. The reduction in protein
concentration is marginal and can be neglected (section . Spectra were
recorded at scattering angles of 60° and 90° consecutively from preparations
that were successively diluted by the addition of buffer into the scattering cell.
For these experiments the dynamic light scattering setup was aligned for a
scattering angle of 90° and thus, the particle size distributions obtained at 60°
were less reliable. Initial protein concentration of 6.5 mg/ml in the case of the
1.3 M sodium /potassium phosphate solution (red and black bars in fig. was
decreased to 3.2 mg/ml (not shown) and 2.3 mg/ml (blue bars). The 1.4 M so-
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Figure 13: Time-resolved DLS: Time evolution of the average sizes and relative
masses of aggregates of lumazine synthase in 1.3 M sodium /potassium phos-
phate buffer, pH 8.7. Protein concentration and scattering angle are listed in
the legend. Monomers are not shown (R, = 8 nm).

dium/potassium phosphate solution was diluted from 5 mg/ml (red and black
bars in fig. to 2.5 mg/ml after two days (blue bars) and 1.7 mg/ml (not
shown).

The 1.3 M sodium/potassium phosphate solution with ¢p = 6.5 mg/ml
revealed the presence of a second population in 15 % of all autocorrelation
functions recorded at 60°. The frequency decreased with decreasing protein
concentration to 9 % at cp = 3.2 mg/ml (not shown) and less than 1 % at

cp = 2.3 mg/ml. At a scattering angle of 90°, the same decrease in frequency
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Figure 14: Time-resolved DLS: Time evolution of the average sizes and relative
masses of aggregates of lumazine synthase in 1.4 M sodium/potassium phos-
phate buffer, pH 8.7. Protein concentration and scattering angle are listed in
the legend. Monomers are not shown (R, = 8 nm).

was observed whereas the initial frequency was lower than at 60°. In 5 % of
all spectra, aggregates were detected at a protein concentration of 6.5 mg/ml
and the frequency decreased to 4 % at c¢p = 3.2 mg/ml (not shown) and 0 %
at cp = 2.3 mg/ml.

The protein solutions in 1.4 M sodium/potassium phosphate buffer, pH 8.7,
showed essentially the same features (fig. . At a protein concentration of
5 mg/ml 10 % and 4 % of all recorded spectra at 60° (red bars) and 90° (black

bars), respectively, revealed the presence of aggregates of lumazine synthase.
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Decreasing the protein concentration to 2.5 mg/ml (blue bars) and 1.7 mg/ml
(not shown) the autocorrelation functions were almost always best fitted by
the single exponential decay of the single lumazine synthase molecule.

Besides a two-fold increased frequency, the aggregates had a higher mass
fraction at a scattering angle of 60°. One reason is the small misalignment of
the scattering setup at 60° and thus, an uncertainty in the wavevector q that
affects the size and relative mass but not the frequency of observation of larger
particles. If the size of the scattering particles is comparable to the wavelength
of scattered light, the intensity of scattered light is angular dependent and
decreases with increasing scattering angle. Due to the increased scattering
volume of 1/sin(60°) at 60° the recorded spectra should be less susceptible to
number fluctuations than at a scattering angle of 90°.

In summary, in 1.3 1.5 M sodium /potassium phosphate a second population
of aggregates was always present besides monomeric lumazine synthase popu-
lation. The former was observed more frequently by dynamic light scattering
with increasing protein concentration. Whether and how this population is
connected to crystal nucleation and or crystal growth cannot be addressed by
dynamic light scattering alone.

The nature of this second population remains obscure. This issue was al-
ready addressed in section and shall be discussed here in more detail. The
second population was not observed in every single measurement and varied
in size and mass. Thus, the number and/or the size of scatterers changed
within the scattering volume. Correlation functions that are skewed by those
fluctuations can at best give a rough estimate of size and amount of scatterers.

Without prior knowledge of solution preparation, this second population

would be mistaken as “dust” that is a rather general term used to describe any
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undesirable, large scatterers that contribute to the signal. However, all solu-
tions were filtered prior to the dynamic light scattering experiments through
0.2 pm syringe filters and all particles larger than this size should be absent
in the scattering cell. In addition, preparations in 0.2 M sodium/potassium
phosphate buffer, pH 8.7, were all monodisperse. Evidently, this second popu-
lation was present in detectable amounts only in supersaturated solutions and
was not the result of “dust”.

If the second population consisted of irregular aggregates around foreign
protein or modified lumazine synthase molecules, it is difficult to explain why
those aggregates were only seen in supersaturated solutions and not in low
salt buffer. They might exist in low salt buffer, however due to their small
size that leads to a negligible intensity of scattered light compared to the light
scattered by the single lumazine synthase molecules, they cannot be detected.
Nevertheless, in supersaturated solutions, these aggregates may act as seeds
and may cause the agglomeration of lumazine synthase. With increasing size
the intensity of scattered light increases and the aggregates become detectable.

But, if those aggregates exist and they grow in suppersaturated solutions,
there exists no reason why this growth should cease. With time, the aggregates
should sediment or at least should disturb the autocorrelation functions with
increasing intensity.

With increasing protein concentration density fluctuations amplify and size
distribution shifts to larger values. Classical nucleation theory (section
assumes that by successive aggregation of lumazine synthase molecules spher-
ical clusters with crystalline structure are formed. Before reaching a critical
size, the clusters dissolve faster than they grow. This critical size is unknown

for crystallizing lumazine synthase and only limited data is available for other
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protein crystallizing systems.

Malkin and McPherson| (1993b)) published that for crystallizing apoferritin
solutions, the critical size Ry, ranges between 20 nm and 26 nm at supersatura-
tions from o = 2.5 to 2.1, respectively. A compact spherical cluster would then
contain about 30 to 65 apoferritin molecules. But the dynamic light scattering
analysis showed also aggregates with similar size in solutions free of precip-
itating agent and thus, the results are of limited confidence (section [2.3.3]
page . Nonetheless, atomic force microscopy studies were able to corrobo-
rate the determined dimensions, whereas the identified near-critical nuclei had
a quasi-planar structure (Yau and Vekilov, 2000).

Critical nuclei for lysozyme crystals seemed to contain 10 or less molecules
as determined independently by light microscopy (Galkin and Vekilov, |2000)
and nuclear magnetic resonance spectroscopy (Drenth et al.,2003)), irrespective
of the underlying nucleation theorem, being classical (Garcia-Ruiz, 2003) or
model-independent (Oxtoby and Kashchiev| 1994).

The exact size of aggregates contributing to the second population in su-
persaturated lumazine synthase solutions is unknown. But, as the intensity
of scattered light is angular dependent, the aggregates are larger than pure
Rayleigh scatterers and their radius should at least be larger than A/20 =
33 nm, as a rough estimate. The number of molecules in the nucleus is
n = V/vy, with V, the volume of the nucleus and vy = 3.2 - 103> nm?, the
volume occupied by one molecule in the crystal, calculated from the volume
of the unit cell of a hexagonal crystal of lumazine synthase and number of
molecules within the unit cell (Schott et al., [1990). A compact spherical clus-
ter would then consist of more than 47 lumazine synthase molecules. In the

two presented experiments in 1.3 M and 1.4 M sodium/potassium phosphate
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buffer, pH 8.7, the highest lumazine synthase concentrations used were 6.5 and
5 mg/ml and the supersaturations were ¢ ~ 2.4 and 9.1, respectively. Thus,
with this size and number of growth units the clusters should already be post-
critical and grow steadily at least in the case of the 1.4 M solution. Together
with the different crystal nucleation and growth characteristics observed at
high supersaturations by dynamic light scattering (section [2.3), density fluc-
tuations of compact clusters disqualify as explanation for the larger particles
detected at low and moderate supersaturations.

To grow crystals from solution, growth units have to orient themselves trans-
lationally and rotationally. Thus, the transition from liquid to solid phase oc-
curs along two order parameters, density and structure. If these transitions do
not proceed simultaneously and density fluctuations precede structural fluctu-
ations, a dense unstructured aggregate state should form as an intermediate
between liquid and solid phase. This mechanism was suggested by simulations
for protein solution systems near their critical point for liquid-liquid phase
separation (Lomakin et al., [2003; ten Wolde and Frenkel, 1997)).

If such an unstructured dense intermediate is metastable in respect to the
supersaturated protein solution, it is low in number and has a limited lifetime.
Next, a “density-only-fluctuation” can produce particles larger than those pro-
duced by a coherent fluctuation of structure and density before a critical nu-
cleus is formed. Thus, this model is compatible with the scattering signature
observed at low supersaturations of lumazine synthase.

This finding was corroborated by atomic force microscopy studies carried
out in the laboratory of Prof. Peter Vekilov at the University of Houston,
Department of Chemical Engineering, Texas, USA. The growth of lumazine

synthase crystals was monitored in situ in 1.3 sodium/potassium phosphate
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buffer, pH 8.7, with protein concentrations ranging from 1 to 30 mg/ml. At
protein concentrations of 3 mg/ml and higher, |Gliko et al.| (2005b) observed
landing of 3D objects on the crystal surface with an approximate size of 100
to 160 nm (fig. and [15g). The object shrinked in height (figs. and
h) and grew sideways. The 5 new growth layers orginating from the cluster
in fig. merged seamlessly with each other and with the underlying lattice
without causing any lattice defects (figs. — f). In addition, the new layers
revealed the same growth kinetics as the other layers on the crystal surface.
The probability of a microcrystal landing on a crystal surface in perfect registry
with the underlying lattice would have been negligible and an unstructured
solid aggregate would not have shrinked in size. Thus, the 3D-objects were
identified as dense liquid droplets of lumazine synthase. At supersaturations
of o < 3 the liquid droplets were the only source of new growth layers.

It is evident that those dense liquid droplets of lumazine synthase must cause
the aggregation pattern observed by dynamic light scattering. The droplets
have a size that is comparable to the probe length 1/q. Using as form factor
P(q, Ry,) that of hard spheres (eq. [16)) and assuming a radius of 50 nm, the form
factor decreases from 0.96 to 0.38 when increasing the scattering angle from
60° to 90°. This explains the difference in frequency of detection of aggregates

at the two scattering angles.

2

Pla, Ry) = ﬁ {sin (q/y) — R cos (qR)} (16)

In addition, the droplet population was not detected in every single mea-
surement and consequently changed in number and/or size within the period

of 30 s. The growth and dissolution rates of lumazine synthase crystals of
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Figure 15: Tapping mode atomic force microscopy imaging of a crystal surface
of lumazine synthase (001 face) in 1.3 M sodium /potassium phosphate buffer,
pH 8.7, at ¢p = 3 mg/ml. Scan size is 20x20 pm, the time interval between
images is 9 min (Gliko et al., 2005Db).

Sedimentation of a 3D object (a) onto a crystal surface of lumazine synthase
and its development into a stack of five crystalline layers (b)-(f) in lumazine
synthase solution of 3 mg/ml in 1.3 M sodium /potassium phosphate buffer,
pH 8.7. Height profiles (g) and (h) along a horizontal line crossing the 3D-
object in (a) and (b), respectively, show the object height of ~120 nm directly
after landing on the surface in (a) and ~75 nm in (b) corresponding to 5 growth
layers. Arrows in (a),(b),(g) and (h) mark the same step.




2 Results and Discussion 55

approximately 0.2 — 0.7 nm/s in 1.3 M sodium/potassium phosphate buffer
at a supersaturation below o < 2.5 (Gliko et al., 2005alb) are not compatible
with the fluctuations observed by dynamic light scattering whereas fast nucle-
ation and growth and decay rates have been shown for dense liquid droplets
in lysozyme solutions (Shah et al., 2004).

As the dense liquid droplets of lumazine synthase have a limited lifetime and
do not grow to dimensions observable by light microscopy they have a higher
free energy than both, the crystals and the protein solution. But the droplets
are detectable by atomic force microscopy and dynamic light scattering and
consequently, there must exist an energy barrier that hinders dissolution of
the droplets and thus, the droplets are metastable with respect to the protein
solution.

In the 1.3 M and the 1.4 M sodium/potassium phosphate buffer the droplets
were detected more frequently with increased lumazine synthase concentration
by dynamic light scattering, as increased protein concentrations amplify den-
sity fluctuations. Astonishingly, the amplification does not change when in-
creasing the sodium /potassium phosphate concentration from 1.3 M to 1.4 M.
However at the same time the solubility drops from 2.7 mg/ml to 0.55 mg/ml

and the supersaturation increases.



3 Conclusion

Lumazine synthase crystallizes in sodium /potassium phosphate buffer, pH 8.7.
In this study it was found that its solubility decreases from 7 mg/ml to less
than 0.1 mg/ml increasing salt concentration from 1.2 to 1.55 M (section [2.1)).
Contrary to that change, the determined osmotic second virial coefficient of
lumazine synthase, a parameter to quantify particle interactions, remains al-
most invariant to the increase in salt concentration (section [2.2)). It is almost
zero at the storage conditions (0.2 and 0.9 M sodium/potassium phosphate
buffer, pH 8.7) and at salt concentrations where lumazine synthase crystallizes
readily (1.3 and 1.4 M). Thus, compared to a system of hard spheres the inter-
actions are always slightly attractive. On the other hand, most other protein
systems characterized in terms of the second virial coefficient showed a distinct
change when adding precipitant to protein solutions and revealed substantially
lower values of the second virial coefficient at crystallization conditions.

One possible explanation of the observed discrepancy between measured
2nd virial coefficient and observed crystallization behavior is an interplay of
expected attractive short-range potential and longer-range repulsive potential
caused by solvent structuring at high salt concentrations (section . Struc-
tured solvent or higher solvent density at the protein-solvent interface due to
lower mobility of structured solvent can be detected by small angle neutron
scattering utilizing the difference in scattering cross section of solvent (sodi-
um/potassium phosphate in HoO and D,0) and protein and hence, should be
subject of further investigations. In addition, the envisioned potential land-
scape exhibiting repulsive and attractive character is accessible in principal by

measuring the structure factor over a wide ¢g-range as possible by small-angle
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x-ray and neutron scattering.

In search of protein clusters, crystal forming or amorphous, solutions of
lumazine synthase were thoroughly studied by dynamic light scattering in a
broad range of supersaturations (section . As predicted by the nucleation
theory, increased supersaturation facilitated nucleation of crystals that was
accompanied by an increased frequency of detection of aggregates. However,
sizes of aggregates ranged from 100 nm to several micrometers, the relative
mass fraction of aggregates was very low and almost no growth of aggregates
in size and increase in mass was observed. In addition, the onset of increased
detection of aggregates was not well defined and crystallization experiments
under virtually unchanged conditions always yielded different aggregation pat-
terns and consequently their induction time could not be determined.

These difficulties in assessment of aggregation behavior are caused by the
fluctuation of number and/or mass of scattering aggregates in the scattering
volume manifested in the variation of determined average size and mass of
aggregates within the acquisition time of an autocorrelation function (30 s).
With increasing size of the scatterers, presumably microcrystals, uncorrelated
intensity fluctuations dominated the recorded spectra and calculated particle
size distributions were deemed unreliable.

To image the lumazine synthase clusters linked to crystal growth, super-
saturated solutions were analyzed by cryo transmission electron microscopy
(section 2.3.2). The electron micrographs exhibited a network of lumazine
synthase molecules. However, the molecules were difficult to identify and it
was not possible to discern whether molecules were interconnected or not. In
addition, lumazine synthase clusters with a linear arrangement were observed

at higher supersaturations where aggregates were detected by dynamic light
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scattering almost immediately after starting the crystallization experiments
inferring they might be near-critical aggregates. The sizes of aggregates deter-
mined by electron microscopy and light scattering could be roughly correlated,
but the numerical proportion of aggregates to single molecules did not match.
Furthermore, the solvent evaporated during preparation of the cryo samples
and therefore the results have to be considered with caution.

Aggregates were also detected by dynamic light scattering in supersatu-
rated solutions of lumazine synthase where nucleation of crystals is unlikely
(section in contrast to lumazine synthase at storage conditions. Aver-
age size and mass of aggregates did fluctuate as the aggregates were detected
only in a small fraction of all recorded autocorrelation functions whereas the
frequency of detection did not vary with time. In connection with atomic
force microscopy studies carried out in the laboratory of Prof. Peter Vekilov at
the University of Houston, Department of Chemical Engineering, Texas, USA,
these aggregates were identified as dense liquid droplets of lumazine synthase
metastable in respect to the protein solution and the crystal phase.

The formation of droplets of lysozyme due to an interplay of attractive and
repulsive interactions was detected by measurement of the structure factor
by combined small-angle x-ray and neutron scattering studies and interpreta-
tion of the determined “Bragg reflections” in terms of preferred interparticle
distances (Stradner et all |[2004)). To further substantiate and characterize the
metastable droplets of lumazine synthase, in future studies the structure factor
should be determined at low and high sodium/potassium phosphate concen-
trations as well.

Still unknown is whether the metastable droplets are involved in the nucle-

ation of crystals at higher supersaturations or if the birth of lumazine synthase
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crystals conforms to the classical nucleation theory of formation of nuclei with
crystal like structure. As the metastable droplets gave rise to an angular de-
pendency in the light scattering measurements and hence were detected with
higher frequency at smaller scattering angles, change in size and number of
this population at nucleation conditions should be observable by small angle

dynamic light scattering measurements.



4 Materials and Methods

4.1 Biochemical methods
4.1.1 Chemicals

All chemicals were purchased from Sigma-Aldrich if not mentioned otherwise.
For all preparations Milli-Q grade water (Millipore) was used and the solutions

were filtered through 0.22 pm syringe filters (Millipore).

4.1.2 Expression and purification of lumazine synthase

Lumazine synthase from B. subtilis was overexpressed in recombinant B. sub-
tilis strain BR151[pBL1]-p602-BS-ribH (Haase, 2002). Cells were grown in
Luria-Bertani medium (10 g/l casein, 5 g/l yeast extract, 5 g/1 sodium chlo-
ride) containing kanamycin (20 mg/ml) and erythromycin (15 mg/ml) at 32 °C.
At an ODgyopnm of about 0.6-0.8, IPTG was added to a final concentration of
2 mM. Upon incubation for 18 h, the cells were harvested by centrifugation
(GS3-rotor, Sorvall, 5,000 rpm, 20 min, 4 °C), washed with 0.9 % (w/v) NaCl
and stored at -20 °C.

Frozen cells were suspended in a lysis buffer (20 mM potassiuphosphate, 10
mM NaySO3, 10 mM EDTA, pH 7.0) containing 1 mg/ml lysozyme, 1 mM
PMSF and 0.02 mg/ml DNAse. Upon incubation for 30 min at 37 °C, the sus-
pension was cooled on ice, sonified (B-12A, Branson SONIC Power Company)
and centrifuged (70 Ti rotor, Beckmann, 45,000 rpm, 4 °C, 1 h). The filtered
supernatant (filter pore size 0.45 pm) was loaded on a Q-Sepharose anion-
exchange chromatography column (Amersham Biosciences) equilibrated with

20 mM potassium phosphate buffer, pH 7.0. The column was eluted with a lin-
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ear gradient of 0.02 — 1 M potassium phosphate at a flow rate of 3 ml/min. Pro-
tein containing fractions were analyzed by SDS-PAGE (section , pooled
and concentrated by ultracentrifugation (70 Ti rotor, Beckmann, 32,000 rpm,
4 °C, 16 h). The concentrated protein solution was dialyzed overnight at 4 °C
against 0.2 M sodium/potassium phosphate buffer, pH 8.7, containing 1 mM
5-nitro-6-ribitylamino-2,4(1H,3H)-pyrimidinedione. The protein was further
purified by crystallization with sodium/potassium phosphate (final concentra-
tion 1.5 M, pH 8.7) and subsequently stored in 0.2 M sodium /potassium phos-
phate buffer, pH 8.7, containing 300 pm 0.5-nitro-6-ribitylamino-2,4(1H,3H)-

pyrimidinedione at 4 °C.

4.1.3 Purification of apoferritin

Horse spleen apoferritin was obtained from Sigma Aldrich. The solution was
dialyzed overnight at 4 °C against 0.2 M sodium acetate buffer, pH 5.0. Separa-
tion of monomers from aggregated appoferritin was done by gel filtration using
a Hiload 16,/60 Superdex 200 prep grade column (Amersham Biosciences). The
mobile phase was 0.2 M sodium acetate solution at pH 5.0 at a flow rate of
0.5 ml/min. Protein containing fractions were analysed by native PAGE (sec-
tion [4.1.5)). Using this method monomers, dimers and higher oligomers could
be separated. The size of monomers and dimers was verified by dynamic light
scattering (section and the measured sizes agreed well with published
data (Hempstead et al., [1997; Petsev et all 2001 showing radii of 6.4 and

9.7 nm for monomers and dimers, respectively.
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4.1.4 Protein concentration determination

Protein concentration was determined using the Bradford analysis (Bradford,
1976)) that is based on the shift of the absorption maxium of the dye Brilliant
Blue G from 465 to 595 nm upon protein binding. The assays were performed
with the Bio-Rad Protein Assay (Bio-Rad Laboratories GmbH) in a Ultrospec
1000 spectrophotometer (Amersham Biosciences) using bovine serum albumin
(BSA) (SERVA Electrophoresis GmbH) as standard in the range from 0.05 to
0.6 mg/ml.

4.1.5 Gel-electrophoresis

SDS-PAGE and protein staining were performed according to|Laemmli (1970).
16 % SDS-polyacrylamide gels (table were prepared in a Miniprotean II
electrophoresis unit (Bio-Rad Laboratories GmbH). Samples (5 nl) were heated
to 100 °C for 3 min in 20 pl sample buffer (500 mM Tris-HCI pH 6.8, 20 %
glycerol, 2 % SDS, 2 mM DTT, 0.1 % bromophenol blue) before loading. Gels
were run at 20 mA per gel in electrophoresis buffer (25 mM Tris-HCI pH 8.3,
192 mM glycine, 0.1 % SDS). The run was stopped when the bromophenol blue
reached the bottom of the gel. The gel was stained with Coomassie Brilliant
Blue (0.1 % (w/v)) in 30 % methanol and 10 % acetic acid for 30 min. Excess

dye was removed with a mixture of 30 % methanol and 10 % acetic acid.

Native-PAGE (5 % polyacrylamide gels, no stacking gel) and staining were
performed as described for SDS-PAGE replacing all SDS fractions with water.
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Sperating gel Stacking gel
16 % acrylamide 4 % acrylamide

Water 2 ml 3 ml
0.5 M Tris-HCI, pH 6.8 1.25 ml
1.5 M Tris-HCI, pH 8.8 2.5 ml

30 % acrylamide (Bio-Rad) 5.3 ml 0.670 ml
10 % (w/v) SDS 0.1 ml 50 nl
TEMED (Fluka) 5l 5l
10 % (w/v) APS 50 nl 25 nl

Table 4: Composition of SDS-polyacrylamide gels.

4.2 Crystallization method

For the solubility determination of lumazine synthase, protein solutions were
supersaturated by adding 4 M sodium/potassium phosphate buffer, pH 8.7,
to the protein stock solutions. All other crystallization experiments were per-

formed in batch mode by adding equal volumes of precipitating agent to protein

stock solution (section {4.1.2) and 4.1.3). Prior to crystallization, all solutions

were centrifuged (GS-15R Beckmann, 15,400 rpm, 30 min, 4 °C) and filtered
through 0.22 pm syringe filters (Millipore). During all crystallization experi-

ments the temperature was maintained at 20 °C, unless otherwise noted.

4.3 Light scattering
4.3.1 Static light scattering

Light scattering detector The static light scattering experiments were per-
formed on a DAWN EOS (Wyatt Technology) that is coupled with a Shodex
RI-71 refractive index detector (Showa Denko). The light scattering detector
is equipped with a diode laser (30 mW, A = 690 nm) and the scattered light
is recorded at eighteen different angles using ASTRA (version 4.90.07, Wyatt
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Technology).

The scattering cell is designed to be used as a flow cell. Due to its small size
(volume = 0.07 ul, diameter = 1 mm), it is very sensitive to the presence of
air bubbles and it proved useful to filter the solutions (0.22 pm syringe filters,
Millipore Co.) during injection into the cell. The possible effect of reduction
in protein concentration was tested by the Bradford assay (section . The
effect was found to be marginal and within the error of the method (£10 %).
Thus, for calculation of the molar mass and the second virial coefficient the

unchanged concentrations were used.

Refraction index increment The refractive index increment (dn/dc) was
measured using a Shodex RI-71 (Showa Denko) operating with a tungsten

lamp (white light).

4.3.2 Dynamic light scattering

Dynamic light scattering setup All dynamic light scattering measurements
were carried out in 8 mm cylindrical borosilicate cuvettes (Carl-Roth) using
an Axios-150 instrument (Triton-Hellas). It is a fiber optic based instrument
using a 35 mW diode laser with a wavelength of 658 nm. The detectors angular
range is between 15° and 165° and the temperature can be controlled from 5 °C
to 70 °C. The digital correlator uses 288 channels spanning delay times from
11.64 ns to 56 min.

Spectra were recorded at 20 °C every 30 s at an angle of 60° for at least
2 hours unless otherwise noted. The particle size distributions were obtained
from the autocorrelation functions using Provencher’s regularized Laplace in-

version CONTIN (Provencher, 1982allb). Due to the unknown morphology of
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the aggregates the form factors were approximated by those of hard spheres.

Dynamic light scattering data analysis This paragraph is a brief review
on the light scattering theory. Further information is available in several text-
books (Pecoral [1985; Schmitz, |1990)).

The light detected in a scattering experiment originates from the super-
position of complex amplitudes due to scattering by many particles. As the
particles in solution are buffeted by Brownian forces, the contributions have
random time-dependent phases and total intensity of scattered light fluctuates
as a function of time. In dynamic light scattering experiments, these fluctua-
tion are quantified by temporal correlation of the intensity of scattered light
I(t):

G(r) = (IOt +7)) = (I)* + (SI(1)01(t + 7)) (17)

7 is the experimental delay time and d1(¢) the fluctuation about the average
intensity (7). The intensity autocorrelation function ¢?(7) can be expressed
in terms of the autocorrelation function, g*(7), of the scattered electric field,

E(t), according to the Siegert’s theorem (equation [19).

g'(r) = (E@®E*(t+7)) (18)

P = |g"0))* +8|g' () (19)

g*(0) is the average intensity of scattered light (I) and 3 < 1 is a constant
that reflects the degree of spatial coherence of the detected light. The area of
the detector is described by a range of wave vectors and the superposition of
these different uncorrelated waves reduces the total correlation.

For small particles compared to the wavelength, the field autocorrelation
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function is expressed as:

=1 =1

gl( <Z Z b; b* iq-ri(t)—iq-r; t+7—)> (2())

with b; and r; the scattering intensity and position of the i*" particle. q is the
wave vector with a magnitude of ¢ = (47ng/A) - sin(6/2). For free diffusing

particles, their movements are statistically independent and eq. 20| reduces to:

N
Z |b |2 iq-Ar; tT)> (21>
=1

The displacement Ar;(t) is a random variable and its exact behavior cannot be
predicted. However, based on the theory of Brownian motion, the probability
G(r,t)dr that a particle is located in the volume element dr at r at a time ¢
is given by the diffusion eq. 22 Fick’s 2nd law of diffusion, with the condition
that the particle was initially located at the origin (eq. .

% = DV*G(r,t) (22)
G(r,0) = d(r) (23)

The probability can be used to convert the time average needed in eq. 21 to

a weighted average over all positions.
<eiq'Ar(t’T)> =F(q,7) = /dAr UATG(Ar, T) (24)

F(q,7) is then the Fourier transform of G(Ar,7). By taking the Fourier
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transform of eq. 22] following differential equation is obtained

OF(q, T
9T _ ppr(.n) (25)
-
whose solution is
F(q,7)=e¢ 7P (26)

Combining the egs. , and , g*(q,7) is recast as:
N
—®Dir
g (a,7) = (b*)e ™ (27)
i=1

In monodisperse preparations, all diffusion coefficients D; are identical and the

normalized field autocorrelation function is:

g9'(a,7) = (28)

From the decay time of a single exponential autocorrelation function the single
particle diffusion coefficient Dy and via the Stokes-Einstein relation (eq.
the hydrodynamic radius of spherical particles can be determined. 7 is the

viscosity of the solvent.
kT
"~ 6mnR),

0 (29)

For dilute polydisperse systems, the intensity of the scattered light is the
sum of the light scattered by the individual particles. The field autocorrela-
tion function may be formulated as the Laplace transform of the distribution

function f(7) of the decay rate v, being a function of the diffusion coefficient.
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0 15° [ 30° [ 45° [ 60° | 75° | 90°
¢ [103nm™] | 33 | 66 | 9.7 [ 12.7] 155 | 18.0
0 105° [ 120° | 135° | 150° | 165° | 180°
¢ [103nm™] | 20.2 [ 22.1 | 235 | 24.6 | 25.3 | 25.5

Table 5: Magnitude of the wave vectors ¢ = (4mng/\) - sin(0/2) in the an-
gular range accessible by the employed light scattering setup. Wavelength of
laserlight is A = 658 nm and refraction index is that of water (ny = 1.334).

g'(r) = / “dy f)e T (30)

The distribution function f(7) can be recovered from the inversion of the
Laplace transform. No more than 2 or 3 components can be resolved with
confidence. For particles with sizes comparable to the wavelength, interacting
particles and non-spherical particles, the form factor and structure factor have
to be known and rotational diffusion has to be taken into account respectively.

If the dimensions of the scattering particle are comparable to the probe
length 1/q, then the amplitude of the incident light will differ for various regions
within the particle. The phase differences lead to g-dependent interference
effects in the intensity of scattered light and b; is then a function of ¢. Table
lists the wave vectors in aqueous solutions accessible by the light scattering
setup employed.

If the interactions between particles are significant, their trajectories are
correlated and the off-diagonal terms in the double sum in eq. [20]do not vanish.
It is not possible yet to fully predict the impact of this correlation in delay

time 7 and wavevector q.
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Figure 16: Refractive index and dynamic viscosity for different sodium /potas-
sium phosphate buffers, pH 8.7. Lines are guides for the eye.

Refractive index and dynamic viscosity Because of the high sodium/pot-
assium phosphate concentrations used in the crystallization experiments, the
index of refraction and the dynamic viscosity cannot be approximated by that
of water (Nyhitelight = 1.33 and n = 1.002cP). The refractive indices were
measured with an Abbé refractometer (Zeiss). The dynamic viscosities were
determined from the kinematic viscosities measured with a V10 viscosimeter
(Lauda Messgerite) employing a Ubbelohde viscosimeter of size Oc (Schott-
Gerdte GmbH). The densities were measured with a pycnometer. The results

are listed in table [6] and fig. [16]
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Na/K phosphate, pH 8.7 [M]
c™M] | 05 07 09 L1 13 L5 17
plg/cm?3] | 1.066 1.093 1.117 1.143 1.170 1.195 1.218
n [cP] 1.199 1.299 1420 1.559 1.725 1.855 2.067
ng 1.346 1.350 1.354 1.358 1.362 1.366 1.369

Table 6: Density p, dynamic viscosity n and refractive index ng of different
sodium/potassium phosphate buffers, pH 8.7, with concentration c.

4.4 Microscopy
4.4.1 Light microscopy

For light microscopy, an Axioskope 2 (Zeiss) with 20x and 40x objectives was
used in phase contrast or differential interference contrast mode. Images were
recorded with a photo adaptor (MPS 45 and MPS 51, Wild Heerbrugg) on Ag-
fapan APX 400 films, which were developed for 7 minutes at room temperature

in Rodinal B&W film developer (Kodak).

Temperature control A temperature controlled stage was built in-house for
the Axioskop 2 to observe growth or dissolution of lumazine synthase crys-
tals at different temperatures. The stage was constructed as a hollow cylinder
with width and height of 6.5 cm and 0.9 cm, respectively, built out of alu-
minium, whose temperature was controlled by a MultiTemp III water cooling
system (Amersham Biosciences) within a temperature range from 4 °C to 90 °C.
The object slide with the sample was placed on the cylinder that contained
a hole with a diameter of 2 c¢m to illuminate and observe the sample. For
thermal insulation the object slide was covered with a sheet of neoprene of
1 mm thickness. Because of the low thermal conductivity of the object slide of

approximately 1 Wm™K-! there was always a temperature difference between
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sample and the cylinder. Therefore, the temperature was always measured at

the position of the sample on the object slide.

4.4.2 Cryo transmission electron microscopy

For cryo transmission electron microscopy (cryo-TEM), 4 pl drops of lumazine
synthase solution were placed on holey carbon grids (2 pm hole size, Quan-
tifoil), blotted and plunged into liquid ethane (T = -182 °C). The cooling
rate of approximately 10° K /s ensured that samples solidified in vitreous state
without the formation of ice crystals.

Cryo samples were transfered with a cryo-holder from Gatan to a Jeol 2010
transmission electron microscope equipped with a LaBg filament and oper-
ating at an acceleration voltage of 120 kV. Micrographs were recorded at a
magnification of 50,000 on Kodak SO 163 negatives that were developed in
full-strength D19 developer (Kodak) for 12 minutes at room temperature.

Only areas of frozen solution free of support were examined, ensuring that
no adsorption artifacts were recorded. The ice layer had a thickness of approx-

imately 200 nm.
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