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ABSTRACT: The incorporation of impurities during protein
crystallization is one of the main obstacles that prevents the
growth of high quality crystals. Mass transport has been shown
to affect the incorporation of impurities. Here we used a
special growth configuration that enables the simultaneous
investigation of the two main means of mass transport,
diffusion and convection, under otherwise identical conditions.
Two polymorphic forms of hen egg-white lysozyme were
crystallized using this configuration in the presence of different
types of impurities at various degrees of contamination. We
found that even in the presence of impurities that are not easily
segregated, the diffraction quality of crystals grown under diffusion-limited conditions is better than that of those grown in the
presence of natural convection. The results also reveal a significant difference in impurity uptake for the different polymorphic
forms of the same protein. The combined results show that also in the presence of large fractions of impurities, the more perfect
crystals grow when the rate of accretion of molecules is slow and orderly, as accomplished under diffusion-limited conditions.

■ INTRODUCTION

The most serious obstacle in the route of macromolecular
structure determination is the nucleation and growth of high-
quality crystals that diffract X-rays to high resolution limits. The
final crystal shape and perfection are determined by the
interplay between the transport of growth units toward the
crystal and their subsequent integration into the crystal surface.
The balance between these two steps determines the solute
concentration profile around a growing crystal and therefore
the growth regime. For macromolecules, we may assume that
this balance is significantly influenced by changing the crystal
growth conditions from convective to diffusion-limited.1

While the transport of macromolecules toward a growing
crystal is isotropic, the interfacial incorporation processes are
anisotropic owing to the anisotropic distribution of bonds in
the crystal structure. Therefore, the different macromolecules
are not incorporated at the same rate for the different crystal
facets and this accounts for the presence of different growth
sectors comprising different compositions and slightly different
lattice parameters in a single crystal.2 These effects together
with defect formation during growth limit crystal perfection
upon growth from solution.
The presence of macromolecular impurities in the crystal-

lization solution, which is almost always the case, also
deteriorates the quality of crystals, by inducing internal stress
(mosaicity) and enhancing the rotational disorder in the
crystals.3,4 According to their affinity for the crystal surface of

the target macromolecule,5 impurities are either preferentially
incorporated into target protein crystals, or largely repelled at
the beginning, but often later adsorbed on the crystal surface,
inducing reduction of the average step velocity and blockage of
the advancing steps.6,7

Beside the impurity type, the supersaturation level (σ) can
directly affect the degree of impurity incorporation.8 In
terrestrial crystallization techniques, natural convection is
imposed by the action of gravity. The resultant convection
currents disturb the interface incorporation processes and
maintain a high local supersaturation at the crystal−solution
interface and a subsequent high growth rate, which can be
advantageous when only traces of impurities are present,9,10 but
otherwise also lead to constant incorporation of impurities. On
the other hand, significant concentration gradients of the target
protein and macromolecular impurities develop around the
growing crystal in diffusion-controlled crystallization condi-
tions.11 Not only does solution stagnancy reduce the transport
of impurities toward the crystal, primarily by “diffusional
purification” and possibly by “diffusional filtration”, but it also
allows the crystal surface sufficient time for “self-purification” in
which it desorbs infiltrating impurities to the surrounding
solution.12 This is explained in the following section.
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Eventually, crystallographers are mainly interested in the
diffraction quality of the crystals and several methods have been
established to grow macromolecular crystals.13,14 Improvement
in crystal quality can be accomplished by reducing gravity-
induced convection currents.15,16 In earlier studies, the
crystallographic quality of protein crystals grown in micro-
gravity has been compared to that of crystals grown in parallel
in terrestrial setups under roughly the same conditions.17 The
statistical analysis revealed that in about half the cases, the
suppression of convection leads to better crystals. These results
suggested that diffusion-controlled growth cannot always be the
magic wand, because crystal quality depends on the purity of
the crystallization solution and the avidity of the present
impurities to be incorporated onto the crystal surface.
Recently, we described the ceiling crystallization method in

which diffusion-limited growth is accomplished by allowing
crystals to nucleate and grow downward from the coverslip of a
growth cell overfilled with crystallization solution.18−21 (We
recently discovered that a comparable approach, called
“configurational stabilization”, was proposed several decades
ago for inorganic crystals,22,23 but this did not get a follow-up.)
Because we also allow the simultaneous growth of crystals at
the bottom of this cell, where gravity-driven convection
currents occur,20 we can directly compare the effect of diffusive
and convective mass transport on the incorporation of
impurities during protein crystallization in the same growth
cell and thus under otherwise identical conditions. In this
research, our aim was to monitor the strength of self-
purification in the presence of different impurities and to
study whether crystals can grow from highly contaminated or
mixed solutions. We used two polymorphic forms of Hen Egg-
White Lysozyme (HEWL), tetragonal and monoclinic, as our
model crystals. HEWL crystals were grown in the presence of a
broad range of molar fractions of a variety of impurities. We
compared nucleation, crystal morphology, impurity segregation
and X-ray diffraction quality of convectively and diffusively
grown crystals. Notwithstanding the many parameters that
coaffect crystal quality, we have found that whatever the nature
of the impurities steady slow growth mediated by diffusion-
controlled conditions leads to the growth of crystals with higher
ordering.

■ THEORY

We briefly describe the theory of impurity incorporation during
crystal growth, because this is needed to interpret the
experimental results.
At the molecular level, impurity incorporation into a host

crystal from a supersaturated solution depends on the flow of
impurities toward the growing crystal, according to their
diffusion coefficients (D), and their subsequent incorporation
onto the elementary growth steps of the crystal surface, which
can be described by the kinetic coefficients (β).24 For every
protein-impurity system, one can describe the amount of
impurity incorporation during crystallization in terms of so-
called segregation coefficients (also called partition or
distribution coefficients).25−29 Such coefficients describe the
ability of a growing crystal surface to entrap a macromolecular
impurity from the interface solution.12

Protein crystals grow from solutions and in that case two
main coefficients are defined: the volumetric (k) and surface
(or fractional) (K) segregation coefficient.

k is obtained by dividing the concentration Ci
c of an impurity

(i) on the crystal surface (c) by its concentration Ci
s in the

solution (s) at the direct vicinity of the crystal
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This coefficient is an indication for the purification of the target
protein in the crystal relative to the solution. k is related to the
flux Ji of impurities at the interface toward the crystal by
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with R the crystal growth rate and βi the impurity kinetic
coefficient. This equation shows that for k >1 there is a net flux
of impurities toward the crystal, while for k < 1 this flux is
negative.
The fractional segregation coefficient (K) is obtained by

taking the ratio of impurity concentration Ci
c to target protein

(p) concentration Cp
c on the crystal surface and divide it by the

respective ratio in the interface solution
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K describes the avidity of an impurity to be incorporated into
the growing target protein crystal. Therefore, it indicates
whether crystallization would lead to purification of the target
protein (K < 1) or not (K >1).
Combining eqs 1 and 3 shows that the volumetric and

fractional segregation coefficients are interrelated
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Because of the low solubility of proteins and the relative high
density in the crystal (Cp

s ≪ Cp
c), Cp

c/Cp
s is of the order of 10−

100 during crystallization and thus in most cases the value k is
greater than 1, even when K < 1.30 In that case, there is a net
flux of impurities toward the crystal.
In protein crystallization, it is often assumed that K is

constant for a given impurity-protein combination,31 but
segregation coefficients can depend on the growth rate25 and
on other parameters such as electrostatic interactions that vary
with pH.8 At very low growth rates, K approaches its
thermodynamic equilibrium value Ko, but at high growth
rates surface kinetics may increase its value. Therefore, reducing
the growth rate can lead to a smaller value of K, because
relevant interface-incorporation processes (direct incorpora-
tion, step diffusion, surface diffusion, adsorption, and
desorption) can improve the ordering on the crystal surface.
Under this condition, impurity detachment is facilitated even in
the presence of an “impurity-enriched zone”. This is called
“enhanced self-purification”.
Using k and K we can roughly predict the impurity

concentration profiles under both diffusion-limited and
convection-mediated conditions. This is schematically shown
in Figure 1a. During crystal growth, protein and impurity
molecules are depleted from the solution. In the presence of
convection currents, the solution mixing keeps the concen-
tration in the solution approximately constant as indicated by
the black dashed lines in Figure 1a. Therefore, the impurity
concentration in the crystal also stays nearly constant with a
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value determined by K, as indicated by the three-colored
dashed lines (Figure 1a).
Now consider diffusion-limited mass transport. A depletion

zone develops for the target protein around the growing crystal
gradually reducing the growth rate. While the concentration of
the target protein in the crystal is nearly constant, the evolution
of the impurity concentration depends on the values of K and k.
For an impurity with K > 1 (and thus k ≫ 1), preferential
incorporation of the impurity in the early phase leads to a
relatively stronger depletion of the impurities than of the target
protein in the solution near the crystal (leading in case of radial
growth to an impurity-rich core). Hence, a concentration
gradient develops around the crystal for the target protein as
well as the impurity. As a consequence, the impurity
incorporation in the crystal decreases as growth progresses
(red curves in Figure 1a). This effect is called “diffusional
purification”.
For an impurity with K < 1 and k >1, there is still depletion

of the impurity in the solution near the crystal, but relatively
less than that of the target protein and thus the impurity
concentration in the crystal increases with further growth (blue
curves). Finally, an impurity exhibiting K ≪ 1 and k < 1 hardly
gets incorporated in the crystal in the early phase and therefore
accumulates in the solution ahead of the crystal growth front
(impurity-enriched zone) and just as for the previous case the
impurity concentration in the crystal will increase over time
(green curves).

For the conditions assumed here, we thus find that for K >1,
diffusion-limited growth would be beneficial if compared with
convection-mediated growth in terms of decreasing impurity
incorporation. For K < 1 the reverse is true.30

In the above discussion we assume that the diffusion
coefficients of the impurity and target protein are approximately
the same. This does not have to be the case and Figure 1 b
schematically shows the expected behavior for three impurities
with the same k >1 and K < 1 but different diffusion
coefficients. For high molecular weight impurities, the case of
slower diffusion may frequently occur. This slow diffusion leads
to a more rapid depletion adjacent to the interface such that the
concentration of such impurities in the crystal may decrease as
well (red curve). This therefore identifies a regime where
diffusion-limited growth would be beneficial, even for K < 1.
This is called “diffusional filtration”.
In practice, it is very difficult to determine the actual protein

and impurity concentrations at the growth interface, and thus
mass transport is modeled in order to derive these values from
the known bulk concentrations. This leads to an effective value
Keff for the segregation coefficient, which is related to the bulk
concentration26,28
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Keff is used to denote that K is averaged (indicated by the
angular brackets) over all possible variations. Moreover, the
growth conditions may vary as a function of time and therefore
the impurity concentration in the crystal may not be constant.
Experimentally, numerous crystals are dissolved for solution
analysis from which the effective segregation coefficient Keff can
be calculated.

■ EXPERIMENTAL SECTION
Materials. Hen egg-white lysozyme (HEWL)(Cat. No. L6876),

albumin from bovine serum (BSA, fraction V, fatty acid-free; Cat. No.
85040C) and from egg white (ovalbumin; lot no. 066 K7020 V), and
avidin from hen egg-white (lot no. 031M7025 V) were purchased from
Sigma-Aldrich and used without further purification. Some relevant
properties of these macromolecules are listed in Table 1. The activated
fluorescent dye, DY-632-01 NHS ester, (C14H49N3O14S3Na2, MW =
950.03 g/mol) was obtained from Dyomics. All other chemicals were
of reagent grade.

Methods. Lysozyme Labeling with Fluorophore. DY-632-01 was
dissolved at 12 mg/mL in DMF and mixed with HEWL monomers
dissolved at 5 mg/mL in 50 mM NaHCO3 solution (pH 8.3) at 1:1
molar ratio and incubated in the dark for 2 h at 20 °C. Subsequently,
the excess dye was removed by gel filtration on a Sephadex G-25 M
column (GE-Healthcare) equilibrated in 100 mM PBS-buffer (pH
7.4). The spectra of eluted fractions were recorded after suitable

Figure 1. Schematic diagram for the impurity concentration profiles at
the crystal−solution interface under convective (dashed lines) and
diffusive (solid lines) crystal growth conditions in the presence of
macromolecular impurities bearing (a) different K and k values: the
crystallizing protein and impurities are assumed in this diagram to have
the same D; (b) same K, but different D. Under diffusion -controlled
conditions, if the flux of an impurity is slow enough, it may contribute
to developing an impurity depletion zone at the crystal interface. The
initial concentrations for crystallizing protein and impurity are shown
in dashed black lines. The concentration of protein in the crystal (solid
black line) is assumed to be constant and much higher than that of the
impurity. The red curve in panel (a) represents diffusional purification,
while that in panel (b) represents diffusional filtration.

Table 1. Summary of Relevant Physico-Chemical Properties
of the Proteins Used in This Studya

protein MW (KDa) IEP D (m2/s)

HEWL 14.307 10.5−11 1 × 10−10

avidin 16.5−17.25 10.5−11 5.98−6.4 × 10−11

ovalbumin 43−45 4.6−4.7 7.1−7.8 × 10−11

BSA 66.5 4.7 6.09 × 10−11

aMW, molecular weight; IEP, isoelectric point; D, diffusion
coefficient.32−35
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dilution (Lambda 35-UV/Vis spectrophotometer, PerkinElmer instru-
ments). HEWL and DY-632-01 have absorbance bands peaking at 281
nm (ε, 2.64 mg−1 cm−1) and 631 nm (ε, 210.5 mg−1 cm−1),
respectively. HEWL fractions that showed the highest extent of
labeling were combined. MALDI-TOF analyses of the selected
fractions showed that >50% of HEWL molecules were labeled, all
with one dye molecule. The labeled HEWL will be designated as F-
Lyz.
Crystallization. Tetragonal and monoclinic crystals of HEWL were

grown from solutions of NaCl (30−40 mg/mL) and NaNO3 (20 mg/
mL) in which HEWL was added to a concentration of 15 and 10 mg/
mL, respectively, in 50 mM NaOAc buffer, pH 4.5, at 19 ± 0.5 °C in a
vibration-free environment. The resultant supersaturation in both
solutions is below the supersaturation at which homogeneous
nucleation occurs36 but is optimal for crystal growth.37 The
crystallization behavior of monoclinic HEWL is very sensitive to the
presence of certain impurities, which may result in the growth of
spherulites.
To study the effect of protein contamination on crystal character-

istics, we added F-Lyz and avidin, which have a similar structure and/
or size as HEWL, and ovalbumin and BSA, which differ strongly in size
and structure. In the case of F-Lyz and BSA, a number of
crystallization experiments were prepared with a range of impurity
concentrations to systematically investigate their effect on crystal
growth: from 0.01 up to 3% molar ratio in case of F-Lyz and from 2 up
to 50% molar ratio in case of BSA. Avidin and ovalbumin were added
to accomplish molar ratios of 10 and 20% with respect to the initial
concentration of HEWL. Routinely, we prepared two parallel setups,
one to monitor crystal growth and the other for in situ analysis by
confocal microscopy. For the first set, microtubes (800 μL) or
microplates (150 or 350 μL) were used and the wells were overfilled
with the mother liquor and covered by a thin glass slip.18,19

Crystallization in these oblong cells is very suited to compare ceiling
(diffusive) and batch (convective) crystal growth.20 For confocal laser
scanning microscopy, 0.1 mL of the mother liquor was sandwiched
between two glass coverslips separated by a rubber ring 0.6 cm in inner
diameter and 0.25 cm thick.
Crystal Characterization. 1. In situ Measurements. Crystals were

monitored under a polarization microscope in transmission mode
(Leica DM-RX) for in situ observation of crystal morphology.
Micrographs were collected using a video camera (Evolution VF)
and processed using Image Pro plus 2. For the in situ monitoring of
the incorporation of F-Lyz into single HEWL crystals, a confocal laser
scanning microscope (CLSM) (Leica DM IRE2) was used. For
excitation, a HeNe laser (632.8 nm) was used. The observation
(fluorescence) wavelength range was 645−750 nm using an excitation
intensity of 17%, a PMT gain of 422 V, and a pinhole diaphragm
diameter of 72.54 μm.
2. Analysis of Crystal Composition. Quantitative analyses were

performed to allow the estimation of Keff of macromolecular impurities
incorporated into the ceiling and batch crystals. Impurity incorpo-
ration in the HEWL crystals was analyzed by size exclusion
chromatography (gel filtration). Crystals from every single vial were
carefully rinsed with buffer to remove the adhering mother liquor
solution before being dissolved in water. Their content was separated
on a Discovery Bio Gel Filtration Column (MW range 500−150,000)
in the HPLC mode (Aligent Technologies 1260 infinity) using 150
mM phosphate buffer as a mobile phase with detection at 214 nm. A
calibration curve was plotted for every constituent and used for
quantification of the different species by converting the integrated area
under the chromatogram curve into the respective molar concen-
tration. In a sample containing HEWL and the contaminant, Keff was
calculated as the ratio of the molar concentration of impurity to
protein in the final solution divided by that of the initial prepared
solution.28 The HPLC analysis showed that the BSA sample largely
consisted of monomers (82.9%) but also contained trimers (13.8%)
and tetramers (3.3%) (Figure 2). For the avidin/HEWL combinations,
we relied on peak rather than baseline resolution.
X-ray Diffraction. The effect of increasing levels of BSA

contamination on the diffraction quality of ceiling and batch tetragonal

HEWL crystals was examined by using a Cu-Kα rotating anode X-ray
source (FR591, Bruker Nonius). For each contamination level,
tetragonal batch and ceiling crystals of comparable size (length
along crystal c-axis) were selected. Batch crystals were fished and
immersed in freshly prepared mother liquor containing 30% PEG400.
On the coverslip where the respective ceiling crystals did nucleate and
grow, a droplet of the cryoprotectant was added, the ceiling crystals
loosened carefully, and then fished directly with mounting nylon loop.
The crystals were then directly exposed for 30 s to X-rays under a
cryo-stream. Resolution limits were determined at I/σ = 3 using
iMOSFLM.38

■ RESULTS
Many crystals were grown simultaneously at the top (diffusive
growth) and bottom (convective growth) of every growth cell
and for each condition we calculated Keff as the average over
these crystals.

F-Lyz as an Impurity. We observed nucleation after 2 days
of incubation for tetragonal HEWL ceiling and batch crystals in
the presence of F-Lyz. This did not occur until 1 week later in
the reference experiments (0% F-Lyz). The number of nuclei
increased and the average crystal size decreased with increasing
F-Lyz content (Table 2).
As shown in Figure 3a,b, F-Lyz was not homogeneously

distributed over the tetragonal crystals. The highest level was

Figure 2. A chromatogram for a BSA sample showing three peaks at
retention times 5.7, 6.1, and 6.8 min, corresponding to BSA tetramers,
trimers, and monomers, respectively. Using a calibration curve of
molar concentration versus integrated area under the peak, the
respective concentration of every oligomer is determined and later
used for Keff calculations.

Table 2. Effect of F-Lyz Contamination (% w/w) on the
Average Size and Total Number of Tetragonal Ceiling
Crystals and the Segregation Coefficients of Ceiling and
Batch Crystals 1 Week after Starting the Crystallization
Experiments

F-Lyz % size (mm3) number (ceiling) Keff (ceiling) Keff (batch)

0 0.125 15 - -
1 0.064 40 1.50 2.30
2 0.027 50 4.37 6.44
3 0.008 60 6.21 10.46
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detected in the crystal core with much reduced levels of F-Lyz
at the crystal edges, where it was preferentially incorporated
into the {110} sectors. The ceiling crystals were less fluorescent
than their batch counterparts. This is confirmed by the
quantitative analysis using UV−Vis spectroscopy (Table 2).
For monoclinic HEWL crystals, F-Lyz did not show an

apparent effect on the size or nucleation and confocal
microscopy showed that F-Lyz was homogeneously distributed
through the crystals except for a preference for the easily
poisoned (01 ̅0) faces (Figure 3c,d). Also, the fluorescence
micrographs showed that the ceiling crystals exhibited
significantly less contamination than their batch counterparts.
Avidin as an Impurity. Avidin did not show a clear effect

on the nucleation or the size of tetragonal HEWL crystals
(Figure 4). Microscopic inspection showed that the crystals
have smooth and sharp edges with cracked cores. For the

monoclinic polymorph, regular, but smaller ceiling crystals grew
at 10 and 20% avidin molar fractions, respectively (Figure 5).

Batch crystals were obtained as spherulites. For both
polymorphs, the ceiling crystals showed a smaller Keff compared
to their batch counterparts and the values mostly varied
inversely with the initial contamination level (Table 3).

Ovalbumin as an Impurity. In contrast to F-Lyz,
ovalbumin reduced nucleation for both polymorphs, except
for the batch crystals grown at the 20% level of contamination.
Tetragonal crystals showed some sawtooth edges, and the
crystals were slightly smaller than those grown in the presence
of avidin and there was no effect on the crystal morphology.
The monoclinic ceiling crystals grew as large as they did in the
presence of avidin (Figure 5). Only among batch crystals
spherulites were observed.
Keff values for the ceiling crystals were greater than that for

batch ones and in all cases they were <1 (Table 3). In addition,
Keff values for ceiling monoclinic crystals were much smaller
than for their tetragonal counterparts. For the ceiling tetragonal
crystals, Keff increased with the initial impurity concentration. In
batch growth, both polymorphs reacted on the excessive
impurity content of ovalbumin by enhanced nucleation,
resulting in the growth of many small crystals, probably
because the crystals stopped growing at a very early stage. This
explains the big difference in Keff values determined between
the tetragonal ceiling crystals and their batch counterparts
(Table 3).

BSA as an Impurity. The Keff values for incorporation of
BSA monomers were always <1, albeit ceiling crystals were
more contaminated than batch ones (Table 3). The
quantitative analyses also revealed that the incorporation of
BSA into tetragonal batch crystals increased with the initial
concentration of BSA in the solution in a way that led to an
almost constant Keff regardless of the BSA concentration
(Figure 6). For the tetragonal ceiling crystals, the incorporation
showed a weak trend for both increased incorporation and
increased Keff at high contamination levels (Figure 6).
Remarkably, the HPLC data showed that BSA trimers and
tetramers, which represented 13.8 and 3.3%, respectively, of the
used BSA sample, were only present in the batch crystals.

Figure 3. Confocal fluorescence micrographs of ceiling (left column)
and batch (right column) tetragonal (a,b) and monoclinic (c,d)
HEWL crystals. The plane of observation corresponds to the center of
each crystal, where F-Lyz is relatively highly incorporated. All images
were acquired under the same excitation and detection settings.

Figure 4. Tetragonal ceiling HEWL crystals grown in the presence of
avidin at molar ratio of (a) 10 and (b) 20% and in the presence of BSA
at molar ratio of (c) 10% and (d) 20% of the HEWL in their mother
liquor.

Figure 5. Monoclinic ceiling HEWL crystals grown in the presence of
avidin at molar ratio of (a) 10 and (b) 20% and in the presence of
ovalbumin at molar ratio of (c) 10 and (d) 20% of the HEWL in their
mother liquor.
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BSA showed an inhibitory effect on the nucleation of ceiling
tetragonal crystals. Nucleation was delayed and resulted in
fewer crystals at higher BSA concentrations (Figure 7). This
effect may be due to the larger crystal−glass slip interfacial
energy induced by the presence of BSA, which is known for its

strong adherence to glass.39 Microscopic inspection showed
that the tetragonal ceiling crystals had highly ordered cores,
highly defined sector boundaries, and rough edges with a
gradual decrease in their aspect ratios (c-axis/a- or b-axis) with
increasing BSA contamination. In contrast, batch crystals
encountered enhanced nucleation with increasing BSA
contamination and at higher concentrations, twinned crystals,
and polycrystallization sites were observed (Figure 7). The
resulting batch crystals were in most cases smaller than their
ceiling counterparts.
For monoclinic HEWL crystallization, the nucleation was

enhanced with increasing BSA concentration both for the
ceiling and batch crystals and the final size of the crystals was
again decreasing (Figure 8). Monoclinic HEWL crystals
showed a decrease in the growth of their (010) faces as a
direct effect of BSA contamination. In addition, the crystals
showed an increased tendency to share the poisoned (01 ̅0)
faces and to grow in columnar groups. These groups turned
into spherulites in the case of the ceiling crystals and into
completely disordered globular structures for batch crystals at
high molar fractions of BSA (10 and 20%). These
morphological changes are not a consequence of an effective
increase in the initial supersaturation of HEWL because HPLC
analyses of the drained solution after the crystallization
experiments did not show a significant change in the
concentration of HEWL for all levels of BSA contamination.

X-ray Resolution. For tetragonal HEWL crystals grown in
the presence of BSA, we measured very small Keff’s for the batch
crystals and significantly higher values for their ceiling

Table 3. Keff at 10 and 20% Molar Ratios of Different Impurities (X) for Their Incorporation into Tetragonal and Monoclinic
HEWL Ceiling and Batch Crystalsa

tetragonal monoclinic

X:HEWL(M) 0.1 0.2 0.1 0.2

growth ceiling batch ceiling batch ceiling batch ceiling batch

avidin 1.65 (0.52) 2.27 (0.26) 1.14 (0.26) 1.61 (0.27) 1.41 1.62 0.93 1.87 (0.27)
ovalbumin 0.28 0.02 1.06 (0.04) 0.03 0.09 (0.19) 0.02 0.05 (0.03) 0.02
total BSA 0.27 0.06 0.04 0.03 0.03 0.02 0.02 0.02
BSA 1ers (82.9%) 0.33 0.03 (0.02) 0.05 0.02 0.03 0.01 0.02 0.01
BSA 3ers (13.8%) − 0.13 − 0.05 − 0.10 − 0.03
BSA 4ers (3.3%) − 0.55 (0.01) − 0.28 − 5.3 × 10−06 − 0.07

aData are the medians of triplicate experiments of every condition, each analyzed independently twice. The results that were below the detection
limit are indicated by a dash. The standard error is only indicated if it is >0.01 (numbers in parentheses).

Figure 6. Variation of the final BSA monomers to HEWL molar ratio
of tetragonal HEWL ceiling and batch crystals as a function of the
initial BSA to HEWL molar ratio in the mother liquor. The slope of
this plot is the Keff, which is constant for batch crystals (linearly fitted)
and increasing for the ceiling crystals (the curve is a guide to the eye).
(1.4 mM HEWL, 35 mg/mL NaCl in 100 mM NaOAc pH 4.5, 20
°C.).

Figure 7. Micrographs of the ceiling (upper row) and batch (bottom row) tetragonal HEWL crystals (1.05 mM HEWL, 30 mg/mL NaCl in 100
mM NaOAC pH 4.5, 20 °C) grown in the presence of 0 (a,f), 19 (b,g), 37 (c,h), 75 (d,i), and 150 μM (e,j) BSA in the mother liquor. Calibration
bar represents 100 μm.
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counterparts. We expected that this would decrease the
diffraction quality of the ceiling crystals. Hence, we decided
to compare the X-ray resolution for the two growth modes in
this protein-impurity combination. Table 4 shows the X-ray

diffraction data for tetragonal ceiling and batch HEWL crystals
grown in the presence of different levels of BSA contamination.
Surprisingly, the difference in diffraction quality shows that the
ceiling crystals, grown under diffusion-limited conditions, on
average have much better diffraction quality than their batch
counterparts and at the higher contamination levels their best
crystals also perform much better. The estimated mosaicity was
lower in the ceiling crystals than in their batch counterparts and
the deviation in lattice parameters was very limited (not
shown).

■ DISCUSSION
The results reveal that the behavior of the different impurities
during HEWL crystallization depends on impurity type, mass
transport, and polymorphic form.
Impurity Incorporation under Diffusive versus Con-

vective Growth. The main results with respect to impurity
incorporation are summarized in Tables 2 and 3. Owing to the

solution mixing, the Keff values obtained for the batch crystals
should be close to the actual K values. Multiplying K by Cp

c/Cp
s ,

we can estimate k. From the molar concentration in the mother
liquor, we can calculate the initial protein concentrations Cp

s as
6.02 × 1014 and 4.22 × 1014 mm−3 for tetragonal and
monoclinic crystals, respectively. From the crystallographic
structures, the protein concentrations in the solid crystals Cp

c

are calculated to be 3.47 × 1016 and 3.94 × 1016 mm−3 for
tetragonal (PDB: 1IEE) and monoclinic (PDB: 2D4K) crystals,
respectively. Thus, we use conditions in which the ratio Cp

c/Cp
s

is 58 and 93 for the growth of tetragonal and monoclinic
crystals, respectively. On the basis of the estimated values for K
and k, we can distinguish the macromolecular impurities used
in this study into three main groups:

a. Largely Incorporated Impurities (Keff >1). The crystals
incorporate relatively large quantities of F-Lyz and avidin with
respect to the concentration in the interface solution. As shown
in Figure 1a, for this case the ceiling crystals are expected to
have a lower average impurity uptake due to the rapid impurity
depletion in the solution. This fully agrees with our
observations: for all concentrations of both impurities and for
both polymorphs, Keff for the ceiling crystals is less than for the
corresponding batch ones. Figure 3 shows the corresponding
impurity-rich cores that are formed in the tetragonal crystals
under these conditions. These are clear cases of diffusional
purification in the regime K >1 where diffusion-limited growth
is known to be beneficial.
The only unexpected observation is the increase of Keff with

increasing F-Lyz concentration (Table 2). This seems to
contradict the common observation that K is constant31

regardless the impurity concentration, as was indeed observed
for avidin (Table 3). However, this case can be explained by
our observation that F-Lyz strongly enhances nucleation of
tetragonal HEWL crystals, as shown in Table 2 for the ceiling
configuration. Batch crystals were even more abundant and also
further increased in number with F-Lyz concentration. The
result was that for a higher F-Lyz concentration, more but
smaller crystals are formed. Each crystal has an impurity-rich
core with decreasing impurity level toward the rim. Hence,
smaller crystals will have a higher average impurity concen-
tration. This explains the increase in Keff with increasing F-Lyz
concentration for both ceiling and batch crystals.

b. Poorly Incorporated Impurities (Keff ≪ 1). Ovalbumin
and BSA monomers clearly fall in the regime of K ≪ 1 (Figure
1a, Table 3). Yet, when multiplying by Cp

c/Cp
s , the k values are

Figure 8. Overview of the ceiling (upper row) and batch (lower row) monoclinic HEWL crystals (1.05 mM HEWL, 20 mg/mL NaNO3in 100 mM
NaOAC pH 4.5, 20 °C) grown in the presence of 0 (a,f), 19 (b,g), 37 (c,h), 75 (d,i) and 150 μM (e,j) BSA in the mother liquor. All the micrographs
are displayed at the same magnification.

Table 4. Laboratory X-ray Diffraction Data for the Structural
Resolution of Ceiling and Batch Tetragonal HEWL Crystals
Grown in the Presence of Different Molar Ratio’s of BSAa

impurity growth regime best value crystal size mean n SD

1.25% ceiling 1.63 Å 400 μm 1.75 Å 5 0.10
batch 2.00 Å 400 μm 2.04 Å 5 0.04

2.5% ceiling 1.70 Å 300 μm 2.39 Å 4 0.92
batch 1.61 Å 300 μm 3.29 Å 5 1.69

5% ceiling 1.73 Å 200 μm 2.73 Å 5 1.19
batch 1.70 Å 200 μm 3.38 Å 4 1.93

10% ceiling 1.56 Å 160 μm 1.87 Å 4 0.41
batch 2.20 Å 160 μm 2.22 Å 3 0.07

20% ceiling 1.92 Å 160 μm 2.57 Å 5 0.68
batch 4.65 Å 160 μm 5.29 Å 3 1.22

aWe used the closest crystal-detector distance (9 mm) in order to
realize a resolution of 1.44 Å at the edge of the detector. Resolution
limits were determined at I/σ = 3. Crystal size is given by their length
along their c-axis. N.B. The ceiling crystals are always thinner along
their {110} compared to their batch crystals, which are more
symmetric in shape.
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around 1. Whether k is less or greater than 1 determines
whether during ceiling growth the impurity concentration
profile in the interface solution is enhanced or depleted,
respectively. Nevertheless, in both cases the impurity
concentration in the crystal is expected to be higher for ceiling
crystals, because during ceiling crystal growth the interface
concentration of the impurity increases relative to the target
protein (Figure 1a). This is exactly what is observed; in all
cases, Keff is higher for ceiling than for batch crystals.
Here, the batch crystals have benefited from the continual

solution mixing resulting from natural convection, which helps
in maintaining a relatively low impurity to HEWL ratio at the
crystal vicinity, reducing impurity incorporation. However, this
also supports a high growth rate, which may restrict crystal
surface processes to only direct incorporation and a subsequent
rapid surface blockage by trapped impurities. As a consequence,
nucleation can be enhanced (Figures 7 and 8), because under
convective growth the effective supersaturation stays high
enough to induce nucleation of new crystals after the probably
rapid surface blockage of the growing batch crystals. This is not
the case in diffusion-controlled crystallization conditions where
a HEWL-depletion zone develops and spreads out from the
growing crystal.
For the BSA monomers, the final ratio between BSA and

HEWL in the crystal has also been determined for a wider
range of initial ratios in the solution (Figure 6). The slope of
the resulting data sets corresponds to Keff. We see that Keff is
much smaller and nearly constant for the batch crystals, which
is in agreement with the more limited data from Table 3. For
the ceiling crystals the Keff seems to increase for increasing
impurity concentrations, again contradicting the established
assumption that K is independent of the impurity concen-
tration. A putative explanation here is that at such very high
contamination levels BSA/HEWL mixed crystals could be
grown, but the spread in the data makes it difficult to draw firm
conclusions and this needs to be further explored.
c. High Molecular Weight Impurities (Keff < 1). The Keff

values measured for the incorporation of trimeric and
tetrameric BSA in batch crystals are <1 but still seem to be
large enough to result in k > 1 (Table 3). Hence, according to
the blue curve in Figure 1a the ceiling crystals are expected to
have a higher content of these oligomeric impurities than the
batch crystals. Surprisingly, this is not the case. The
concentrations of these oligomers in all ceiling crystals were
below the detection limit (Table 3). Therefore, Keff values were
almost zero and at least a factor of 100 lower than expected on
the basis of those in the batch configuration. The value of K ≈ 0
implies that there is a pile up of expelled oligomers at the
crystal interface. Because these oligomers most probably have
even lower diffusion coefficients than BSA monomers and
HEWL, this pile-up is quite strong but nevertheless no
significant incorporation takes place.
As an explanation for this observed behavior, we propose that

the K value strongly depends on the crystal growth rate. The
BSA oligomers are large heterogeneous impurities that do not
fit very well in the crystal lattice of lysozyme (K < 1). At the
high growth rates during convective batch crystallization, these
oligomers are likely embedded in the crystal by being trapped
by the steps that rapidly flow over the surface. For diffusive
ceiling growth, the step rate is much reduced and there is more
opportunity for the BSA oligomers to be released from the
surface. Hence, during diffusion-limited crystal growth self-
purifying interface processes may prevail thanks to the lower

growth rate. We thus propose that K depends on the growth
rate and is much smaller for ceiling than for batch growth.
Therefore, even in the regime of K < 1 diffusion-limited growth
can be beneficial owing to the “enhanced self-purification”.

Impurity Effects on Structural Resolution. As men-
tioned, we tested the diffraction quality of ceiling and batch
tetragonal crystals grown in the presence of BSA, because the
ceiling crystals show higher Keff values for BSA monomers than
the batch crystals, while only the latter incorporated BSA
trimers and tetramers. The diffraction results show that, while
on average the ceiling crystals perform significantly better, there
are no significant differences in the diffraction quality between
the ceiling and the best batch crystals at low contamination
levels (Table 4). In this context, it should be noted that the
ceiling tetragonal HEWL crystals tend to grow as thin
elongated crystals, while the batch crystals grow as symmetric
ones and thus for the same length the latter are more
voluminous.19,40 It is well established that the structural
resolution limit is directly related to the crystal volume.18

From this point of view, the best batch crystals should exhibit
better resolution than their ceiling counterparts, but this was
clearly not observed. At higher BSA contamination levels, even
the best batch crystals performed much worse than their ceiling
counterparts (Table 4). On the basis of our experimental
results with BSA as a contamination, we identify three main
factors that potentially explain the better structural resolution of
ceiling crystals than batch ones. All three factors are primarily a
consequence of the lower growth rates of the ceiling crystals:

a. Ordering of HEWL Growth Units. By growing crystals
more slowly, HEWL growth units have more time to optimize
their packing within the crystals via surface diffusion and
docking trials. Thus, better organized crystals are expected than
in the case of batch crystals where the rapid growth will largely
prohibit these processes leading to less well-organized crystals.
Indeed, despite being thinner the best ceiling crystals have a
resolution that is at least the same as that of the best batch
crystals, while on average their resolution is clearly better
(Table 4). Better crystal quality of ceiling crystals grown
without addition of impurities was already demonstrated
before.19

b. Better Fitting of BSA Monomers into HEWL Tetragonal
Ceiling Crystals. The BSA monomer concentration is higher in
ceiling than in batch crystals (Table 2). This anticorrelates with
the resolution (Table 4). This first of all shows that the BSA
monomers fit quite well in the tetragonal crystalline lattice and
do not disturb the lattice in the ceiling crystals because the slow
growth rate allows for a more ordered incorporation. At the
high growth rate of the batch crystals, however, the BSA
monomers may not have sufficient time to pack in such an
ordered regime. In that case, even the lower concentration of
BSA monomers in the batch crystals may disturb the crystal
lattice more than the higher concentration in the ceiling
crystals.

c. No Incorporation of BSA Oligomers in HEWL Tetragonal
Ceiling Crystals. The BSA oligomers are a small fraction (17%)
of the used BSA in the starting crystallization solutions, but
they were incorporated in relatively large concentrations in the
batch crystals (Table 2). In contrast, they were not detectable
in ceiling crystals due to the enhanced self-purification. These
oligomers are too big to orderly fit in the tetragonal crystal
lattice and thus their incorporation disturbs the lattice and
reduces the diffraction quality of the batch crystals relative to
the ceiling crystals.
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From the available data, it is difficult to identify the main
factor that reduces the resolution of the batch crystals; however,
in this case of HEWL crystallization we think that a
combination of the reduced ordering of the BSA monomers
and the incorporation of BSA oligomers are most prominent.
Effect of Impurities on Crystal Morphology. Changes in

the morphology of the HEWL crystals have only been observed
in the presence of heterogeneous impurities (BSA and
ovalbumin). Our residue analyses using HPLC indicate that
even at high levels of contamination none of the impurities
affect the supersaturation, which is in agreement with earlier
reports.41 This excludes that the triggered nucleation and
morphological changes are side effects of a net increase in
supersaturation.40

For tetragonal HEWL crystal, the presence of BSA retards
the growth of {101} facets while hardly affecting the {110}
facets (Figure 7). This can be explained by considering the step
height (34 Å) and shape (jagged) of the {101} facets.42 The
BSA monomers with dimensions of 140 Å × 40 Å × 40 Å43 do
not fit onto the {101} facets and thus these facets are easily
poisoned giving rise to macrosteps consisting of multiple
growth layers as we, for example, detected at 14% molar BSA
contamination (Figure 7e) or completely leaflike polycrystals at
higher contamination (Figure 4). The early cessation of growth
for the {101} faces therefore results in thicker and shorter
tetragonal crystals (Figure 7). On the other hand, the relative
smoothness of the {110} faces allows for the addition of growth
units if at least these units conform to the {110} bimolecular
growth step height (54 Å). Therefore, this would facilitate the
incorporation of BSA monomers into the tetragonal lattice with
relatively low deterioration of the overall crystal quality, as long
as a slow growth rate pertains.
While tetragonal crystals show only changes in their aspect

ratios, monoclinic crystals show substantial morphological
changes from very large crystals in the reference condition to
clusters of small columnar crystals, subsequently spherulites and
finally amorphous globules at increasing levels of contamination
(Figures 5 and 8). This can be a result of adsorption of impurity
molecules on the growing {010} faces in a way that triggers
their tip splitting.44 The crystal morphology also shows that this
tip splitting of {010} faces is accompanied by blockage of the
{001} faces.
Impurity Incorporation in Different Polymorphs.

Compared to the tetragonal polymorph, the monoclinic ceiling
crystals showed on average lower impurity incorporation in
nearly all cases (Table 3). The difference in impurity
distribution between polymorphs is an important asset in
protein crystallization and may be a consequence of the
difference in the facets that grow and the corresponding sites in
which an impurity is incorporated with respect to the
intermolecular contact areas of the adjacent HEWL building
blocks.30 More importantly, monoclinic crystals maintain their
growth by the incorporation of growth units comprising two
HEWL molecules,45 whereas tetragonal crystals maintain their
growth by 43 tetrameric helices.42 Because of this size
difference, single molecules of ovalbumin or BSA can easier
substitute for growth units of tetragonal crystals than for those
of monoclinic ones. These reasons together explain the lower
Keff values for monoclinic HEWL crystals in the presence of all
kinds of impurities, compared to those for tetragonal HEWL
crystals.46 This shows that growing different polymorphs of the
same protein can lead to significant variation in impurity uptake
under otherwise the same conditions.

■ CONCLUSIONS
The ceiling crystallization method, while designed to grow
crystals under diffusion-limited conditions, allows the direct
comparison of protein crystals that are grown under conditions
of diffusional as well as of convective mass transport within the
same vial, under otherwise the same conditions. We compared
two polymorphs of HEWL and several types of impurities and
demonstrate that in most cases the impurity incorporation
follows the expected behavior: for impurities with K > 1
diffusion-limited growth leads to less impurity uptake, while for
those with K < 1 diffusion-limited growth leads to a higher
impurity concentration in the crystals as compared to batch
growth.
We observed, however, that even in the regime of K < 1,

diffusion-limited growth can be highly beneficial because the
value of the segregation coefficient can depend strongly on the
growth rate and thus enhanced self-purification can occur. For
the case of BSA oligomers as impurity, we found that the slow
growth rate during ceiling crystallization leads to a complete
rejection of these impurities from the crystals.
We further detected that the monoclinic HEWL polymorph

incorporated less impurities than the tetragonal one. This
suggests that if the target protein is crystallizable in two or more
polymorphic forms, it could be advantageous to choose the
polymorph with the lowest impurity distribution, because this
most likely would result in crystals bearing lower mosaicity and
thus higher crystallinity.
In all investigated cases, the tetragonal ceiling HEWL crystals

grown in the presence of the heterogeneous impurity BSA had
an equal or better X-ray resolution than the best batch-grown
crystals. This is likely caused by an improved fitting of BSA
monomers within the crystal lattice and the almost complete
self-purification from BSA oligomers, which both are a
consequence of the slow growth rate during diffusion-limited
growth.
There are many ways in which impurities can affect crystal

growth, crystal purity, and perfection, but our results show that
diffusion-limited growth, here implemented using the ceiling
crystallization method, can yield higher-quality crystals in the
presence of impurities bearing high as well as low affinity for
incorporation.
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