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ABSTRACT: A new approach is described to screen for protein nanocrystals
based on the reversibility of crystallization. Methods to characterize nanocrystals
are in strong need to facilitate sample preparation for serial femtosecond X-ray
nanocrystallography (SFX). SFX enables protein structure determination by
collecting X-ray diffraction from nano- and microcrystals using a free electron
laser. This technique is especially valuable for challenging proteins as for example
membrane proteins and is in general a powerful method to overcome the
radiation damage problem and to perform time-resolved structure analysis.
Nanocrystal growth cannot be monitored with common methods used in protein
crystallography, as the resolution of bright field microscopy is not sufficient. A high-performance method to screen for
nanocrystals is second order nonlinear imaging of chiral crystals (SONICC). However, the high cost prevents its use in every
laboratory, and some protein nanocrystals may be “invisible” to SONICC. In this work using a crystallization robot and a
common imaging system precipitation comprised of nanocrystals and precipitation caused by aggregated protein can be
distinguished.

■ INTRODUCTION

X-ray crystallography is the most applied method for structural
analysis of proteins. Ninety percent of protein structures
deposited in the protein data bank (PDB) were solved by this
technique. Common X-ray structure analysis requires the
growth of protein macrocrystals, which are in most cases 50 μm
or larger. In recent years with the development of microfocus
X-ray beams, structural analysis of protein microcrystals with
dimensions down to 5−10 μm was achieved.1−3 The novel
approach of serial femtosecond crystallography (SFX) using an
X-ray free electron laser (XFEL) allows the structural analysis
of protein nanocrystals, which are in the range of 100 nm to 10
μm.4−8 SFX is a high-performance technique to study the
structure and dynamics of challenging proteins such as
membrane proteins, which in many cases even after enormous
effort do not lead to the growth of macrocrystals.9,10 The need
for new methods to solve membrane protein structures is
evident from the numbers of structures in the protein data bank
(PDB). From more than 100 000 structures deposited in the
PDB less than 2000 entries are structures of membrane
proteins, and less than 600 deposits are unique membrane
protein structures.11 This lack of knowledge on membrane
protein structures is in strong contrast to their frequency and
importance: 25−30% of proteins in the genome in all living

species are predicted to be membrane proteins, and 40−60% of
drug targets are membrane proteins.12−14

In addition, SFX is a powerful technique to overcome the
radiation damage problem in X-ray crystallography by the
“diffraction before destruction“ principle and enables time-
resolved studies in protein crystals.4,10,15−21 It is discussed in
the literature that nanocrystals may have less structural defects
than large size crystals.10,22 However, it has also been discussed
that nanocrystals may show a decrease in order, as most
molecules are at the surface and consequently involved in fewer
crystal contacts. It was suggested that errors in the crystal lattice
poison the surface and therefore prevent further growth of the
crystal.10,23,24

An additional field for the application of nanocrystals is the
structural analysis of proteins by solid-state NMR.25,26 Solid-
state magic-angle spinning NMR spectroscopy on crystalline
samples was successfully used to solve the structure of
membrane proteins.27,28 One example is the transmembrane
domain of the protein YadA, a trimeric autotransporter
adhesion. In previous studies YadA macrocrystals only led to
low resolution X-ray diffraction data. From the same
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preparation microcrystalline needles with a length of 5−10 μm
were obtained enabling the structure determination by solid-
state NMR.28

While microcrystals (>1 μm) can be detected by bright field
microscopy, nanocrystals (<1 μm) are too small to be detected
with an optical microscope, and hence crystal growth cannot be
monitored with common imaging methods used in crystallog-
raphy. To cope with the high demand of nanocrystals for
structural and functional analysis at present and in the future
methods are needed to enable high-throughput screening.
Techniques for the detection of nanocrystals are also valuable
in conventional crystallography. Conditions leading to nano-
crystals can be used for fine screening, and nanocrystals can
serve as seeds for the growth of large crystals.
A powerful technique to screen for nanocrystals is second

order nonlinear imaging of chiral crystals (SONICC). This
method is based on the principle of second harmonic
generation (SHG) and detects non-centrosymmetric crystals
of chiral molecules such as proteins.29,30 SHG microscopy is
routinely used to visualize proteins in an ordered scaffold such
as in tissues and biological membranes.31 The commercially
available SONICC instrument (Formulatrix Inc.) relies on the
same principle and is a user-friendly setup with the focus on
protein crystals. Crystals of proteins lead to a positive SONICC
signal, whereas nonordered protein in solution or in the
denatured state does not. Most salts are nonchiral; therefore
most salt crystals are centrosymmetric ordered and do not
produce a SONICC signal either. Furthermore, SONICC is
complemented by ultraviolet two-photon excited fluorescence
(UV-TPEF). SONICC active salt crystals lead only to a
negligible signal with UV-TPEF and in this way can be
distinguished from protein crystals.30,32 Signal intensity of
protein crystals depends on many factors such as crystal
symmetry class, crystal size, protein size, and secondary
structure elements.33 As highly π-conjugated systems lead to
a signal enhancement of second harmonic generation, the
cofactor content and bound substrates also affect the strength
of the signal.31,34,35 Therefore, SONICC is a high performance
method for proteins containing chromophoric cofactors as for
example chlorophylls or heme groups, proteins with bound
aromatic substrates, and proteins fused to a GFP. However, for
some nanocrystals of noncolored proteins the SONICC signal
may be too low, and therefore they are not detectable in the
screening mode of the instrument.
Recently it was reported that a novel protein microcrystal

screening system was developed using X-rays at the BL32XU
beamline at SPring-8 in Japan.36 They describe a trial
experiment in which protein microcrystals smaller than 10
μm were detected using lysozyme as a test protein. Standard
SBS-format crystallization plates were mounted, and a whole
well area could be screened within a minute. In addition, they
briefly mention the development of a method to detect protein
microcrystals by fluorescence. Crystals were visualized by
postcrystallization soaking with fluorescence labels.36

In this work a different approach for the detection and
screening of protein nanocrystals was investigated based on the
reversibility of crystallization. The principle of recrystallization
is a valuable approach for protein purification and is used in our
laboratory as a last step of membrane protein purification.10

The concept was transferred to nanocrystallography with the
idea that nanocrystals may dissolve after diluting the reservoir
solution of the crystallization experiment, while denatured
protein does not. The experiments show that with this

procedure the distinction of precipitate consisting of nano-
crystals and precipitate consisting of denatured protein is
possible by using a conventional light microscope. High-
throughput screening of conditions is enabled with the use of
the Rigaku Phoenix crystallization robot and a common
imaging system. In this study the membrane protein Photo-
system I with internal chromophores, the Francisella tularensis
membrane protein CapA fused to a GFP-tag and the soluble
GFP protein variant mGFPsol were used as model
systems.37−41 Using these protein preparations with internal
chromophores or bound GFP variants, respectively, enables
reliable monitoring of the experiments with SONICC. In 90%
of the cases where dissolution of precipitate after the dilution
procedure was observed the precipitate indeed consisted of
nanocrystals.

■ MATERIALS AND METHODS
Protein Purification. The membrane integrated CapA protein

from F. tularensis fused to the folding reporter frGFP (CapA-frGFP)
was purified as described previously.39 Briefly, the fusion protein was
expressed using the Escherichia coli strain BL21 (DE3). Cells were
sonicated, cytosolic membranes were isolated by high speed
centrifugation, and membrane proteins extracted using 1% β-DDM.
CapA-frGFP was further purified by Ni-NTA affinity chromatography.
After size exclusion chromatography as a last purification step CapA-
frGFP in 20 mM HEPES pH 7.0, 300 mM sodium chloride with 0.05%
β-DDM was concentrated (Amicon Ultra-15 Centrifugal Filter
Devices, 100 kDa cutoff, Millipore) to a protein concentration of 14
mg/mL. This protein solution was then used for high-throughput
crystallization experiments.

Photosystem I (PSI) from Thermosynechococcus elongatus was
purified as described previously.37 Briefly, thylakoid membranes
isolated from lysed cell cultures of the cyanobacterium were incubated
in 0.6% β-DDM to solubilize membrane proteins. PSI was further
purified using anion-exchange chromatography. The column was
equilibrated in 20 mM MES, pH 6.4, 50 mM MgSO4 with 0.02% β-
DDM, and protein fractions were eluted by a salt gradient of MgSO4
with the PSI trimer eluting at 140 mM salt concentration. The
fractions were combined and concentrated to a chlorophyll
concentration of 10 mM and diluted with buffer without salt to a
MgSO4 concentration of 6 mM. In this step PSI was precipitated in the
form of small crystals. For further crystallization experiments the small
crystals were completely dissolved in 5 mM MES, 50 mM MgSO4,
0.02% β-DDM, pH 6.4 to a final protein concentration of 20 mg/mL.
To minimize exposure to room light, the purification was conducted
under dim green light in a dark room.

The GFPlike protein mGFPsol was purified as described
previously.40,41 To obtain native folded protein Escherichia coli cells
were grown at 25 °C. The cytosolic fraction was applied to a Ni-NTA
affinity column and mGFPsol was eluted with 500 mM imidazole in 50
mM HEPES pH 7.9, 50 mM NaCl, and 1 mM DTT. After dialysis in
50 mM HEPES, 20 mM NaCl, pH 7.9 the protein solution was
concentrated to a protein concentration of 20 mg/mL (Amicon Ultra-
15 Centrifugal Filter Devices, 10 kDa cutoff, Millipore) and then used
for crystallization experiments.

Crystallization Experiments and the Dilution Procedure.
Protein crystallization experiments were set up using the vapor
diffusion technique (sitting-drop method) and 96-well plates (MRC 2
Well Crystallization Plate (Swissci), Hampton Research) with the
crystallization robot Phoenix HT (Rigaku). Protein and reservoir
solution were mixed in 1:1 and 2:1 ratios (total drop volume 200 nL
and 300 nL, respectively). The reservoir volume was 50 μL. For CapA-
frGFP and PSI the following crystallization screens from Hampton
Research were used: Index HT (HR2-134), MembFac HT (HR2-
137), Natrix HT (HR2-131), and PEG/Ion HT (HR2-139). mGFPsol
was screened using Crystal Screen HT (HR2-130), Index HT (HR2-
134), Natrix HT (HR2-131), and PEG/Ion HT (HR2139), all from
Hampton Research. For PSI and mGFPsol light exposure was
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minimized by using the robots light as the only light source in the
room. Afterward plates were incubated at 20 °C in the dark. Crystal
growth was monitored using the imaging system of the SONICC
benchtop instrument (Formulatrix, USA) recording pictures at visible
light and in SONICC mode.
After 10−14 days (depending on the protein) the following dilution

procedure was performed. The crystallization robot Phoenix HT
(Rigaku) equipped with a specialized computer program (which will
be available from Rigaku on request after publication) was used to
remove 25 μL of the reservoir solution followed by the addition of 25
μL of ultrapure water. In between, the syringe tips were cleaned with
water. For each 96-well plate the whole procedure including removal
of the plate seal and resealing was completed within 2 min to prevent
dehydration of the drops. The dilution step was performed three times
in total in 3 day intervals resulting in a final dilution of the reservoir
solution with water in the ratio 1:8. In between, plates were stored at
20 °C in the dark.
Second Order Nonlinear Imaging of Chiral Crystals

(SONICC). The protein drops of the crystallization and dilution
experiments were monitored at 20 °C using the SONICC benchtop
instrument (Formulatrix, USA). One 96-well plate at a time was
imaged. Pictures were taken under visible light and in the SONICC
imaging mode using the software Rock Imager and Rock Maker
software implemented in the instrument. For SONICC imaging, the
exposure time was 1000 ms and the power was 300 mW.

■ RESULTS

In this study about 2000 protein crystallization conditions were
tested using the vapor-diffusion technique (sitting-drop
method) followed by a dilution procedure to reverse the
crystallizations conditions and investigate the effect on
nanocrystals. Therefore, crystal growth was monitored by
SONICC in combination with optical imaging. Afterward the
reservoir solutions of the trials were diluted with water in three
consecutive steps in intervals of 3 days. The crystallization
drops were again monitored using the SONICC imaging
system. Three different proteins were screened, the inner
membrane protein CapA from F. tularensis attached to GFP
(CapA-frGFP), the membrane-bound protein complex Photo-
system I (PSI) from T. elongatus, and the soluble protein
mGFPsol, a GFP variant.37,39−41 CapA-frGFP crystallization
plates were incubated for 7 days, PSI plates for 9 days, and
mGFPsol trials for 15 days. Immediately before each dilution
step and 3 and 7 days after the last dilution step, the drops were
imaged (in the case of the mGFPsol experiment pictures were
taken 5 and 11 days after the third dilution step). Figure 1
shows exemplary a set of results from the PSI experiments. At
the first condition macrocrystals visible with the light
microscope cause a strong SONICC signal. Dilution of the
reservoir led to a dissolution of the crystals, and therefore the
SONICC signal vanished (Figure 1A, conditions: 0.05 M BIS-
TRIS pH 6.5, 0.05 M ammonium sulfate, 30% v/v
Pentaerythritol ethoxylate (15/4 EO/OH)). The second
example shows clear drops and no SONICC signal. It
represents a negative control and demonstrates that proteins
in solution do not lead to any SONICC signal (Figure 1B,
conditions: 0.1 M BIS-TRIS pH 6.5, 2.0 M ammonium sulfate).
The third example shows a drop that visualizes as precipitate in
optical microscopy; however it shows a strong SONICC signal,
indicating the presence of protein nanocrystals. After the
dilution procedure the nanocrystals dissolved and the SONICC
signal vanished (Figure 1C, conditions: 0.1 M succinic acid pH
7.0, 15% w/v polyethylene glycol 3,350). The fourth example
shows precipitate, but no SONICC signal was detected;
therefore, the precipitate consists of not ordered protein

molecules. No dissolution of the precipitate was observed after
the dilution procedure (Figure 1D, conditions: 0.2 M
potassium nitrate, 20% w/v polyethylene glycol 3,350, pH
6.8). These examples are in agreement with the working
hypothesis that precipitate consisting of nanocrystals dissolves
after the dilution procedure, but aggregated protein does not.
However, the fifth example shows precipitate which did not
dissolve after the dilution procedure, but a positive SONICC
signal was observed (Figure 1E, conditions: 0.1 M sodium
acetate trihydrate pH 4.6, 0.1 M sodium chloride, 12% w/v
polyethylene glycol 6,000). This example demonstrates that not
all nanocrystals that were detected by SONICC dissolved
during the dilution process. We hypothesize that the non-
saturated part of the phase diagram has not been reached under
these conditions.
To examine the behavior of crystals and precipitates after the

dilution procedure in general and detect possible trends the

Figure 1. Bright-field and SONICC pictures of five different
conditions of the PSI experiment. Pictures of the drops were taken
directly before each of the three dilution steps and 6 days after the last
dilution step. (A) Macrocrystals with a strong SONICC signal dissolve
upon dilution. (B) Clear drops without any nanocrystals (negative
SONICC). (C) Precipitate consisting of nanocrystals (positive
SONICC) dissolves during the dilution procedure. (D) Precipitates
consisting of aggregated protein (no SONICC) do not dissolve. (E)
Nanocrystals (positive SONICC) do not dissolve during the dilution
process.
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conditions for all three proteins were examined in a quantitative
approach. For each drop at each condition, the observations
before dilution were recorded and three cases were
distinguished: (1) macrocrystals visible with the microscope,
(2) precipitate, or (3) a clear drop. It was also recorded if a
SONICC signal was detected or not. Additionally it was
monitored for each condition if dissolution of the precipitate or
crystal was observed after the third step of the dilution
procedure. Table 1 shows the results in form of a general
overview. In total 2112 conditions were tested (768 for CapA-
frGFP, 768 for PSI and 576 for mGFPsol). The PSI
crystallization experiments led to macrocrystals at 110
conditions (105 of them showed a positive SONICC signal)
and mGFPsol formed macrocrystals at 267 conditions (all of
them visible with SONICC). No macrocrystals were observed
for CapA-frGFP at any conditions. However, it is very
remarkable that 70% (424 conditions out of 603) of the
precipitates observed in the CapA-frGFP experiment showed a
positive SONICC signal indicating protein nanocrystals. 83% of
the precipitates for both the PSI experiment (288 conditions
out of 346) and the mGFPsol experiment (163 conditions out
of 196) showed a positive SONICC signal and therefore
precipitate comprising nanocrystals. These numbers indicate
that nanocrystals form much more easily than macrocrystals
and that a high percentage of conditions contain valuable
crystalline material, which is not detectable with optical
microscopy. Remarkably 40% of the visually clear drops of
the CapA-frGFP experiment (50 out of 125), 5% of the visually
clear drops of the PSI experiment (14 out of 298), and 96% of

the visually clear drops of the mGFPsol experiment (107 out of
111) show a positive SONICC signal. These drops appear clear
in the bright-field pictures, but obviously contain nanocrystals
detectable by SONICC. In these cases the concentration is too
low to be visible as a precipitate, and individual nanocrystals are
too small (<1 μm) to be detectable with the bright-field
microscope. These observations underline that nanocrystals are
extremely frequently formed at several conditions in crystal-
lization experiments, but has escaped detection with optical
microscopy. Unsurprisingly the soluble protein forms nano-
crystals at even more conditions than the hydrophobic
membrane proteins, which crystallize in the form of protein
detergent micelles.
In the CapA-frGFP experiment 16% of precipitate containing

nanocrystals detected by SONICC dissolved after the dilution
procedure (69 conditions out of 424). The same was observed
in 57% of the cases in the PSI experiment (163 out of 288) and
in 31% of the mGFPsol experiment (50 out of 163). This
means that a high percentage of nanocrystals does not dissolve
after the dilution procedure. Probably in these cases under-
saturated conditions are not reached yet, and the nanocrystals
are still stable. In several cases the SONICC signal did not
significantly decrease or vanish during the dilution procedure
(data not shown) indicating that nanocrystal concentration did
not change at all or only in nondetectable amounts. 29% of
macrocrystals in the PSI experiment (30 out of 105) and 50%
of macrocrystals of the mGFPsol experiment (134 out of 267)
did not dissolve during the dilution process. Apparently the

Table 1. Overview of Crystallization and Dilution Experiments for All Three Proteinsa

SONICC + dissolving (and SONICC +)

total macro-crystals precipitate clear drop total macro-crystals precipitate clear drop total macro-crystals precipitate

CapA-frGFP 768 0 603 125 474 n/a 424 50 69 n/a 69
PSI 768 110 346 298 407 105 288 14 251 75 163
mGFPsol 576 267 196 111 537 267 163 107 183 133 50

aThe total numbers of conditions tested are given as well as the numbers of conditions showing macrocrystals, precipitate, or a clear drop prior to
the dilution procedure (discrepancy between total numbers and sum of macrocrystals, precipitate, and clear drops due to pictures out of focus, drop
not classifiable, etc.). Total numbers of conditions which showed a SONICC signal prior to the dilution process are listed as well as separated by
macrocrystals, precipitate, and clear drops. Total numbers of conditions where dissolution was observed during the dilution procedure are shown and
sorted by macrocrystals and precipitate.

Table 2. Overview of Conditions Where Dissolution of Precipitate Was Observeda

protein crystallization screen total SONICC + SONICC − detection of nanocrystals in %

CapA-GFP Index 29 28 1
MembFac 7 7 0
Natrix 29 26 3
PEG/ion 11 8 3
Σ 76 69 7 91

PSI Index 36 33 3
MembFac 22 22 0
Natrix 11 9 2
PEG/ion 106 99 7
Σ 175 163 12 93

mGFPsol crystal 11 11 0
Index 13 13 0
PEG/ion 26 26 0
Σ 50 50 0 100

aThe numbers are given for each protein and each crystallization screen. It is listed in how many cases a SONICC signal was observed or not
observed prior to the dilution procedure. The percentage of conditions with a positive SONICC signal out of all conditions which showed
dissolution of precipitate is given.
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dilution procedure did not lead to the undersaturated state for
these conditions either and the macrocrystals are still stable.
The fact that not all nanocrystals detected by SONICC

dissolved after the dilution process led to the following
question: Do all dissolving precipitates consist of nanocrystals?
Table 2 gives an overview of the number of conditions where
dissolution of precipitate was observed. For each protein and
each crystal screen the total numbers of dissolving precipitate
are listed. The cases are divided into conditions showing a
SONICC signal or no SONICC signal prior to the dilution
procedure. In 76 cases of the CapA-frGFP experiment
dissolution of precipitate was observed, and in 67 of these
cases a positive SONICC signal was detected. This means that
91% of the precipitate, which dissolved during the dilution
procedure, contained nanocrystals. In 175 cases of the PSI
experiment the precipitate solubilized, and in 163 of them a
SONICC signal was detected prior to the dilution procedure.
This means that 93% of the dissolving precipitates consist of
nanocrystals. Precipitates, which dissolve but did not show any
SONICC signal, may be either protein crystals in space groups,
which are not detectable with SONICC, or salt crystals. It is
known that some protein crystals in high symmetry classes do
not produce any SONICC signal. Most of the salt crystals are
not chiral and have a centrosymmetric space group and
therefore do not show any SONICC signal.30,32,33 However,
the possibility cannot be ruled out that in these few cases the
precipitate dissolves even though they do not contain any
crystalline material. The dilution procedure applied to the
mGFPsol crystallization trials led to dissolution of the
precipitate at 50 conditions, and for all of them a positive
SONICC signal was initially detected. Thus, for the soluble
protein mGFPsol 100% of the dissolving precipitates contained
indeed nanocrystals.
Not all cases described in the previous paragraph showed a

complete dissolution of the precipitate, and the SONICC signal
did not fully disappear after the dilution procedure. Table 3
gives an overview of the detailed observations for all resolving
precipitates. Numbers are given in percentage. Total numbers
of conditions, which lead to a dissolving precipitate in the
absence of any macrocrystals, were 76 for CapA-frGFP, 175 for
PSI, and 50 mGFPsol (see Table 2). In Table 3 it is
distinguished between complete and partly dissolution and
monitored if the SONICC signal decreased, vanished, or was
unchanged.
Complete dissolution of the precipitate and vanishing or

decreasing of the SONICC signal indicates pure nanocrystals
without any contamination of denatured protein (Figure 1C
and Figure 2C, conditions for Figure 2C: mGFPsol in 0.1 M
TRIS hydrochloride pH 8.5, 0.2 M lithium sulfate mono-
hydrate, 30% w/v polyethylene glycol 4000). This was observed

in 43% of the cases in the PSI experiments. Thereby complete
dissolution but only decreasing of the SONICC signal indicates
that a small amount of crystals detectable solely with SONICC
still exists after the dilution process. This observation was also
made in 66% of the cases in the mGFPsol experiment.
When the precipitate dissolves only partly and the SONICC

signal decreases, precipitate may consist of pure nanocrystals,
which do not dissolve completely (Figure 2A, conditions:
CapA-frGFP in 0.1 M BIS-TRIS pH 6.5, 2.0 M ammonium

Table 3. Detailed Observations of All Conditions Where Dissolution of Precipitate Occurred

precipitate dissolves completely precipitate dissolves partly

SONICC SONICC

decreases vanished unchanged decreases vanished unchanged precipitate dissolves and no SONICC signal

CapA-GFP 74 8 9 9
PSI 4 39 <1 20 3 26 7
mGFPsol 66 4 20 4 6

aAll numbers are given in percentage. It is distinguished between precipitate which dissolves completely or only partly after the dilution procedure. It
is also listed if the SONICC signal decreased, vanished, or was unchanged upon the dilution process. The last column shows the number of cases
where dissolution of precipitate was observed, but no SONICC signal was detected even prior to dilution. The total numbers of conditions (100%)
were 76 for CapA-frGFP, 175 for PSI, and 50 for mGFPsol (see Table 2).

Figure 2. Examples of dissolving precipitates. For each condition the
bright-field and the SONICC pictures are shown before and after the
dilution procedure. (A) Precipitate in the CapA-frGFP experiment
dissolved not completely and the SONICC signal decreased. (B)
Precipitate of the PSI experiment partly dissolved, and the intensity of
the SONICC signal was unchanged. (C) Dissolving precipitate of the
mGFPsol experiment results in a clear drop, and the SONICC signal
intensity is only diminished.
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sulfate). This was observed in 74% of the cases in the CapA-
frGFP experiment and in 20% of the cases in the PSI and in the
mGFPsol experiment. However, it cannot be excluded that the
nondissolving residue is a mixture of nanocrystals and
denatured protein. At 26% of the conditions in the PSI
experiment the precipitate dissolved partly, and the SONICC
signal intensity was unchanged (Figure 2B, conditions: 0.1 M
Bis-Tris pH 6.5, 0.05 M calcium chloride dehydrate, 30% v/v
polyethylene glycol monomethyl ether 550). In these cases
precipitate may be a nanocrystal/aggregated protein mixture or
nanocrystals do not dissolve completely, and differences in
nanocrystal concentration may be too low to be detectable with
SONICC. In less than 10% of the cases in each experiment
partly dissolution of the precipitate was observed, and the
SONICC signal vanished. At these conditions the precipitate
contains nanocrystals but is apparently contaminated with
aggregated protein.

■ DISCUSSION

In this study it was shown that nanocrystals can be identified
based on the reversibility of crystallization. By reversing the
crystallization conditions in a high-through put setup in 96-well
crystallization plates using a Rigaku crystallization robot, three
different proteins were analyzed and >2000 conditions were
screened in total. In 90% of the cases where dissolution of
precipitate was observed nanocrystals were identified by
SONICC. The dilution method allows screening for nano-
crystals in every crystallization lab equipped with a crystal-
lization robot and a common imaging system. No additional
instrumentation and no additional treatment of the crystals are
necessary. This is a valuable tool to detect potential conditions
for nanocrystal growth and can be used as a complementary
technique to the identification of nanocrystal by SONICC. The
dilution method not only can be used when a SONICC system
is not accessible but also is applicable to SONICC silent
proteins.
However, a lot of conditions with nanocrystalline material are

not detected with the dilution procedure. Screening the
crystallization experiments with SONICC showed that a
much higher percentage of precipitate and also clear drops
contain nanocrystals. Some of these precipitates may be only
partly crystalline and also contain aggregated proteins. For
other conditions the undersaturated state is probably not
reached upon the dilution process, and nanocrystals are still
stable. In general, the experiments show that many conditions
contain valuable crystalline material, which is not accessible
with common techniques in crystallography.
The data reveal that the dissolution behavior of the

precipitates depends on the protein preparation and the
crystallization conditions. In many cases complete dissolution
of the precipitate and in other cases only partly solution were
observed. Complete dissolution indicates pure nanocrystals,
whereas in the case of partly dissolution contamination with
denatured protein cannot be ruled out. In the PSI experiment
four Hampton Research HT crystallization screens were tested
and complete dissolution of precipitate was observed at 76
conditions (43% of all dissolving precipitates). The protein
mGFPsol was screened with three crystallization screens, and at
35 conditions complete dissolution of precipitate was observed
(70% of all dissolving precipitates). Only for the CapA-frGFP
preparation complete dissolution was not observed at any
condition.

For detection of precipitate a bright-field imaging based
detection method was used, which is present in nearly every
crystallization laboratory. Pictures were classified manually to
identify precipitate prior to the dilution procedure and a clear
drop afterward. However, bright-field imaged based crystal
detection has already been computerized.42,43 Classification
systems determine precipitates with a success rate of 89% and
clear drops with a success rate of 98%.43 Combining the
automated dilution procedure with a computerized scoring
system would facilitate screening for nanocrystals and save the
researcher valuable time.
Once promising conditions are identified further character-

ization by methods as dynamic light scattering and powder X-
ray diffraction are necessary to ensure high quality sample
preparations for structural analysis with X-ray free electron
laser. Detected conditions can be also useful for finding
optimized sample preparation protocols for structure determi-
nation with solid-state NMR spectroscopy.
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