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Identifying and then optimizing initial crystallization conditions is a prerequisite
for macromolecular structure determination by crystallography. Improved
technologies enable data collection on crystals that are difficult if not impossible to
detect using visible imaging. The application of second-order nonlinear imaging of
chiral crystals and ultraviolet two-photon excited fluorescence detection is shown
to be applicable in a high-throughput manner to rapidly verify the presence of
nanocrystals in crystallization screening conditions. It is noted that the nanocrystals
are rarely seen without also producing microcrystals from other chemical
conditions. A crystal volume optimization method is described and associated with
C 2015 Author(s). All article content, except
a phase diagram for crystallization. V
where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4921199]

I. INTRODUCTION

The advent of X-ray free electron laser (XFEL) sources and the development of serial
crystallography techniques revealed that useable X-ray data can be obtained from crystals with
dimensions as small as hundreds of nanometers,1 colloquially termed nanocrystals. Similar
results have also been seen from nanocrystals mounted in fixed assemblies2,3 and by pushing
synchrotron beam line technologies to smaller and smaller beam footprints, having achieved
serial crystallography on crystals having an average volume of only 9 lm3.4 In the general case
for these studies, a key question becomes if nanocrystals are a more common result than larger
crystals suitable for typical synchrotron-based data collection (which we will term microcrystals
measured in tens of micrometers and up), and if there are methods suited to growing nanocrystals that are not so successful for microcrystals. In the case of time-resolved studies, a nanocrystal is an advantageous result, in which a change in molecular conformation associated with
a reaction, whether it be triggered by light, chemically, or some other process, can occur over
all the individual macromolecules in the diffraction footprint rapidly.
The technical questions surrounding this are (1) how do we identify nanocrystals as they
grow, (2) how often do they occur compared to larger samples more suitable for today’s
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synchrotron, and (3) how do we produce nanocrystals. Visual microscopy can be used to identify crystals, but has a size limit of a few microns, which limits addressing these questions.
Other techniques including light-scattering and electron microscopy are available and are discussed in detail elsewhere.5 The technical questions we have posed are general; for specific
samples they can be answered in detail, but for a generally applicable answer a large number
of different macromolecular samples need to be studied. We have adopted Second Order NonLinear Imaging of Chiral Crystals (SONICCs)6 and UV-Two Photon Excited Fluorescence
(UV-TPEF)7 as high-throughput, integrated methods to identify crystals <1 lm in size (catching
but bordering our definition of nanocrystals), and image all samples that come through the
high-throughput crystallization screening laboratory operating within the Hauptman-Woodward
Institute.8 In this manner, we have studied the crystallization behavior of a large number of
diverse macromolecules and focused on using the same technology on a small number of samples, in more detail. In this paper, we present these results, we demonstrate an effective method
to produce microcrystals from nanocrystals and discuss the production of nanocrystals based on
screening and optimization results that we obtain as this production relates to a solubility phase
diagram.
II. EXPERIMENTAL
A. Samples and crystallization conditions

To study the frequency of formation of nanocrystals and subsequent optimization to macrocrystals, a set of 60 proteins were selected ranging in molecular weights from 9.8 kDa to
127.2 kDa, and isoelectric points 4.6  pI  9.8, from 25 species (including 19 proteins from
Homo sapiens). These included several proteins of high biological interest. Two samples were
truncations of a protein complex of the Heat shock proteins Hsp83 with the Hsp90
co-chaperone. A CLANS sequence similarity matrix9 is presented in Figure 1. The supplementary material10 is a table containing the crystallization results and the following data for each of
the 60 NESG proteins, UniProt id, Percent UniProt sequence covered, Gene name, MW, pI,
AGF-MALS results, number of residues, percentage of residues predicted to be disordered
(using DISOPRED v3.15 and the latest version of the UniRef90 database as a reference
database), and the corresponding amino acid sequences. The proteins used were produced using
standard protocols of the Northeast Structural Genomics Consortium.11 All sequences and data
are calculated for the protein construct used for crystallization screening. Solubility, Maltosebinding protein (MBP) and purification (6xHis) tags required for production were removed for

FIG. 1. CLANS visualization of a sequence similarity matrix created from an ALL vs ALL BLAST analysis. Each of the
60 experimental sequences is represented by a dot. Sequence dots were originally distributed randomly and were allowed
to evolve through 500 iterations via their pairwise alignment score weights to the state shown in the figure. The distance
between sequence dots is a function of their pairwise BLAST alignment scores resulting in similar sequences clustering
near one another.
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most of these samples prior to crystallization screening. Proteins were flash frozen in 50 ll aliquots and shipped on dry ice. When received at HWI, the samples were rapidly thawed12 and
used for crystallization screening.
Initial crystallization conditions were identified using the Hauptman-Woodward Institute’s
High-throughput Crystallization Screening Laboratory (HTSlab).13 The crystallization method,
microbatch-under-oil,14 as utilized in the HTSlab requires 450 ll of protein to screen 1536
chemical cocktails by combining 200 nl of protein solution with 200 nl of 1536 chemically
diverse cocktail solutions under white mineral oil (EMD Millipore, cat #PX0045–3, Billerica,
MA). The oil-layer limits evaporative water-loss during the time-course of the experiments,
typically, six weeks. The batch approach is advantageous to scaling up results and reproducibility as batch experiments are relatively static with regard to chemical concentrations, when compared to dynamic crystallization approaches such as vapor diffusion.
Two sets of 1536 chemical cocktails were used for this initial crystallization assay. The
first set, designed to identify initial crystallization conditions of soluble proteins, is comprised
of 688 in-house cocktails based on an incomplete-factorial sampling of salts, buffers, and polymers and 848 chemically complementary cocktails from Hampton Research crystallization
screens (Aliso Viejo, CA); cocktails are annually reviewed and refined.8 A second set of 1536
cocktails designed to crystallize membrane protein-detergent complexes, grid-samples chemical
space near detergent phase boundaries,15 where the crystallization is more likely to occur.16
The set of 60 proteins used in this study was not random. There were two sets of proteins
selected. The first set of 39 proteins produced visible microcrystals, from the 1536 screen. The
second set of 21 proteins did not produce any visible microcrystals from the 1536 screen.
B. Crystallization and imaging

The 1536 well crystallization screening plates were setup with the proteins described at
room-temperature, then immediately incubated for one week at 4  C. They were then stored at
22  C to obtain information on the impact of temperature-based effects on crystallization, a
factor that can have a significant influence.17,18 Crystallization screening results were imaged at
22  C with in-house imaging tables8 over the course of six weeks, with the exception of the one
week images, which were recorded at 14  C, immediately following 4  C incubation.
Additionally, a Formulatrix Rock Imager 1000 with SONICC (Bedford, MA) was used to
record three types of image data, Visible, Second Harmonic Generation (SHG), and UV-TPEF
following in-house imaging at 1 and 4 weeks; this data was collected at 22  C.
Visual imaging, e.g., using, for example, the laboratory microscope or automated versions
thereof, is a familiar aspect of the crystallization laboratory. SHG and UV-TPEF imaging methods are less common. The SHG and UV-TPEF imaging modalities rely on nonlinear optical
processes to provide information on the crystallinity of the sample and to discern between protein and salt/small molecule crystals. SHG is a frequency-doubling effect that is coherent so
only arises in the presence of non-centrosymmetric crystals. All protein crystals form chiral
crystals that are SHG allowed, but proteins in solution or aggregated protein molecules do not
generate SHG. In the Formulatrix system, a 200 fs, 1064 nm laser is utilized to image the sample via a raster pattern and the SHG at 532 nm is detected with a photomultiplier tube to generate high-contrast images. The intensity of SHG generated from protein crystals depends on
many factors including the space group and hyper-polarizability of the protein molecule, with
some samples not generating sufficient signal to be detected. Also, some chiral salt or small
molecule crystals will generate SHG leading to false positives.19 These false negatives and
positives can be reduced with the use of UV-TPEF, the third imaging technique. In this mode,
the sample is imaged with 532 nm light, with the frequency doubled excitation at 266 nm,
which excites aromatic amino acids including tryptophan, tyrosine, and phenylalanine. The
multi-photon excited fluorescence from 350 to 400 nm is then detected creating images depicting where there are high concentrations of protein allowing the scientist to determine if their
crystal is protein or not.7 For SHG and UV-TPEF data acquisition, 5 slices through the drop,
spaced 100 lm apart (called z-slices), are integrated together to produce a single, composite
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image that can be used for reviewing outcomes. Together, the SHG and UV-TPEF nonlinear
imaging modes detect both large and small (<1 lm) crystals while differentiating between
protein and salts.
C. Using imaging to guide optimization

From the set of 60 samples, a subset of 14 soluble protein samples, ranging from 9.9 kDa
to 48.9 kDa in molecular weight, were selected to study the relationship between SHG and UVTPEF results and subsequent optimization of the crystallization conditions. These samples are
described in Table I. Eleven of these 14 proteins, A-K, produced one or more visible crystals
from the initial 1536 screen. Also identified in these cases were multiple precipitates, from
chemically distinct cocktails, some were verified to be nanocrystals with a positive SHG signal,
and protein with a positive UV-TPEF signal. In these cases, based solely upon the visible
images, the precipitates were not outcomes that would have been recommended for optimization; however, the analysis using SHG and UV-TPEF clearly identified the outcomes as crystalline. The other three samples, L-N used as a control, produced no visible crystals from the
initial 1536 screen. Only one of these, sample N, produced outcomes that had both a positive,
but faint, SHG signal and a positive UV-TPEF signal. Using leftover protein solution from the
screening experiments, this set of 14 proteins underwent a second freeze-thaw cycle prior to
setting up optimization experiments.
The Visible, SHG, and UV-TPEF images for each of the 14 proteins A-N were reviewed
to identify 5–8 cocktails that produced precipitates, where chemical and physical conditions
provided signal, these precipitates were verified to be nanocrystals, using SHG, and protein,
using UV-TPEF. The chemical diversity of the cocktails that produced nanocrystalline precipitates was used as a selection criterion; however, in many cases, nanocrystalline precipitates
were only observed from a limited range of chemical conditions.
Individual optimization experiments were setup following protein and cocktail combinations that are described in Sec. III and were conducted in high-throughput, using automated
liquid-handling systems following a modified version of a previously published protocol.20 A
simple batch protocol was used for optimization by varying the drop volume ratio (DVR) of
the cocktail and protein solutions.20,21 The volume of the protein and cocktail solutions is
varied incrementally for 16 experiments. Figure 2 graphically displays the percentage of protein
and cocktail used for each experiment, along with the 4  4 experiment array used for the
TABLE I. Subset of 14 samples used for optimization studies of initial crystallization “hits.”
Protein code

MW (kDa)

Concentrations (mg/ml)

Visible crystals in screen
A

10.1

9.5

B
C

13.7
18.7

10.1
9.0

D

29.1

7.7

E
F

10.2
9.9

6.8
8.0

G

24.5

7.2

H
I

12.5
17.0

13.4
10.8

J

15.0

4.4

K

15.9

6.0

L

48.9

40.0

M
N

40.2
30.6

11.4
10.4

No visible crystals in screen
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FIG. 2. The drop volume ratio optimization experiments. A stacked bar graph displaying the percentage of protein and
cocktail solutions in each of the 16 experiment drops. The inset shows the experiment drop array as it is displayed in figures
showing the optimization results.

images presented later in Sec. III. Each set of 16 DVR experiments requires 5 ll of protein solution as tabulated in Table II. The cocktail solutions are used at their original concentrations.
Two series of DVR experiments were setup, one with the protein at its initial concentration,
used during the 1536 screening experiments, and the other at 1=2 of the initial concentration by
diluting the protein stock solution with an equal volume of sample buffer 100 mM sodium chloride, 5 mM Dithiothreitol (DTT), 0.02% (w/v) sodium azide, 10 mM Tris-HCl, pH 7.5 for A-K,
M-N. For protein L, the sample buffer was 100 mM sodium chloride, 20 mM Tris, pH 7.4. All
of the DVR experiments had a fixed final volume of 600 nl (protein plus cocktail solution) and
all were incubated and imaged at 22  C.
TABLE II. The volumes of protein and cocktail solutions used to setup the DVR optimization experiments for conditions
that produced nanocrystals from the initial crystallization screen. Note that 5 ll of protein is used for one set of 16
experiments.
Ratio

Protein volume (nl)

Cocktail volume (nl)

1

450

150

2

420

180

3
4

390
375

210
225

5

360

240

6
7

345
330

255
270

8

315

285

9
10

300
285

300
315

11

270

330

12
13

255
240

345
360

14

210

390

15
16

180
150

420
450

4875

4725

TOTAL
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The DVR optimization experiments were imaged weekly for six weeks using the
Formulatrix Rock Imager 1000 with SONICC at 22  C, to record Visible, SHG, and UV-TPEF
data. Image data were reviewed weekly. All of the images and data reported in this manuscript
are based on the four week results.
III. RESULTS
A. SHG and UV-TPEF imaging of large-scale crystallization screening experiments

Figure 3 shows an example of visible, SHG, and UV-TPEF fluorescence images from a
result that, from the visible image alone, would likely have been disregarded for subsequent
optimization. The theoretical crystal size detection limit for SHG is reported to be 90 nm.22 For
the set of 39 proteins that produced visible microcrystals from the crystallization screening 18
of these 39 proteins also produced nanocrystals that were verified by SHG and UV-TPEF from
other cocktails in the screen.
For the 21 samples that did not produce microcrystals, which could be detected in the
visible images, we identified only one case, sample N, where protein nanocrystals were verified
by SHG and UV-TPEF. Sample L was a colored solution that, based on the preponderance of
SHG signal from nearly all of the experiments, was likely a false-positive SHG signal.
B. Optimization

For the subset of 14 samples that underwent optimization trials all 11 of the proteins that
produced visible microcrystals from the initial crystallization screen also produced visible

FIG. 3. Examples of precipitates and large crystals verified as protein crystals with Visible, SHG, and UV-TPEF imaging.
(a) An enlarged inset showing the visible image of D.2 at four weeks, (b) SHG signal from the experiment shows it is crystalline, and (c) UV-TPEF image shows that it is protein. Far right column shows an example of large crystals of Protein A,
produced directly from the initial screen (cocktail 40% (w/v) PEG 1000, 0.1 M ammonium phosphate monobasic, 0.1 M sodium HEPES, pH 7.5) with visible, SHG, and UV-TPEF images.
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TABLE III. Cocktails used for optimization experiments for each of the 14 proteins, with an accompanying DVR (optimization) experiment code, a column to indicate the presence or absence of SHG signal from the precipitates selected from
the initial crystallization screening experiments, and a column showing which optimization experiments produced crystals
identifiable by visual microscopy.
Samples with microcrystals identified in other conditions
DVR

SHG

Initial crystallization conditions optimized

Microcrystals

1

40% (w/v) PEG 8000, 0.1 M potassium thiocyanate; 0.1 M sodium acetate,
pH 5.0

þ
þ

Protein A
A.1
A.2

1

40% (w/v) PEG 8000, 0.1 M sodium nitrate; 0.1 M sodium citrate, pH 4.2

A.3

1

HRa PEGRx HT (C4); 25% (w/v) PEG 3350, 0.1 M citric acid, pH 3.5

þ

A.4

1

HR PEGRx HT (F4); 20% (w/v) PEG 1500, 4% (v/v) MPD, 0.1 M citric
acid, pH 3.5

þ

A.5

1

HR PEGRx HT (G12); 22% (w/v) PEG 6000, 10% (v/v) 2-propanol, 0.1 M
sodium acetate trihydrate, pH 4.0

þ

Total success rate

100%

Protein B
B.1

1

HR Ionic Liquid (11); 27% (w/v) PEG 3350, 5% (w/v) 1-butyl-3-methylimidazolium dicyanamide, 0.09 M MES, pH 5.8

þ

B.2

1

24% (w/v) PEG 20 000, 0.1 M potassium thiocyanate, 0.1 M sodium
acetate, pH 5.0

þ

B.3

1

20% (w/v) PEG 8000, 0.1 M ammonium thiocyanate, 0.1 M sodium
acetate, pH 5.0

þ

B.4
B.5

1
1

40% (w/v) PEG 8000, 0.1 M ammonium thiocyanate, 0.1 M MES, pH 6.0
40% (w/v) PEG 4000, 0.1 M ammonium thiocyanate, 0.1 M MES, pH 6.0

þ
þ

Total success rate

100%

Protein C
C.1

1

HR Grid Screen AS (D6); 3.0 M AS, 0.1 M bicine, pH 9.0

þ

C.2

1

40% (w/v) PEG 8000, 0.1 M AS, 0.1 M TAPS, pH 9.0

þ

C.3

1

40% (w/v) PEG 8000, 0.1 M lithium sulfate monohydrate, 0.1 M Bis-tris
propane, pH 7.0

þ

C.4
C.5

1
1

40% (w/v) PEG 1000, 0.1 M sodium chloride, 0.1 M Tris, pH 8.0
HR SaltRx HT (E10); 1.8 M sodium phosphate monobasic monohydrate,
potassium phosphate dibasic, pH 8.2

þ
þ

Total success rate
Protein D
D.1

1

D.2

1

D.3
D.4
D.5

100%

20% (w/v) PEG 8000, 0.1 M ammonium phosphate-dibasic, 0.1 M sodium
acetate, pH 5.0
20% (w/v) PEG 4000, 0.1 M lithium sulfate monohydrate, 0.1 M sodium
acetate, pH 5.0



1

20% (w/v) PEG 400, 0.1 M magnesium sulfate heptahydrate, 0.1 M sodium acetate, pH 5.0

þ

1
1

HR PEG/ion HT (E12); 20% (w/v) PEG 3350, 8% (v/v) tacsimate, pH 5.0
HR crystal screen HT (E2); 0.5 M sodium chloride, 0.01 M magnesium
chloride hexahydrate, 0.01 M hexadecyltrimethylammonium bromide

þ
-

Total success rate
Protein E
E.1

1

E.2

1

E.3

1

þ

60%

80% (v/v) PEG 400, 0.1 M ammonium bromide, 0.1 M Bis-tris propane,
pH 7.0
80% (v/v) PEG 400, 0.1 M ammonium chloride, 0.1 M tris, pH 8.0

þ

80% (v/v) PEG 400, 0.1 M magnesium acetate tetrahydrate, 0.1 M Bis-tris
propane, pH 7.0

þ

þ
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TABLE III. (Continued.)
Samples with microcrystals identified in other conditions
DVR

SHG

Initial crystallization conditions optimized

Microcrystals

E.4

1

80% (v/v) PEG 400, 0.1 M magnesium chloride hexahydrate, 0.1 M
Bis-tris propane, pH 7.0

þ

E.5

1

80% (v/v) PEG 400, 0.1 M potassium nitrate, 0.1 M Bis-tris propane, pH
7.0

þ

E.6

2

þ

E.7

2

E.8

1

HR Ionic Liquid 18; 27% (w/v) PEG 3350, 5% (w/v) 1-butyl-2,3-dimethylimidazolium tetrafluoroborate, 0.09 M MES, pH 5.8
40% (v/v) PEG 8000, 0.1 M potassium acetate, 0.1 M sodium acetate,
pH 5.0
40% (v/v) PEG 400, 0.1 M magnesium nitrate hexahydrate, 0.1 M HEPES,
pH 7.5

Total success rate

þ
þ
100%

Protein F
F.1

1

F.2

1

F.3

1

F.4

1

F.5

1

20% (w/v) PEG 1000, 0.1 M lithium sulfate monohydrate, 0.1 M MES,
pH 6.0



F.6

1



F.7

1

F.8

1

40% (w/v) PEG 1000, 0.1 M ammonium phosphate monbasic, 0.1 M
sodium citrate, pH 4.2
40% (v/v) PEG 400, 0.1 M sodium phosphatemonobasic, 0.1 M MES,
pH 6.0
HR PEGRx HT (C11); 20% (w/v) PEG 5000 MME, 0.1 M Bis-tris, pH 6.5

HR Slice pH (A12); 15% (w/v) PEG 3350, 0.5 M sodium acetate
trihydrate, pH 4.6
HR Ionic Liquid (1); 27% (w/v) PEG 3350, 5% (w/v) tetraethylammonium
bromide, 0.09 M MES, pH 5.8
HR crystal screen cryo (30); 25.5% (w/v) PEG 8000, 15% (v/v) glycerol,
0.17 M AS
12% (w/v) PEG 20 000, 0.1 M potassium nitrate, 0.1 M MES, pH 6.0

Total success rate

þ





þ
25%

Protein G
G.1
G.2

1
1

HR Grid Screen AS (A1); 0.8 M AS, 0.1 M citric acid, pH 4.0
HR Grid Screen AS (B5); 1.6 M AS, 0.1 M Tris, pH 8.0

þ
þ

G.3

1

HR crystal screen cryo (6); 24% (w/v) PEG 4000, 20% (v/v) glycerol,
0.16 M magnesium chloride hexahydrate, 0.08 M Tris hydrochloride,
pH 8.5

þ

G.4

1

24% (w/v) PEG 20 000, 0.1 M potassium chloride, 0.1 M sodium citrate,
pH 4.2

þ

G.5

1

20% (w/v) PEG 4000, 0.1 M potassium phosphate-monobasic, 0.1 M
sodium citrate, pH 4.2

þ

G.6
G.7

1
1


þ

G.8

1

20% (w/v) PEG 4000, 0.1 M potassium thiocyanate, 0.1 M TAPS, pH 9.0
HR crystal screen cryo (20);20% (w/v) PEG 4000, 20% (v/v) glycerol,
0.16 M AS, 0.08 M sodium acetate trihydrate, pH 4.6
HR PEGRx HT (C7); 10% (w/v) PEG 4000, 0.1 M sodium acetate
trihydrate, pH 4.0

Total success rate

þ
87%

Protein H
H.1

1

HR Slice pH (C8); 15% (w/v) PEG 3350, 0.5 M MES, pH 6.2

þ

H.2

1

HR Ionic Liquid (11); 27% (w/v) PEG 3350, 5% (w/v) 1-butyl-3-methylimidazolium dicyanamide, 0.09 M HEPES, pH 6.8

þ

H.3

1

24% (w/v) PEG 20 000, 0.1 M potassium thiocyanate, 0.1 M MES, pH 6.0

þ

H.4
H.5

1
1

20% (w/v) PEG 8000, 0.1 M rubidium chloride, 0.1 M MES, pH 6.0
20% (w/v) PEG 4000, 0.1 M sodium nitrate, 0.1 M MES, pH 6.0


þ
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TABLE III. (Continued.)
Samples with microcrystals identified in other conditions
DVR

SHG

Initial crystallization conditions optimized

Microcrystals

H.6

1

40% (w/v) PEG 4000, 0.1 M calcium chloride dihydrate, 0.1 M Bis-tris
propane, pH 7.0



H.7

1

HR crystal screen HT (B6); 20% (w/v) PEG 8000, 0.2 M magnesium
acetate tetrahydrate, 0.1 M sodium cacodylate trihydate, pH 6.5

þ

H.8

1

HR crystal screen HT (C4); 30% (w/v) PEG 8000, 0.2 M sodium acetate
trihydrate, 0.1 M sodium cocodylate trihydrate, pH 6.5



Total success rate

71%

Protein I
I.1

1

40% (w/v) PEG 8000, 0.1 M sodium chloride, 0.1 M TAPS, pH 9.0

þ

I.2

1

40% (w/v) PEG 8000, 0.1 M sodium thiosulfate pentahydrate, 0.1 M
CAPS, pH 10.0

-

I.3

1

40% (w/v) PEG 8000, 0.1 M sodium thiosulfate pentahydrate, 0.1 M
TAPS, pH 9.0

þ

I.4

1

40% (w/v) PEG 4000, 0.1 M magnesium chloride hexahydrate, 0.1 M
HEPES, pH 7.5

þ

I.5

1

20% (w/v) PEG 1000, 0.1 M magnesium chloride hexahydrate, 0.1 M Tris,
pH 8.0

þ

I.6

1

40% (w/v) PEG 1000, 0.1 M potassium bromide, 0.1 M Tris, pH 8.0

þ

I.7

1

80% (w/v) PEG 400, 0.1 M ammonium bromide, 0.1 M Bis-tris propane,
pH 7.0

þ

I.8

1

HR PEG/Ion HT (A5); 20% (w/v) PEG 3350, 0.2 M magnesium chloride
hexahydrate, pH 5.9

þ

Total success rate

87%

Protein J
J.1

1

HR Ionic Liquid (3); 27% (w/v) PEG 3350, 5% (w/v) 2hydroxyethylammonium formate, 0.09 M MES, pH 5.8



J.2

1

HR Ionic Liquid (12); 27% (w/v) PEG 3350, 5% (w/v) 1,3-dimethylimidazolium dimethyl phosphate, 0.09 M MES, pH 5.8



J.3

1

40% (w/v) PEG 8000, 0.1 M ammonium phosphate monobasic, 0.1 M
MES, pH 6.0



J.4

1

20% (w/v) PEG 4000, 0.1 M potassium acetate, 0.1 M MES, pH 6.0



J.5
J.6

1
1

þ


J.7

1

J.8

1

20% (w/v) PEG 1000, 0.1 M rubidium chloride, 0.1 M MES, pH 6.0
HR PEGRx HT (B11); 20% (w/v) PEG 2000 MME, 0.1 M MES
monohydrate, pH 6.0
HR Index HT (F10); 25% (w/v) PEG 3350, 0.20 M sodium chloride, 0.1 M
Bis-tris, pH 5.5
HR Index HT (G6); 25% (w/v) PEG 3350, 0.20 M ammonium acetate,
0.1 M Bis-tris, pH 5.5

Total success rate
Protein K
K.1

1

K.2

1

K.3

1

þ

25%

HR Ionic Liquid (23); 27% (w/v) PEG 3350, 5% (w/v) triisobutylmethylphosphonium tosylate, 0.09 M Bis-tris Propane, pH 8.8
HR Grid Screen AS (D5); 3.0 M AS, 0.1 M Tris, pH 8.0
40% (w/v) PEG 8000, 0.1 M calcium chloride dihydrate, 0.1 M MES, pH
6.0

þ

þ

K.4

1

40% (w/v) PEG 8000, 0.1 M potassium bromide, 0.1 M Tris, pH 8.0



K.5

1

20% (w/v) PEG 4000, 0.1 M manganese chloride tetrahydrate, 0.1 M
Bis-tris propane, pH 7.0



K.6

1

20% (w/v) PEG 4000, 0.1 M manganese chloride tetrahydrate, 0.1 M
MES, pH 6.0

þ
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TABLE III. (Continued.)
Samples with microcrystals identified in other conditions
DVR

SHG

Initial crystallization conditions optimized

Microcrystals

K.7

1

20% (w/v) PEG 4000, 0.1 M potassium chloride, 0.1 M CAPS, pH 10.0



K.8

1

40% (w/v) PEG 1000, 0.1 M manganese sulfate monohydrate, 0.1 M MES,
pH 6.0

þ

Total success rate

50%

Samples with no microcrystals identified in other conditions
DVR

SHG

Initial crystallization conditions optimized

Microcrystals

L.1

1

HR Ionic Liquid (15); 27% (w/v) PEG 3350, 5% (w/v) 1-n-BUTYL-3methylimidazolium n-octylsulfate, 0.09 M Bis-tris propane, pH 8.8



L.2
L.3

1
1




L.4

1

L.5

1

20% (w/v) PEG 8000, 0.1 M sodium nitrate, 0.1 M sodium citrate, pH 4.2
40% (w/v) PEG 8000, 0.1 M lithium chloride, 0.1 M sodium acetate, pH
5.0
40% (w/v) PEG 8000, 0.1 M potassium phosphate monobasic, 0.1 M
CAPS, pH 10.0
40% (w/v) PEG 8000, 0.1 M sodium phosphate monobasic, 0.1 M Tris, pH
8.0

Protein L

Total success rate



0%

Protein M
M.1

2

HR Grid Screen AS (C3); 2.4 m AS, 0.1 M MES monohydrate, pH 6.0

M.2

2

40w/v) PEG 4000, 0.1 M sodium nitrate, 0.1 M sodium acetate, pH 5.0



M.3
M.4

2
2




M.5

2

40% (v/v) PEG 400, 0.1 M potassium nitrate, 0.1 M HEPES, pH 7.5
HR crystal screen cryo (38); 10% (v/v) glycerol, 1.26 M sodium citrate tribasic dihydrate, 0.09 M HEPES-Na, pH 7.5
HR Index HT (B8); 1.4 M sodium citrate tribasic dihydrate, 0.1 M HEPES,
pH 7.5

Total success rate




0%

Protein N
N.1

1

HR Grid Screen AS (D3); 3.0 M AS, 0.1 M MES monohydrate, pH 6.0



N.2

1

12% (w/v) PEG 20 000, 0.1 M lithium chloride, 0.1 M TAPS, pH 9.0



N.3

1

20% (w/v) PEG 8000, 0.1 M ammonium phosphate dibasic, 0.1 M TAPS,
pH 9.0



N.4
N.5

1
1

20% (w/v) PEG 8000, 0.1 M lithium bromide, 0.1 M HEPES, pH 7.5
20% (w/v) PEG 8000, 0.1 M potassium phosphate dibasic, 0.1 M HEPES,
pH 7.5




N.6

1

(1:1) HR Silver Bullet Bio (D12) 0.16% (w/v) L-Homoserine, 0.16% (w/v)
4-hydroxy-L-proline, 0.16% (w/v) argininosuccinic acid disodium salt
hydrate, 0.16% (w/v) cytidine, 0.16% (w/v) inosine, 0.16% (w/v) guanine,
0.02 M HEPES sodium pH 6.8 þ crystallization reagent (D12) 25% (w/v)
PEG3350, 0.1 M HEPES, pH 6.8



N.7

1

HR PEG/Ion HT (A2); 20% (w/v) PEG 3350, 0.2 M potassium fluoride,
pH 7.3



Total success rate

0%

a
HR notates screens from Hampton Research; Hampton Research screens were used as purchased with the exception of the
Ionic Liquids and Slice pH screens which were modified for in-house batch crystallization. The Ionic Liquids screen was
modified with the addition of 0.09 M buffer and 27% (w/v) PEG 3350 buffer. The Slice pH screen was modified with the
dilution of the buffer from its initial 1.0 M to 0.5 M concentration to accommodate the addition of 15% (w/v) PEG 3350 to
promote supersaturation in the batch experiments. MPD ¼ (þ/)-2-Methyl-2,4-pentanediol; AS ¼ Ammonium sulfate.
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crystals following DVR optimization of nanocrystals from the initial screen. The success of the
DVR experiments is scored on a per cocktail basis. If visible crystals were observed following
DVR optimization, then the optimization experiments for that cocktail were considered a success. The total number of cocktails used for DVR optimization, each at 16 drop volume ratios
and at both full and 1=2 protein concentrations, is shown in Table II. It must be noted that many
of these cocktails were chemically similar, which could account for some, but not all of the
high success rates. The screening outcomes at four weeks (Visible and SHG) and the highest
visual quality crystal produced following DVR is shown for each of the 11 proteins in Figure
4. For three samples L, M, and N, where visible crystals were not identified during initial
screening, there were no visible crystals produced following DVR optimization. This includes
sample N, which produced outcomes validated as nanocrystals from initial screening with SHG
and UV-TPEF signals.
While chemical diversity was an aim in choosing initial crystallization conditions for optimization, the diversity achieved varied. As an example of where diversity was not achieved,

FIG. 4. A display of the 11 proteins (A–K) that produced visible crystals using DVR optimization, showing in each of the
two columns the initial nanocrystals, Visible (left), and SHG (center) and the highest visual quality crystals (right) that
were produced. The cocktail associated with these outcomes is indicated by a number (1–8) following the protein code; the
corresponding cocktail’s chemical information is located in Table III. The protein concentration used to produce the optimized crystal is indicated by P/1 for proteins at identical concentrations to the screening experiments, and P/2 for proteins
at one half the concentrations used for screening by dilution of the protein solution with an equal volume of sample buffer.
The volume ratio that produced the optimized crystal is indicated by R1–R16 and corresponds to the data found in Figure 2
and Table II. All of the initial precipitates had positive SHG signal (indicated by white signal) with the exceptions of
experiment E.6 and E.7, where SHG signal was not observed from the precipitate. The well-diameter is 0.9 mm for all of
these images.
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the cocktails selected for Protein B are all PEG-based, which have small range of pH values
5.0–6.0 and four out of the five cocktails contain a thiocyanate salt.
A full-series of DVR experiments, at two protein concentrations, is shown for protein sample A in Figure 5. At 9.5 mg/ml, the DVR outcomes, although many appear to be precipitate
visually, are verified as protein (positive UV-TPEF signal) and crystals (positive SHG signal).
A visible crystal is observed at ratio 14 (210 nl protein to 390 nl cocktail), note that unlike the
nanocrystals, while this larger crystal has a UV-TPEF signal, verifying that it is protein, it does
not have an SHG signal. At 4.8 mg/ml, the DVR experiments produced large crystals easily discerned from visible images. The UV-TPEF verifies these outcomes to be protein. None of these
larger crystals provides an SHG signal. The crystal outcomes vary considerably in their size
and frequency. These trends generally correlate or incrementally change with the drop volume
ratio. Oftentimes, there is a noticeable difference in crystal frequency and size when comparing
the full and 1=2 concentrated series of DVR experiments. Higher protein concentrations would

FIG. 5. The full set of DVR experiments for Protein A, Visible, UV-TPEF, and SHG at four weeks. Refer to Figure 2 to
review the drop volumes used to make up the 4  4 experimental arrays. Note there are two sets of DVR experiments, column [Protein]/1 ¼ 9.5 mg/ml protein concentration and column [Protein]/2 ¼ 4.8 mg/ml. For each of the two sets of DVR
experiments, an array of visible, UV-TPEF, and SHG imaging data are displayed. Note that ratio 14 of [Protein]/1 lacks an
SHG signal, similar to the outcomes of the DVR experiments setup with [Protein]/2.
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generally, but not always, correlate with higher levels of supersaturation and the subsequent
production of a greater number of smaller crystals.
Figure 5 illustrates that SHG characterization can fail to detect crystals. While the majority
of crystals provide SHG signal the SHG signal strength is, among other factors, dependent
upon the symmetry and orientation of the crystal.22 If we look more closely at Figure 5, it is
interesting to note a change from SHG positive (left bottom of Figure 5), possibly lower symmetry crystals produced at higher protein concentrations, to SHG negative (right bottom of
Figure 5), potentially higher symmetry crystals produced at lower protein concentrations. The
crystal morphology that lacks SHG signal is present for the entire set of 16 DVR experiments
setup using an initial protein concentration of 4.8 mg/ml. This crystal morphology and subsequent lack of SHG signal was observed for one of the DVR experiments setup using the
9.5 mg/ml solution of protein sample A (Ratio 14, 35% protein, 65% cocktail), which corresponds to a protein concentration of 3.3 mg/ml. This value falls within the range of the DVR
experiments setup using the 4.8 mg/ml protein solution that produced crystals, possibly of
higher symmetry, that lacked SHG signal.
IV. DISCUSSIONS

Returning to our original questions, i.e., how do we identify nanocrystals as they grow?,
how often do they occur compared to larger samples more suitable for today’s synchrotron?,
and how do we produce nanocrystals?, this study has provided some answers for soluble
proteins. We have not studied nanocrystals as they grow; details of the various techniques to
follow this are presented elsewhere.5 However, we have determined how often they occur compared to microcrystals. For the crystallization and imaging study, we observe that for the 60
samples (representing structurally uncharacterized soluble macromolecules of biological interest) out of the 39 that produced microcrystals, 18 also produced nanocrystals from the 1536
condition screen. Only one sample, protein N, did not produce visible microcrystals from the
screen, but did provide SHG and UV-TPEF signals to support the presence of nanocrystals.
For this sample set, only a small percentage of cases (<2%) failed to produce microcrystals if
nanocrystals were detected.
As noted above, UV-TPEF and SHG characterization are not perfect. The loss of SHG signal for the protein in Figure 5 when grown at a lower concentration is consistent with published
data for chicken egg-white lysozyme, where the crystal morphology was demonstrated to vary
with protein concentration.23 In the lysozyme study, holding all other variables constant, X-ray
diffraction data verified that higher symmetry tetragonal crystals were grown from lower protein
concentrations (100 mg/ml), while lower symmetry orthorhombic crystals were grown from
higher protein concentrations (150 mg/ml). In our case, because we are analyzing visual data
from samples sent by another laboratory, we do not have X-ray data available to confirm the
relationship between crystal symmetry and the presence of SHG signal.
Chemical diversity was used as a goal in the selection of cocktails for optimization through
DVR. In some cases this was not possible; precipitates with a positive SHG and UV-TPEF
signature were sometimes only produced from cocktails that were chemically similar. This
could be an indication that the required chemical conditions for the production of these nanocrystals fell within a chemically restricted region. Chemical similarity among sets of cocktails
used for DVR optimization of each protein means that the success rate of the optimization from
nanocrystals to microcrystals should not be used as a quantitative metric but rather seen as a
qualitative result that it is possible to scale up from an initial nanocrystal. The vast majority of
the cocktails in the 1536 screen contain PEG, salt and a buffer. It is therefore not surprising
that these chemical components are found in the subsets of cocktails selected for DVR optimization for the individual proteins.
The chemical effects of changing the sample to cocktail drop volume ratios are chemically
complex, multi-dimensional, and although related, do not map directly to a trajectory that
describes the supersolubility of the protein on a simple two-dimensional phase diagram, Figure
6. For example, the co-dilution of all of the solutes from the protein and cocktail solutions will
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FIG. 6. Correlating DVR outcomes with a phase diagram. We can approximate the location of DVR outcomes to their location on a phase diagram to help guide interpretation of results. The top figure is a simple phase diagram showing the protein
solubility as a function of protein concentration and solution chemistry. Nucleation is a stochastic process with a probability
of occurrence that relates to the level of supersaturation. The regions in the diagram are (a) undersaturated, (b) saturated,
(c) metastable (crystal growth occurs, nucleation is thermodynamically, but not kinetically probable), (d) labile (spontaneous homogeneous nucleation is thermodynamically and kinetically probable), and (e) precipitation (disordered aggregation). Nucleation and crystal growth decrease the concentration of protein in solution. When the concentration of protein is
sufficiently decreased, the solution will reach a state where additional crystal nuclei will not form. Based upon the number
and size of the crystals produced, we can infer the location of an experiment on a phase diagram. A few large crystals are
more likely to occur in the labile region closer to the metastable; many small crystals are more likely to occur in the labile
regions closer to the precipitation region. By applying this knowledge, we can relate the outcomes of DVR experiments,
shown as the series of 16 points in the bottom figure, to a phase diagram to provide a rational framework to guide followup experiments.

lead to difficult to calculate changes in the solution pH. Very small changes in solution pH, on
the order of hundredths of a pH unit, can effect crystallization.24 Similarly collective,
concentration-based variations in the solutes are readily calculated, but the effects of individual
chemical components on the solubility of the protein can be difficult to delineate. That stated
the phase diagram can still be used as a means to understand and correlate the experimental
outcomes to a first approximation. Trends in protein solubility can be mapped to the phase diagram based on particular outcomes.25 Clear drops are undersaturated, saturated, or metastable.
Larger crystals will nucleate in the labile zone in a location closer to the metastable zone,
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where additional spontaneous, homogeneous nucleation events cannot occur. Nanocrystals will
form in the labile zone nearer to the precipitation zone, at high levels of supersaturation, where
many additional nucleation events can take place prior to the solution becoming sufficiently
depleted of protein that the level of supersaturation reaches a state, where no additional nucleation takes place. The use of detection methods that can identify nanocrystals in drops appearing
visually to be either clear or precipitated enables a more detailed empirical determination of the
phase diagram for a protein, and can be used to more precisely guide further optimization,
including production of microcrystals or nanocrystals. If we know where we are in the phase
diagram, and can reproduce those conditions using simple drop volume ratio methods, then we
can target regions of higher or lower supersaturation to obtain the desired outcomes.
Phase diagram approaches to understanding crystallization and their use in transitioning
from nanocrystals to microcrystals and vice versa require an accurate assessment of experimental outcome.25 The use of SHG and UV-TPEF signalling combined with visible imaging
provides an objective resolution to the problem of positive identification of macromolecular
microcrystalline material. We can verify a precipitate is crystalline using SHG and verify that it
is a macromolecule if UV-TPEF signal is present. This is an important development taking one
aspect of crystallization that has long been considered an art, interpretation of precipitates, to a
science. An example of this are experiments E.6 and E.7, where although the precipitates
lacked SHG signal, they were considered similar in appearance to precipitates that had provided
SHG signal and because of this visual similarity were selected for DVR optimization. The crystals produced from the optimization experiments lend credence to the concept of using SHG as
a training tool to identify precipitates that are promising for optimization.
Our results suggest that at least for soluble proteins, within the set studied, there are few if
any cases where an experiment is limited by crystal volume. Utilizing an XFEL, it is now possible to determine a crystal structure, such as that reported for Photosystem I, using crystals
that range in size from 200 nm to 2 lm.1 Even if crystal can be grown larger, there are additional advantages of data collection using nanocrystals. For example, time-resolved studies need
the majority of the macromolecules in the crystal to have undergone the same reaction.
Whether triggered by light, chemical reaction, or other means, the propagation time for any
activation will be less in a smaller crystal. Similarly, as size increases, the chance for static
disorder also increases. There may be cases where good data are only available from perfect
domains of small crystals. Nanocrystals are small and therefore less material makes up each
crystal. In the future this may become another advantage of XFEL sources, though with current
technology the quantity of crystals required is large. Resources for nanocrystallography remain
scarce and are highly utilized. Using the combination of SHG and UV-TPEF to detect nanocrystals, and the optimization protocols described to identify chemical conditions that produce
suitably diffracting crystals for standard single crystal X-ray diffraction methods, we may be
able to alleviate some of the burden on the XFEL and make the most effective use of this
resource for those experiments that require nanocrystals.
Other approaches can be used to achieve nanocrystal formation when microcrystals are
identified by targeting nucleation and growth rate. Classically, nucleation rates can be increased
by adjusting the temperature to increase the level of supersaturation (effectively part of the
DVR strategy), growth rate can be slowed by adjusting the temperature to decrease the level of
supersaturation. The DVR approach is a simple first-stage optimization that makes use of the
existing sample and crystallization cocktail. Building on this through refinement and the introduction of additional variables known to impact crystallization would undoubtedly lead to
improved results.
SHG and UV-TPEF have been used to identify conditions where nanocrystals are produced.
Both SHG and UV-TPEF imaging are now routine in the HTSlab crystallization pipeline and
over 800  1536 well experiment plates (one protein per plate), of both soluble and membrane
protein crystallization assays, have been imaged using the Formulatrix Rock Imager 1000.
Technical and software modifications were developed with Formulatrix for the system to reach
a sustained throughput of 5  1536 well plates/24 h, and we anticipate that this data will help
to reveal the true prevalence of nanocrystals in the absence of microcrystals and the required
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need (or not) for XFEL capability in regular structural studies of nanocrystals (assuming
diffraction quality is maintained irrespective of volume considerations). The majority of this experimental data is distributed to external investigators using the HTSlab and not reviewed inhouse. However, over time this data will become available through current investigators and
future investigators making use of our academic crystallization screening service.
V. CONCLUSION

Nanocrystallography, enabled by XFELs, has the potential to open up crystallographic studies to samples that were previously recalcitrant. However, we note that for this study the frequency that a nanocrystal is obtained when a microcrystal cannot be obtained is very low
(<2%) for the soluble proteins used in this study. This suggests a more nuanced role for XFEL
applications to those studies in the small number of cases where larger crystals are unavailable
or those where there is an experimental requirement for a nanocrystals. The optimization process described a simple screening of sample and crystallization cocktail ratio, is effective, but
was not successful in all cases. Based upon this study it is possible, in the majority of cases, to
go from nanocrystal to microcrystal and vice versa using these techniques.
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