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and Crystallization

Tatsuro Shimamura

Abstract

The three-dimensional structures of proteins provide important information for elucidation of the mechan-
isms and functions of the proteins. However, membrane proteins are difficult to crystallize and available
structural information on membrane proteins is very limited. The difficulty is mainly due to the hydropho-
bic nature and the instability of membrane proteins, which increase some parameters in their purification
and crystallization procedures. Recently, some new techniques such as the antibody technique and the
lipidic cubic phase crystallization technique were applied to the production of high-quality crystals of
membrane proteins. In this chapter, the protocols for the purification of the membrane protein and the
lipidic cubic phase crystallization technique are described.
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1 Introduction

Approximately 30 % of proteins encoded in the human genome are
membrane proteins [1, 2]. They are involved in a variety of essential
biological functions such as signal transduction, solute transport,
and energy conversion. Despite their essential roles, membrane
proteins are known to be difficult to crystallize compared with
soluble proteins. Actually, of nearly 120,000 entries in the Protein
Data Bank (PDB) [3], only around 610 structures are of unique
integral membrane proteins [4]. The difficulty is mainly due to the
hydrophobic nature and the instability of membrane proteins,
which increase some parameters in the purification and crystalliza-
tion procedures of membrane proteins [5, 6].

Membrane proteins are embedded within the lipid bilayer and
very insoluble. The first step of the purification process is thus to
solubilize the membrane protein from the membrane using deter-
gent. Detergent molecules are amphiphilic with a polar head and a
hydrophobic tail. At lower concentrations, the detergent molecules
exist as monomers in aqueous solution. At the critical micelle
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concentration (CMC), the detergent molecules begin to self-
associate and form micelles [7]. When added to the membrane,
the detergent molecules disrupt the membrane structure and cover
the hydrophobic surface of the membrane protein, generating
water-soluble protein-detergent micelles (Fig. 1). Nonionic sugar
detergents such as maltosides and glucosides are most often used
for membrane protein purification and crystallization (Table 1).
The recently developed maltose neopentyl glycol (MNG) amphi-
philes have shown effectively to stabilize several membrane proteins
compared with conventional detergents, leading to successful crys-
tallization [8–11]. Using these mild detergents, the membrane
proteins are extracted from the membrane in their native confor-
mation. Generally the concentration of the detergent required for
the solubilization of membrane proteins is much higher than the
CMC. For example, n-dodecyl-β-D-maltoside (DDM), one of the
most popular sugar detergents whose CMC is ~0.0087 % (Table 1)
in water, is used for solubilization at a concentration of 0.5–1 %.
The concentration of the detergent can be decreased to two to
three times higher than the CMC at later steps in the purification
procedure. The detergent used for solubilization does not need to
be the same as the detergent in the later steps of the purification and
crystallization; it can be exchanged for another detergent during
purification.

Except for solubilization, the purification procedures for mem-
brane proteins are essentially the same as those for soluble proteins.
Immobilized metal affinity chromatography (IMAC) is an efficient
and high-speed method for the purification of membrane proteins
[12, 13]. Cleavage of the affinity tag from the protein increases the
likelihood of crystallization. The presence of detergent molecules
may decrease the efficiency of proteolysis by blocking the access of
the protease to the cleavage site or by inhibiting the protease

micelle

membrane protein

detergent

lipid

Fig. 1 Solubilization of membrane proteins
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Table 1
Common detergents

Mr CMCa

Nonionic

Glucosides or maltosides

n-Octyl-β-D-glucoside 292.4 18–20 mM (0.53 %)

n-Nonyl-β-D-glucoside 306.4 6.5 mM (0.20 %)

n-Decyl-β-D-glucoside 320.4 2.2 mM (0.0070 %)

n-Nonyl-β-D-maltoside 468.5 6 mM (0.28 %)

n-Decyl-β-D-maltoside 482.6 1.8 mM (0.087 %)

n-Undecyl-β-D-maltoside 496.6 0.59 mM (0.029 %)

n-Dodecyl-β-D-maltoside 510.6 0.17 mM (0.0087 %)

n-Tridecyl-β-D-maltoside 524.6 0.033 mM (0.0017 %)

n-Octyl-β-D-thioglucoside 308.4 9.0 mM (0.28 %)

n-Nonyl-β-D-thioglucoside 322.4 2.9 mM (0.093 %)

n-Octyl-β-D-thiomaltoside 470.6 8.5 mM (0.4 %)

n-Nonyl-β-D-thiomaltoside 484.6 3.2 mM (0.15 %)

n-Decyl-β-D-thiomaltoside 498.6 0.9 mM (0.045 %)

n-Undecyl-β-D-thiomaltoside 512.7 0.21 mM (0.011 %)

n-Dodecyl-β-D-thiomaltoside 526.6 0.05 mM (0.0026 %)

CYGLU-4 318.4 1.8 mM (0.058 %)

CYMAL-5 494.5 2.4 mM (0.12 %)

CYMAL-6 508.5 0.56 mM (0.028 %)

CYMAL-7 522.5 0.19 % (0.0099 %)

Octyl glucose neopentyl glycol 569.7 1.02 mM (0.058 %)

Decyl maltose neopentyl glycol 949.1 0.036 mM (0.0034 %)

Lauryl maltose neopentyl glycol 1005.2 0.01 mM (0.001 %)

Polyoxyethylene glycols

C8E4 306.5 8 mM (0.25 %)

C10E5 378.6 0.81 mM (0.031 %)

C10E6 423.0 0.9 mM (0.038 %)

C12E8 538.8 0.09 mM (0.0048 %)

C12E9 583.0 0.05 mM (0.003 %)

Triton X-100 avg. 647 0.23 mM (0.015 %)

(continued)
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activity [14]. These can be sometimes avoided by increasing the
amount of protease, or by changing the location of the tag, or by
inserting few hydrophilic amino acid residues between the protein
and the tag to expose the cleavage site to the protease. Other
chromatographic techniques such as size-exclusion chromatogra-
phy and ion-exchange chromatography are also available. It should
be remembered that the membrane proteins are covered by deter-
gent molecules, which expands the hydrodynamic radius of the
protein. Moreover, the membrane protein-detergent micelles
tend to interact strongly with the chromatography matrix, lowering
the column efficiency. The purity should be as high as possible but
overpurification sometimes loses structural components such as
subunits of membrane protein complexes or lipids [15]. Homoge-
neity of the purified protein can be assessed using size-exclusion
chromatography. Monodispersity is a critical prerequisite for suc-
cessful crystallization.

Once sufficient amounts (at least ~0.5 mg) of the membrane
protein have been obtained with high purity and monodispersity,
one can try to crystallize the protein. Membrane protein three-
dimensional (3D) crystals are classified into two types, type I and
type II (Fig. 2) [5, 6]. Type I crystals are built by stacks of two-
dimensional (2D) crystals. The crystals formed in a lipidic cubic
phase (LCP) belong to type I. Type II crystals are obtained using
the standard crystallization methods routinely applied to soluble
proteins, and most membrane crystals belong to this type. In type
II crystals, only the hydrophilic surfaces of the membrane protein
can be involved in the rigid crystal contacts. Therefore, the mem-
brane proteins with small hydrophilic surfaces are especially difficult
to crystallize. Moreover, the detergent molecules covering the
hydrophobic surfaces need space in the crystal lattice, meaning
that the crystals have a very high solvent content (65–80 %) and
diffract poorly. These issues can be overcome in several ways [5, 6].
Firstly, the shorter alkyl chain detergents generally form smaller
micelles, producing more surface area for the crystal contacts. It is
recommended to solubilize the membrane protein using a longer
chain detergent and exchange it for a shorter chain detergent. This
is because the shorter chain detergent generally has a larger CMC

Table 1
(continued)

Mr CMCa

Zwitterionic detergents

CHAPS 614.9 8 mM (0.49 %)

LDAO 229.4 1–2 mM (0.023 %)

aCMC values were from the Affymetrix Anatrace Products catalog [46]
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and is required at a higher concentration for solubilization,
although the longer chain detergent with very low CMC is difficult
to replace completely with the shorter chain detergent. In the case
of the crystallographic study of Mhp1, a hydantoin transporter,
DDM was used for solubilization and exchanged for n-nonyl-β-
D-maltoside at the Ni-affinity chromatography step by washing
extensively with buffer containing the detergent, which was essen-
tial for the successful crystallization of Mhp1 [16–18]. However, it
should be noted that membrane proteins are less stable when
covered by a shorter chain detergent. The use of the thermostabi-
lized mutant is sometimes effective to overcome the instability as
was shown in the structural study of the turkey β1 adrenergic
receptor [19]. The second way to reduce the micelle size is the
addition of small amphiphilic molecules. For example, the addition
of 5 % 1,2,3-heptanetriol has shown to reduce the number ofN,N-
Dimethyldodecylamine N-oxide (LDAO) associated with the reac-
tion center from Rhodopseudomonas viridis [20]. The third way is
to expand the hydrophilic surface by the specific binding of a
soluble protein. As the soluble protein, antibody (Fv fragment,
Fab fragment, nanobody), DARPin (designed ankyrin repeat pro-
tein) [21] and monobody (fibronectin type III domain) [22] have
been used so far for crystallization. The antibody technique was
first applied to crystallographic studies of cytochrome c oxidase
(Fig. 3a, b) [23–25] and has been successfully used for the structure
determination of several membrane proteins such as the cyto-
chrome bc1 complex [26], the KcsA potassium channel [27],

M embrane protein

Type I

Type II

Hydrophilic surface

Hydrophobic surface

Detergent
or 

Lipid

Fig. 2 Basic types of membrane protein 3D crystals
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and adenosine A2a receptor [28]. In the case of adenosine A2a

receptor, the Fab fragment recognizes the 3D structure of the
receptor and contributes not only to the expansion of the hydro-
philic area but also to the stabilization of the inactive conformation.
Nanobody is a small single chain antibody of a llama and was used
for structure determinations of the active conformation of G
protein-coupled receptors [9, 29, 30].

Crystallization in lipidic mesophase (also known as LCP crys-
tallization or in meso crystallization) has been successfully used to
determine the high-resolution structures of membrane proteins
since it was first applied to the crystallization of bacteriorhodopsin
[31]. The first step of the technique is to reconstitute the purified
membrane protein in the lipid bilayer prepared by mixing aqueous
buffer with lipids such as monoolein under appropriate conditions.
Addition of salts and precipitants may produce tiny crystals in LCP.
The LCP technique has several advantages compared with the
crystallization technique in detergent micelles. First, the membrane
protein is more stable in a more native-like environment [32].
Second, the crystals in LCP belong to type I and crystal contacts
are established by the hydrophobic surface as well as the hydrophilic
surface of the protein, resulting in lower solvent content and higher
crystal quality [33]. However, the LCP technique has some dis-
advantages. The crystals in LCP are generally very tiny and difficult
to detect. Moreover, the curved nature of the lipid membrane and
the specific microstructure sets a limit to the size of membrane
proteins to be crystallized [34]. This obstacle can be overcome by
the use of specific precipitants, such as nonvolatile alcohols, small
PEGs, etc., that swell and transform LCP to a sponge phase
[34–36] or special lipids that enlarge the size of the water channel
in LCP [9].

Fv fragment
a b

Fig. 3 Fv fragment essential for the crystallization of cytochrome c oxidase. (a) Structure of cytochrome c
oxidase-Fv complex. Cytochrome c oxidase is shown in blue and Fv fragment cyan. (b) Crystal packing of
cytochrome c oxidase-Fv complex
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Here, protocols for the membrane protein purification and the
LCP crystallization techniques are presented. These are essentially
the same methods used for the crystallographic study of human
histamine H1 receptor [37, 38]. Other textbooks [5, 6], papers
[39, 40], a web site [41], movies [42, 43], and manufacturer’s
manuals [44–46] also provide very useful information about these
techniques.

2 Materials

1. Glass beads (0.5 mm diameter).

2. n-Dodecyl-β-D-maltoside (DDM).

3. Breaking buffer: 50 mM HEPES pH7.5, 120 mM NaCl, 5 %
glycerol, 2 mM EDTA, and one tablet of protein inhibitor
cocktail/50 ml.

4. Lysis buffer: 10 mM HEPES pH7.5, 10 mM MgCl2, 20 mM
KCl, and one tablet of protein inhibitor cocktail/50 ml.

5. High salt buffer: 10 mM HEPES pH7.5, 10 mM MgCl2,
20 mM KCl, 1 M NaCl, and one tablet of protein inhibitor
cocktail/50 ml.

6. Membrane buffer: 50 mM HEPES pH7.5, 120 mM NaCl,
20 % glycerol, and one tablet of protein inhibitor cocktail/
50 ml.

7. Iodoacetamide.

8. Solubilization buffer: 50 mM HEPES pH7.5, 500 mM NaCl,
20 % glycerol, 1 % DDM, and one tablet of protein inhibitor
cocktail/50 ml.

9. Imidazole.

10. Talon resin.

11. Talon wash buffer 1: 50 mM HEPES pH7.5, 500 mM NaCl,
10 % glycerol, 0.025 % DDM, 20 mM imidazole, 10 mM
MgCl2, 8 mM ATP, and one tablet of protein inhibitor cock-
tail/50 ml.

12. Talon wash buffer 2: 50 mM HEPES pH7.5, 500 mM NaCl,
10 % glycerol, 0.025 % DDM, 20 mM imidazole, and one
tablet of protein inhibitor cocktail/50ml.

13. Talon elution buffer: 50 mM HEPES pH7.5, 500 mM NaCl,
10 % glycerol, 0.025 % DDM, 200 mM imidazole, and one
tablet of protein inhibitor cocktail/50ml.

14. PD10 desalting column.

15. Ni-sepharose resin.
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16. Ni-elute buffer: 20 mM HEPES pH7.5, 500 mM NaCl, 10 %
glycerol, 0.025 % DDM, 400 mM imidazole, and one tablet of
protein inhibitor cocktail/50 ml.

17. Reverse IMAC buffer: 50 mMHEPES pH7.5, 500 mM NaCl,
10 % glycerol, 0.025 % DDM, and one tablet of protein inhibi-
tor cocktail/100 ml.

18. Ni-sepharose high-performance resin.

19. BCA protein assay kit.

20. Monoolein.

21. Crystallization screens.

22. 100 μl Hamilton gas-tight syringe.

23. Coupler.

3 Methods

3.1 Membrane

Preparation from

Pichia pastoris

(see Note 1)

1. Harvest cells by centrifuging at 5000 g for 5 min at 4 �C.

2. Discard the supernatant.

3. Resuspend the cells in cold water. A paintbrush is helpful when
resuspending the cells.

4. Harvest cells by centrifuging at 5000 g for 5 min at 4 �C.

5. Resuspend 20–25 g of cell pellets in 100 ml of the breaking
buffer.

6. Take a 10 μl sample of the resuspension to check the cell
disruption and store at 4 �C.

7. Transfer the resuspension to a 2 L flask.

8. Add 150 g of glass beads to the flask.

9. Place the flask on an incubator shaker and disrupt the cells by
shaking at 350 rpm at 4 �C for ~2 h.

10. Take a 10 μl sample of the homogenate and check the cell
disruption by comparing it with the sample from step 6 using
a microscope. More than 90 % of cells should be disrupted.

11. Transfer the homogenate to clean centrifuge tubes chilled on
ice.

12. Remove intact cells and particles by centrifugation at 2000 g for
20 min at 4 �C.

13. Transfer the supernatant to clean ultracentrifugation tubes
chilled on ice.

14. Balance the tubes and ultracentrifuge the supernatant at
100,000 g for 30 min at 4 �C.

15. Discard the supernatant.
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16. Resuspend the pellets in 100 ml of lysis buffer.

17. Transfer the suspension to ultracentrifugation tubes.

18. Ultracentrifuge the suspension at 100,000 g for 30 min at
4 �C.

19. Discard the supernatant.

20. Resuspend the pellets in 100 ml of the high salt buffer.

21. Transfer the suspension to ultracentrifugation tubes.

22. Ultracentrifuge the suspension at 100,000 g for 30min at 4 �C.

23. Discard the supernatant.

24. Repeat steps 20–23. The resultant membrane pellets are used
for the purification.

3.2 Solubilization of

the Membrane Protein

1. Resuspend ~10 g of the membrane pellets in 25 ml of the
membrane buffer.

2. Transfer the resuspension to a clean chilled dounce
homogenizer.

3. Add iodoacetamide (10 mg/ml).

4. Dounce ~40 times on ice.

5. Transfer the resuspension to a clean chilled beaker.

6. Keep the beaker on ice for 30 min.

7. Pour 50 ml of the solubilization buffer into the membrane
suspension and stir gently at 4 �C for ~2 h (See Note 2).

8. Transfer the solubilization mixture to ultracentrifugation
tubes.

9. Ultracentrifuge the solubilization mixture at 100,000 g for
30 min at 4 �C to remove the unsolubilized material.

10. Pool the supernatant in a clean chilled beaker.

3.3 First Affinity

Purification Using

Talon Resin [45]

1. Add imidazole (final 5 mM) and NaCl (final 800 mM) in the
supernatant from step 10 in 3.2.

2. Add 10 ml of Talon resin equilibrated with the Talon wash
buffer 1.

3. Agitate the mixture with a magnetic stir bar at 4 �C for 3–12 h.

4. Collect the Talon resin in a 50 ml Falcon tube by repeating
centrifugation at 800 g and discarding the supernatant at 4 �C.

5. Wash the Talon resin with 10 bed volumes of the Talon wash
buffer 1. Add the Talon wash buffer 1 in the Falcon tubes and
agitate gently on a rotary shaker at 4 �C.

6. Centrifuge at 800 g for 5 min at 4 �C.

7. Discard the supernatant.
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8. Repeat steps 6–8 with 10 bed volumes of the Talon wash buffer
1.

9. Wash the resin with the Talon wash buffer 2. Repeat steps 6–8
with 5 bed volumes of the Talon wash buffer 2.

10. Add 30ml of the Talon wash buffer 2 in the tube and resuspend
by vortexing.

11. Load the resin into a 20 ml gravity-flow column with the
bottom outlet capped.

12. Remove the bottom cap and allow the buffer to drain. Save
flow-through for SDS-PAGE analysis.

13. Elute the His-tagged protein by loading 10 ml of the Talon
elution buffer on the resin in the column.

14. Collect the eluate in a 15 ml disposable tube.

15. Repeat steps 14–15 ten times.

16. Analyze the fractions by SDS-PAGE.

17. Pool the fractions containing the His-tagged protein.

18. Concentrate to 2.5 ml with a 100 kDa molecular weight cutoff
concentrator.

3.4 Remove

Imidazole Using

PD10 Column

1. Take off the top cap of the PD10 column and remove the
storage solution.

2. Cut the sealed end of the column.

3. Equilibrate the column with ~30ml of the Talon wash buffer 2.

4. Apply the 2.5 ml of the concentrated sample to the column.

5. Let the sample enter the packed bed completely and discard the
flow-through.

6. Place a 15 ml tube under the column for sample collection.

7. Load the 3.5 ml of the Talon wash buffer 2 to the column.

8. Collect the eluate.

3.5 Second Affinity

Purification Using

Ni-Sepharose Resin

[44]

1. Equilibrate 4 ml of Ni-NTA resin with ~20 ml of the Talon
wash buffer 2.

2. Add 4 ml of the Ni-NTA resin to the eluate from step 8 in 3.4.

3. Gently agitate on a rotary shaker at 4 �C for 2–12 h.

4. Transfer the mixture to a 20 ml disposable column.

5. Wash the resin by applying 45 ml of the Talon wash buffer 2.

6. Elute the His-tagged protein by with 24 ml of the Ni-elute
buffer.

7. Collect the eluate and analyze the fractions by SDS-PAGE.

8. Pool the fractions containing the His-tagged protein.
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9. Concentrate to 2.5 ml with a 100 kDa molecular weight cutoff
concentrator.

3.6 Remove

Imidazole Using

PD10 Column

1. Take off the top cap of the PD10 column and remove the
storage solution.

2. Cut the sealed end of the column.

3. Equilibrate the column with ~30 ml of the reverse IMAC
buffer.

4. Apply the 2.5 ml of the concentrated sample to the column.

5. Let the sample enter the packed bed completely and discard the
flow-through.

6. Place a 15 ml tube under the column for sample collection.

7. Load the 3.5 ml of the reverse IMAC buffer to the column.

8. Collect the eluate.

9. To cleave off the GFP-His-tag of the protein, add appropriate
amount of His-tagged TEV protease to the eluate and incubate
overnight at 4 �C.

3.7 Reverse IMAC

(Immobilized-Metal

Affinity

Chromatography)

1. Equilibrate 0.6 ml of the Ni-sepharose high-performance resin
with 6 ml of the reverse IMAC buffer.

2. Pour 0.6 ml of the Ni-sepharose high-performance resin into a
10 ml column.

3. Apply the protein mixture from step 9 in 3.6 on the column.

4. Collect the flow-through fraction (see Note 3).

5. Apply 8 ml of the reverse IMAC buffer to the column.

6. Collect the flow-through and add to the fraction from step 4.

7. Determine the protein concentration using a BCA protein
assay kit following the manufacturer’s instructions.

8. Concentrate the purified protein to ~30 mg/ml with a
100 kDa molecular weight cutoff concentrator.

9. Check the purity and monodispersity of the purified sample by
SDS-PAGE and size-exclusion chromatography (See Note 4).

3.8 Lipidic Cubic

Phase Formation

[40–43]

1. Take out monoolein from the freezer and melt it using a heat-
ing block at ~40 �C. It takes ~10 min.

2. Remove needles, Teflon ferrules, and plungers from the two
100 μl Hamilton gas-tight syringes (Fig. 4a).

3. Centrifuge the purified membrane protein solution in a 1.5 ml
tube at 20,400 g for ~10 min at 4 �C to remove aggregates and
collect the supernatant.

4. Check the volume of the supernatant at step 3.
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5. Calculate the required amount of monoolein. The volume of
monoolein needs to be ~150 % of the protein solution volume
to form the cubic phase (see Note 5).

6. Using a 20 μl or 100 μl pipette and the appropriate disposable
tip, put the required amount of melted monoolein into one
Hamilton gas-tight syringe from the bottom end (Fig. 4a).

7. Insert a plunger from the bottom end of the syringe. The
Teflon part of the plunger will contact with the monoolein.

Fig. 4 Apparatus for LCP crystallization. (a) Two syringes, two plungers, two teflon ferrules, a coupler, a needle
and a nut. (b) A cover glass and a 96 well crystallization plate
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8. Hold the syringe vertically and push the plunger till monoolein
reaches the top end of the syringe. This manipulation will
remove air bubbles from the lipid.

9. Using a 20 μl or 100 μl pipette and the appropriate disposable
tip, put the membrane protein solution into the other Hamil-
ton gas-tight syringe from the bottom end. Be careful not to
trap air bubbles, although air bubbles appear easily because the
protein solution contains detergents.

10. Insert a plunger from the bottom of the syringe. The Teflon
part of the plunger will contact with protein solution.

11. Hold the syringe vertically and push the plunger until the
protein solution reaches the top end of the syringe. If air
bubbles are trapped in the solution, remove them by moving
the plunger up and down. If this fails, collect the protein
solution from the syringe and centrifuge it to remove air bub-
bles and start again from step 9.

12. Place the Teflon ferrules in the syringes.

13. Connect two syringes by a coupler (Fig. 5a, b).

14. Push slowly the plunger of the syringe that stores the protein
solution and transfer all the protein solution into the other

monooleinsample

a

b

c

d

e

needle

nut

syringesyringe

coupler

Fig. 5 Outline of the LCP formation. (a) Connect two syringes using a coupler.
(b) One syringe has sample solution and the other has monoolein. (c) When
mixed, the mixture is clouded. (d) Homogeneous cubic phase. (e) The syringe
with a needle ready for crystallization
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syringe through the coupler. This will form a partly clouded
mixture (Fig. 5c). Steps 14–16 should be performed at 20 �C.

15. Slowly push the plunger of the syringe that stores the protein
solution and monoolein, and transfer them into the other
syringe through the coupler.

16. Repeat moving the plungers back and force more than 100
times till the mixture forms a transparent homogeneous cubic
phase (Fig. 5d) (See Note 6).

3.9 Crystallization

[40–43]

1. Transfer the mixture to one of the two syringes.

2. Disconnect the coupler with the empty syringe from the
syringe but keep the Teflon ferrule.

3. Set a needle at the top end of the syringe (Fig. 5e).

4. Place the syringe in the syringe holder of a LCP robot (Fig. 6).

5. Put the 96-well crystallization plate (Fig. 4b) and the 96-well
plate containing precipitant solutions in their proper positions
on the robot (Fig. 6) (See Note 7).

6. Start the robot. Control the humidity using a humidifier. The
volumes of the mesophase and the precipitant solution should
be set at 30–50 nl and ~800 nl, respectively.

7. When the robot finishes dispensing, place a cover glass on the
crystallization plate (Fig. 4b).

8. Keep the plate in a 20 �C incubator.

9. Check all wells in the plate regularly under a microscope. Use
crossed-polarizers as well as normal light. Typically crystals
appear in a week, although it may range from a few hours to
2 months (Fig. 7).

Syringe holder

96 well crystallization plate

96 well plate with precipitant solution 

Fig. 6 LCP crystallization robot
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4 Notes

1. Sonication does not work for the disruption of yeast cells
because the cell wall of yeast is harder than bacteria.

2. If an inhibitor, a substrate, or a ligand of the target protein is
available, it is advisable to add that compound in the buffers
used in the purification steps because the compound will stabi-
lize the protein in a certain conformation and increase the
possibility of crystallization.

3. After the TEV protease digestion, the target protein has no
His-tag and comes to the flow-through fraction.

4. Purity is less important for the LCP method because LCP can
act as a size filter and remove large-size contaminants and
protein aggregates [34, 47].

5. For example, if the volume of the membrane protein solution is
20 μl, the volume of monoolein should be 30 μl. Note that
monoolein has a density of 0.942 g/ml at 20 �C [48].

6. The recommended rate of mixing is ~1 stroke per second or
slower. Faster mixing can raise the temperature of the mixture
due to frictional heating which destabilizes the protein.

7. Homemade screens are used. Typically, precipitant solutions
contain 30 ~40 % low-molecular-weight PEG (PEG200,
PEG300, PEG400, PEG600, PEG500MME, PEG500DME
etc.), salts, and buffer at pH 6–8. Note that monoolein is
unstable at lower or higher pH.

Fig. 7 Crystals of a membrane protein in LCP. Crystals were observed using normal light (a) or cross
polarizers (b)
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