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Abbreviations HAADE high-angle annular dark field

CCD charge.coupled device IPTG isopropyl-ﬁ-D-l-thiogalactopyranoside

CMC critical micelle concentration LHC light harvesting complex

CTF contrast transfer function LPR lipid-to-protein ratio

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphocholine NMR nuclear magnetic resonance
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PAGE polyacrylamide gel electrophoresis
STEM scanning TEM

TEM transmission electron microscopy
Glossary

Charge-coupled device An electronic camera in an
electron microscope that is used to record images and
diffraction patterns.

Contrast transfer function The characteristic function by
which a microscope transfers the information from the
structure of the sample into the image. This is unfortunately
not a 1:1 transfer, but can be a quite complicated
function.

Critical micellar concentration The detergent
concentration, above which the detergent starts to form
micelles. Detergent is only effective at this concentration
or higher.

1.15.1 Introduction

X-ray crystallography, nuclear magnetic resonance (NMR), and
electron crystallography of 2-D crystals have been used to
resolve the structure of soluble and membrane proteins,
contributing greatly to the understanding of their function.
Among the three methods, electron crystallography has the
unique property of determining the structure of the mem-
brane proteins that are embedded in a single layer of a lipid
membrane. This facilitates the crystallization of membrane
proteins in a near-native state, while preserving their func-
tion.! Electron crystallography has been employed to study
membrane protein structure for several decades (Table 1).>~*
Genome-wide analysis indicates that up to 30% of proteins
encoded by eukaryotic cells are membrane proteins, most of
which are likely to contain membrane-spanning alpha helices.
The architecture of these proteins is diverse, ranging from
membrane proteins with a single transmembrane span to
those with multiple transmembrane helices.”> Membrane
proteins fulfill a wide range of biological functions, including
energy conversion, nutrient uptake, drug efflux, protein
secretion, and signal transduction. Because membrane pro-
teins are crucial for cellular functions, their malfunction can
lead to severe diseases. Structural information of membrane
proteins will facilitate the study of their interactions with
substrates and inhibitors, which may aid researchers in finding
effective treatments for many medically important diseases.

1.15.2 Membrane Protein 2-D Crystallization

Crystallization of membrane proteins involves several critical
steps, which are all important for obtaining high-quality
crystals. In this section, the methods, challenges, and recent
improvements in each step (Figure 1) that are necessary to
attain highly ordered 2-D crystals suitable for electron crys-
tallography are discussed.

VDAC
XRD

voltage-dependent anion-selective channel
X-ray diffraction

Cryo-transmission electron microscopy (Cryo-EM) A
method applying TEM to frozen hydrated specimens.
Lipid-to-protein ratio For 2-D crystallization, lipids and
proteins are mixed at this ratio.

Nuclear magnetic resonance An alternative method to
determine membrane protein structures. NMR does not
require crystals, but requires high protein concentrations.
Transmission electron microscopy The instrument used
to record high-resolution images and diffraction patterns of
the samples.

X-ray diffraction A strong method to determine
membrane protein structures. It requires 3-D crystals of the
samples.

1.15.2.1 Isolation of Membrane Proteins

The first step involves the production of sufficient amounts of
pure and homogenous protein. Three methods are used. The
first is to isolate membrane proteins from native tissues or
membranes. There are several examples of native membrane
proteins that have been successfully produced using this
method, such as porins (including mitochondrial voltage-
dependent anion-selective channel (VDAC)), photosynthetic
proteins (including light harvesting complex (LHC)-II, pho-
tosystems, bG6f complex, bacterial antenna complexes),
respiratory chain proteins (including cytochrome oxidase,
complex I), connexins, bovine rhodopsin, the nicotinic acet-
ylcholine receptor (nAChR) from Tropedo marmorata, aqua-
porins, tetraspanin MP20 from sheep lens, and the respiratory
complex 1 from Escherichia coli (for a more detailed list, see
Table 1). Most eukaryotic and prokaryotic membrane proteins
are present in native tissues or membranes in minor quan-
tities. Moreover, isolating human membrane proteins from
native tissues is not an option.

The limited availability of membrane proteins from native
sources is overcome by expressing membrane proteins in
homologous or heterologous host organisms. A great deal of
work has been carried out to develop expression vectors con-
taining regulated promoters to produce high levels of recom-
binant proteins. Since a variety of regulated promoters are
available for this purpose, a few examples are described below.

The tac promoter (PTAC) is one of the most widely used
promoters in expression systems, and is induced by isopropyl
p-D-1-thiogalactopyranoside (IPTG) and lack of tryptophane
in the medium. The expression levels from PTAC are propor-
tional to the concentration of IPTG added: Low concentra-
tions of IPTG result in relatively low expression from PTAC
and high concentrations of IPTG result in high expression.
Therefore, the gene of interest, which is cloned downstream of
the PTAC promoter, can be regulated by changing the IPTG
concentration. However, several potential problems can occur
when expressing a cloned gene product from PTAC. The cell



Table 1 Structures of membrane proteins analyzed by electron crystallography, and the protein production, purification, and crystallization conditions. Future, updated versions of this table will be maintained at
http://2dx.org.

Family Protein Resolu-  Resolu- PDB/EMDB Origin Expressed in  Conc Lipid added LPR (w/w) Detergent  Temp (°C) pH Salts (mM unless  Nonionic Time Crystallization Crystal  Reference
tion 2-D tion 3-D (mg mI™) stated otherwise)  agents (%) method type
() (4)
lon channels ~ AmtB — ammonium 12 E. coli E. coli 0.4 DMPC 1 DM 20 8 250 NaCl, - 10d DI S 160
gas ion channel 0.6 NaN3
Annexin A5 - Ca®* 6.5 Rat E. coli 0.1 DOPC/DOPS - None 20 74 150 NaCl, - 3-44 LM S 161
specific ion 2 CaCl,,
channel 3 NaNj
MscL - 15 E. coli E. coli 1 E. coli lipid 0.45 Triton X-100 4 8 100 KCI - 5h BB \ 162
mechanosensitive
ion channel
VDAC - voltage 18 Potato - T 163
dependent anion
channel
Potassium KcsA potassium 6 S. lividans E. coli 1-2 DMPC/sodium - DDM RT 7.5 100 KCl, - 3d DI - 164
channels channel cholate 1 EDTA
KirBac3.1 potassium 9 M. magnetotacticum  E. coli 1 DOPC 0.6-1 DM 20/37 8 100 KCl, - 7d BB S 165
channel 3 NaNs,
75 MgCl,
MIoK1 - cyclic 16 M. loti E. coli 05 E. coli lipid DM 25/37 6.7 20 KCl, - 5d DI S 166
nucleotide-modu- 1 BaCl,
lated K-channel
lon CIC-ec1 — chloride 6.5 E. coli E. coli POPC 0.4 DM 4 7 25 NaCl, - several DI S 167
antiporters proton antiporter 20 MgCly, days
from E. coli 0.8 NaN3
NhaA-Na® - H+ 4 E. coli E. coli 0.8 E. coli lipid 0.2-0.5 DDM 37 4 25 KAc, 5-10 4-6d DI T 58
antiporter from 150 KCl, glycerol
E. coli 0.1 GdCls,
3 NaNs
7 E. coli E. coli 05 E. coli lipid 0.2-0.5 DDM 37 4 25 KAc, 5-10 4-6d DI T 63
150 KCI, glycerol
0.1 GdCls,
3 NaNj
7 3FI1 E. coli E. coli 05 E. coli lipid 0.2-0.5 DDM 37 4 25 KAc, 5-10 4-6d DI T 168
150 KCl, glycerol
0.1 GdCl5,
3 NaNs
NhaP1 - Na* -H* 6 M. jannaschii E. coli 1 E. coli lipid 0.4-0.55 DDM 37 4 200 NaCl, 10 5-7d DI T 169
antiporter from 25 acetate glycerol
M. jannaschii
7 M. jannaschii 64
TetA - secondary 17 E. coli 1 DMPC/POPC  0.5-1.5  DDM (lipids 74 10 Tris, DI 8
tetracycline in DM) 150 NaCl,
transporter 40 MgCly
Phospholipase A 74 E. coli E. coli 3 Soybean PC 0.37-0.44 0G 25 75 30 NaCl, 10-20 10-16 d DI T 170
2 NaNg glycerol
Major Lactose permease 20 E. coli E. coli >1 DMPC/POPC  0.5-1.5 DDM 13-37 74 150 NaCl, - 6d DI S m
facilitator 25-50
superfamily MgCl,
(MFS)
[ E. coli 1-2 POPC 0.2-0.4 Cymal-7 27 45 20 glycerol  3d DI T 172

(Continued)



Table 1 Continued
Family Protein Resolu-  Resolu- PDB/EMDB Origin Expressed in  Conc Lipid added LPR (w/iw) Detergent  Temp (°C) pH Salts (mM unless  Nonionic Time Crystallization Crystal  Reference
tign 2-D tign 3-D (mg mi™) stated otherwise)  agents (%) method type
A) A)
OXIT — oxalate Oxalobaster 50 KAc,
transporter formigenes 100
potassium
oxalate
6.5 EMD-1098 Oxalobaster E. coli 1-2 POPC 0.2-0.4 Cymal-7 27 45 50 KAc, 20 glycerol 3 d DI % s
formigenes 100
potassium
oxalate
3.4 Oxalobaster E. coli 1-2 POPC/E. coli lipid0.15-0.4 Cymal-7 27-37 45 50 KAc/KGit, 20 glycerol  3d DI T/8 87
formigenes 100
potassium oxalate
Transporters ~ BetP — glycine 75 Corynebacterium E. coli 1 E. coli lipid 0.15-0.25 DDM/Ci2Eg 20 75 200 NaCl, 10 glycerol 14 d DI/BB T/S 74
betaine uptake glutamicum 1.5 MgCly,
system 3 NaNs
CTR1 - copper 6 Human P, pastoris 0.3-05 DOPC 0.7 DM 26 74 280 NaCl, - 1-2.d DI S s
transporter 2 EDTA
7 15 EMD-1593 Human P. pastoris 1 DOPC 0.7 0G 26 74 280 NacCl, 1-2d DI S 16
2 EDTA
UT — urea pleuropneumoniae 24 Actinobacillus
transporter: A.
pleuropneumoniae  E. coli 1 DMPC/DOPC  0.1-1.5 DDM 30 6 200 NaCl, - 7d DI S 12
3 NaNj
Mannitol transporter 5 E. coli E. coli 0.7-14 E. coli lipid 1 CHAPS/DM 4 75 150 NaCl, - 14d DI S 57
enzyme Il 5 EDTA,
3 NaNs
MelB — melibiose 8 E. coli E. coli 1 E. coli lipid 25-40 DDM 22 6 200 NaCl 10 glycerol  9d DI/BB T r
permease (molar)
GalP - galactose 18 E. coli E. coli 0.5-1 DMPC 0.2-0.6 DM RT 8 150 NaCl, - ? DI \ 8
permease 25 CaCly,
1.5 NaN;
Transporters  1ICP-glucose 12 E. coli E. coli 1 E. coli lipid 0.4 DDM 24 9.5 20 mM 0.01 NaN; 7d DI T 9
transporter Tris-HCl,
150 NaCl,
5 MgCl,
Antiporter AdiC (amino acid/ 6.5 E. coli E. coli 1 E. coli lipid 0.3 DDM RT 5 250 NaCl, 10 glycerol 14 d DI T 180
polyamine/orga- 1.5 NaN3
nocation trans-
porter
superfamily)
ABC MsbA — ABC 20 Vibrio cholerae/ E. coli 0.6 DOPS/DMPC 1 Cymal-7/  RT 5-6/9 50 NaCl, - 12-36 h BB T 81
transporters transporter Salmonella ubm 5 MgCly,
typhimurium 5 sodium
orthovanadate
EmrE - small 7 E. coli E. coli 0.5 DMPC 0.1-0.4 DM/CHAPS 25 7 50 NaCl, - 10-14 d DI N 182
multidrug resis- 20 NaN3 2 MgCly,
tance transporter 1 EDTA
7 E. coli E. coli 1 DMPC 0.1-04 DM/CHAPS 25 7-7.5 100 NaCl, - 10-14d DI ™w™ 183
20 NaNs,
2 MgCly,
1 EDTA
75 EMD-1087 E. coli E. coli 1 DMPC 0.1-04 DM/CHAPS 25 7-7.5 100 NaCl, - 10-14d DI ™ 184
20 NaNj,
2 MgCly,

1EDTA



Anion
exchangers

Aquaporins

BmrA — multidrug 20
ABC transporter

Pgp - 22
P—glycoprotein

Band 3 - 23
erythrocytes

anion exchanger

AE1 - human
erythrocyte anion
exchanger

Aqp0 — water 9
channel
from eye
lenses

Agp1 — water
channel from
erythrocytes

20

75

25

3.8

37

EMD-
1645

1SOR

2B60

3Mmal

1FOY

1IH5

E. coli

Bacillus subtilis
Mouse

Human erythrocytes

Human erythrocytes

Human
blood

Sheep eye

lens fiber

Sheep lens
fiber cells

Sheep lens

Sheep lens

Sheep lens

Human red
blood cells

Human red
blood cells

Human red
blood cells

Human red
blood cells

Human
erythrocytes

E. coli

E. coli

P, pastoris

0.5-1

0.25

0.1

0.75-1.0

25

0.25

0.25

0.5

DMPC

DOPC/DOPG

DOGS-NiNTA/
egg PC
DMPC

DMPC/
cholesterol

DOPS

E. coli

DMPC

DMPC

DMPC

E. coli lipid

E. coli lipid

E. coli lipid

E. coli lipid

DOPC

0.3-0.4

0.5-1

0.15

0.1-2.0

0.28-0.33

DM/CHAPS

DDM
DM

octylPOE

Ci2Es

C13Es, C12Es

DM

DM

DM

DM

0G

Laur-
oylsarco-
sine/TX-
100/0G

Laur-
oylsarco-
sine/TX-
100/0G

Laur-
oylsarco-
sine/TX-
100/0G

0G

25

37

22/37

26

24,37,24

RT

RT

RT

37

25-35

25-35

25-35

75

7.2

72

100 NaCl,
20 Nal,
2 MgCly,
1 EDTA

150 KCI,
5 MgCl,

50 Tris=HCI 100
NaCl

25-50 NaCl 20
MgCl,

100 NaCl
10 MgCl, 5
sodium
phosphate
10 Tris,
100 NaCl,
100 Nay4P,07
100 NaCl, 50
MgCl,

10 MES
50 MgCl,
150 NaCl,
5 DTT 0.02%
NaN3
10 MES
50 MgCl,
150 NaCl 5 DTT,
0.02% NaN3
10 MES, 50 MgCl,,
150 NaCl,
5 DTT,
0.02% NaN3
10 MES,
50 MgCly,
150 NaCl
20 Tris-HCI,
0.25 NaCl,
1 DTT,
1 sodiumazide

20 NaH,P04/
Na,HPO,,
100 NaCl, 0.1
EDTA 0.03%
NaN3

20 NaH,P0,,
Na,HPO,
(pH 7.1),100

10 PEG 200

10-14d

2d

13d

3d

7d

2d

2d

2d

DI

LM/BB

LM/BB

DI

DI

DI

DI

DI

DI

DI

DI

DI

DI

™

VIS

VIS

VIS

185

186

187

93

188

189

190

191

152

77

78

192

89

193

150

(Continued)



Table 1 Continued
Family Protein Resolu-  Resolu- PDB/EMDB Origin Expressed in  Conc Lipid added LPR (w/iw) Detergent  Temp (°C) pH Salts (mM unless  Nonionic Time Crystallization Crystal  Reference
tign 2-D tign 3-D (mg mi™) stated otherwise)  agents (%) method type
A) A)
NaCl,0.1 EDTA,
0.025% NaN3
35 Bovin - 1 DMPC - Laur- - 74 - - - DI v 184
erythrocytes oylsarco-
sine/0G
38 1Hel - - - - - - - - - - 1%
Agp2 — mammalian 45 Human sf9 0.7 Heart polar lipids0.5 0G 20-37 6 20 MES, 100 NaCl, 5 2d DI S 196
water channel or E. colilipids MgCl, or MgS0,,
5 histidine
Agp4 — mammalian 3.2 2-D57 Rat sf9 1 E. coli lipid - 0G 20-37 6 10 MES (pH 6.0), 1 Glycerol 3 d DI S 153
water channel 100 NaCl, 50
(Aqp4M23) MgCl,, 2 DTT, 1%
(v/v) glycerol
238 2779 Rat sf9 NS E. coli lipid 14 06G 20-37 6 10 4- 1% Glycerol 3 d DI S 1o
morpholineetha-
nesulfonic acid
(pH 6.0), 75 NaCl,
50 MgCl, 2 DTT
10.0 31YZ Rat sf9 NS E. coli lipid 14 0G 20-37 6 10 4- 1% Glycerol 3d DI S 198
morpholineetha-
nesulfonic acid
(pH 6.0), 75 NaCl,
50 MgCly, 2 DTT
Agp9 - mammalian 7 Rat sf9 1-3 DMPC 0.4-0.6 0G 25 6 20 MES (pH 6), 150 7d DI \ 53
glycerol (and NaCl, 50 CaCl,, 1
water-) channel dithiothreitol
AqpZ - E. coli 8 E. coli E. coli 05 POPC-DMPC ~ 0.3-2 0G RT 6 20 citrate (pH 6.0) 1% Glycerol 2-3d DI S 109
waterchannel buffer containing
200 NaCl, 100
MgCl,, 3 NaN3
SOPIP2;1 — plant 5 Spinach leaf P, pastoris NS E. coli lipid 0.3 0G NS 8 20 Tris-HCI (pH 8), 3d DI S 200
aquaporin 100 NaCl, 50
waterchannel MgCly, 2 DTT,
0.03% (w/v) NaNs
PM28A, C - - spinach leaf 1.33 E. coli lipid 1 0TG 24-37 6 10 MES-NaOH, 100 3d DI S 201
NaCl, 100 MgCly,
2 DTT
AtTIP3;1 - plant 7.7 P vulgaris L. cv. - - - - DHPC 27-28 75 25 TEA (pH 7.5), 10 Glycerol  10-15d DI T 202
vacuole mem- Greensleeves 100 NaCl,
brane aquaporin 3 NaNj, 1 DTT,
0.1 butylated
hydroxytoluene,
0.1 EDTA
GIpF - E. coli 6.9 E. coli E. coli - E. coli lipid - 0G - - 10 tricine (pH 8.5), - - DI S 203
glycerol channel 4 MgCly, 100
NaCl, 10 DTT
37 E. coli E. coli 1 E. coli lipid 0.6-1.4 0G 25-40 85 10 tricine (pH 8.5), - 2d DI S 204
4 MgCl,, 100
NaCl, 10 DTT
Receptors nAChR - nicotinic T. marmorata - - Native lipids - - 4-17 6.8 100 Tris-HCI - 2-3d Dilution T 205

acetylcholine
receptor



Mitoch. OMP

ADP/ATP car.

GGCX

Prokaryotic
rhodopsins

Eukaryotic
rhodopsins

RyR-ryanodine 20
receptor

TspO-polytopic
mitochondrial
OomP
Anc2-ADP/ATP 18
transporter
(bovine
mitochondria)
GGCX-h.s. 12
vitamin K
dependent G-
glutamy!
carboxylase
Bacteriorhodopsin —
light-driven pro-

ton pump
35
35
Halorhodopsin— 6
light-driven chlor-
ide pump

Metarhodopsin |

Bovine rhodopsin 9

7.0

6.5

35

5.5

10ED

2BG9

1BRD

2BRD
1AT9

2AT9

1FBB
1FBK

EMD-1079

T. marmorata

T. marmorata
T. marmorata

T. marmorata

New Zealand white
rabbit skeletal
muscle

R. sphaeroides

Yeast mitochondria

Human liver

H. halobium

H. halobium
H. halobium
H. halobium

H. halobium
H. halobium

H. halobium
H. halobium
H. halobium
H. halobium
triple mutant
F219L mutant

H. halobium

H. halobium

H. HR strain D2
H. HR strain D2

Bovine rods outer
segments

E. coli

0.1-1
0.5-1.0

0.03

0.6-1

Native lipids

Native lipids
Native lipids

Native lipids
DOPC

E. coli lipid

Egg PC

DMPC

0.2-0.6

1

- 417
CHAPS -
DDM -
DDM -
Doc 20

0G and DTAC20

0G and DTAC
0G and DTAC20

DTAC

0G and DTAC20

0G 33

0G and DTAC20

LDAO 18

CgEs4

6.8
6.8

7.5

72

52

5.2

5.2

52

6.8 or 11 100 Sodium - - DI T
cacodylate or
100 sodium
phosphate
100 Tris-HCI acetylcholine — Dilution T
100 Sodium - - - T
cacodylate,
1 CaCl,
- - - - T
20 Na-PIPES, 20 glycerol 36 h LM S
100 KCl, 0.1
CaCly, 0.1 EGTA
20 Tris, 100 NaCl, - 3d DI T
2 EDTA
- - - LM S
250 NaCl 1-4d D T
in situ S
in situ S
DOC extraction S
‘Several FU S
weeks’
2w-3m FU S
‘Several FU S
days’
Several FU S
days
‘Several FU S
days’
Sodium Over night  SP N/C
phosphate/ammo-
nium sulfate
‘Several FU S
days’
in situ S
20 HEPES, 11d D S
100 NaCl,
10 MgCl,,
3 NaNj
20 HEPES, 5-20d D \
100 NaCl,

10 MgCl,, 3 NaNz

206

207
151

61
208

209

210

211

131

212
213
129

214
215

146
216
217
218
218

219

97

220

221

222
223
224

225
226

(Continued)



Table 1 Continued
Family Protein Resolu-  Resolu- PDB/EMDB Origin Expressed in  Conc Lipid added LPR (w/w) Detergent  Temp (°C) pH Salts (mM unless  Nonionic Time Crystallization Crystal  Reference
tign 2-D tign 3-D (mg mr’) stated otherwise)  agents (%) method type
A ")
5 Bovine rods outer LDAO 18 7 20 HEPES, 100 NaCl, 114 D T 21
segments 10 MgCl,, 3 NaN3
55 Bovine rods outer LDAO 18 7 20 HEPES, 100 NaCl, 11d D T 228
segments 10 MgCl,, 3 NaNg
Squid rhodopsin 8 Squid retina Squid photo- 0G 20 5.9 20 MES, 100 NaCl, 5d D S 229
receptor 1 MgCl,
lipids
8 Squid retina Squid photo- 0G 20 5.9 25 MES, 5d D S 230
receptor 100 NaCl,
lipids 1 MgCly
75 Frog retina 1 u Tween 80  ~21 75 100 NaCl 16-30h  in situ ™ 21
8 Squid retina ~0.9 Squid photo- 0G 20 59 100 NaCl, 54 D v 229
receptor 1 MgCly
Bovine retina 1 u LDAO 18 7 100 NaCl, 11d D ™ 21
10 MgCl,
Sensory rhodopsin 6.9 N. pharaonis H. salinarium 1.4 H. salinarium 0.4 0G 8 55 300 NaCl >40 h D ™ 232
Eukaryotic channelrodopsin-2 6 C. reinhardtii P, pastoris 1-3 DMPC, E coli  1.25,8.75 DM 25-28 7 20 mM 20 Glycerol 26w DI T 233
rhodopsin lipid HEPES,
100 mM
NaCl,
10 mM
MgCP?
Translocases ~ SecYEG - bacterial 9 E. coli E. coli 0.4-0.15 DOPG PE 0.2 Ci2Eg 23 8 5 MgCly, Weeks D T 55
core protein 120 NaCl,
translocase 1 EDTA
8 234
YidC — membrane 10 E. coli E. coli 0.5 DPPG 0.05-0.2 DM 30 5.6 100 NaCl », D T/S 235
insertase (w/w) NaN3
Membrane-  MGST1 (rat 3 Rat liver 1 Bovine liver 3 21 8 50 KCI 8d D S 236
associated microsomal glu- lecithin
protein with tathione-S trans-
functions in ferase 1)
eicosanoid
and glu- 3 Rat liver 1 Bovine liver 3 TX-100/ 4.0-20 6.5-10.2 KCI 4-10d D/B V/S 27
tathione phosphatidyl- cholate
metabolism choline
(MAPEGs) 3 Rat liver Bovine liver ~ 2.0-3.0 TX-100 21 7 50 KCI 8d D S 238
lecithin in
cholate
6 Rat liver 1 Bovine liver 3 TX-100/  4.0-20 6.5-10.2 KCI 4-10d D S 259
phosphatidyl- cholate
choline
6 Rat liver - 0.5-1.75  DOPC 0.15-0.3  TX-100 RT 7 50 KCI 20 glycerol, 7d DI S 240
Glutha-
tione 1
GSH
3.2 2H8A Rat liver - 0.5-1.75 DOPC 0.15-0.3 TX-100 RT 7 50 KCI 20 glycerol, 7d DI S 154
1 GSH
MPGEST (h.s. 35 3-DWw Human E. coli 1 Bovine liver 0.5 TX-100 RT 7.5 50 NaCl 20 glycerol, 7d DI S 155
microsomal pros- lecithin 1 GSH

taglandin E2
synthase 1)



LTC(4)S -
leukotriene C4
synthase

Photosynthesis RC —
proteins photosynthetic
(bacteria) reaction center
LHC1 — light
harvesting com-
plex 1
LHC1-RC - light
harvesting com-
plex 1 with
photosynthetic
reaction center

LHC1-RC-PufX

LHC2 — light
harvesting com-
plex 2

Photosystem |
Photosynthesis PS | —
proteins photosystem |
(plants)
PS Il -
photosystem I

LHC | - light-
harvesting
chlorophyll a/
b—protein
complex

LHC Il - light

harvesting
complex Il

Electron trans- Cytochrome bgf
port chain complex

45

7.5

20

85

20

20

20
3.7

32

25

30

25

34

Human

Human

R. viridis

R. rubrum

R. sphaeroides

rubrum
viridis
rubrum
rubrum
sphaeroides
Sphaeroides
sphaeroides
sulfidophilum

sulfidophilum
sphaeroides
gelatinosus
Synechococcus
Synechococcus

DI DRI IDDD

Spinach chloroplast
Spinach chloroplast
Spinach chloroplast
Spinach chloroplast
S. elongatus

viridis zb63

Pea chloroplast
Rhodovulum (Rhv.)
sulfidophilum

Ectothiorhodospira sp.

Rhodobacter
capsulatus

C. reinhardtii
chloroplast

Spinach chloroplast

C. reinhardtii

S. pombe

S. pombe

1

0.3-several
mgs

~2

0.5-1.0
0.5-1.0

DMPC 1
DOPC DMPC  0.05-0.5
- u
DOPC ~0.1
DOPC 0.4-0.9
DOPC 0.75-1.33
Soybean PC 1
DOPC 1-1.2
DOPC 1
PC/PA 9:1 0.75-1
EC lipid 0.4
DMPC 0.7
DMPC nr.
DOPC 0.4-0.9
PC, PC/PE 111 0.3

U
DMPC 0.25
DMPC
No lipid added

Thylakoid lipids

S. elongatus

thylakoid lipid
0.25
0.25
DMPC
PC 1:3-4
PC 1-14

Egg PC/DOPG 0.2
Egg PC/DOPG 0.5

Egg PC/PG 03
PC, PE ~1

TX-100/DOC RT

TX-100/DOC 23-24

LDAO 23

0G 4

DHPC/ 0G  20-35

DHPC 8
CHAPS 25-30
DHPC 20-35
DHPC 25-30
DTM 4
DDM 20
0G 25
0G n.r.
0G 20,35,20
LDAO RT
TX-100 4
0TG 25-37
HTG 20
0TG 6-20
HTG 20

22
HTG 20
J-bm

TX-100/NG  25-40

TX-100/NG 25,40
TX-100/NG 25,40
0G 25

LDAO/DDM 22
LDAO/DDM 22

Hecameg 4

Hecameg 4

Hecameg 4
25

76

53

7.8

7.5

6.5

~

50 KCI,
50 HEPS,
1 EDTAE
50 KCI,
50 HEPS,
1 EDTAE
100 Pi

50 NaCl,
5 MgCl,

150 NaCl, 2 MgCl,

200 NaCl, 10 MgCl,
1 EDTA

100 NaCl

100 NaCl

200 NaCl

100 NaCl

300 NaCl, 5 MgCl,
0.5 EDTA
50 MgCl,

20 NaCl,
1 CaCl,
10 NaCl
20 NaCl,
1 CaCly,
1 ZnAc
20 NaCl,
1 CaCly, 1 ZnAc
5 MgCly,
5 ZnS0,4

50 Tris-HCI,
3 sodium
azide

245 AP,

2 CaCl,
400 AP,

2 CaCl,

55-6.0 0.5EDTA

20 glycerol,
10 bM,
10 GSH
20 glycerol,
10 bM,
10 GSH
100 NaH,PO,

5 glycerol

30 glycerol

30 glycerol

40 glycerol
4006

0.3 glycerol

1 glycerol

10-14d

8-21d

>24h

5d

Several

days
3-10d

64 h
4h
2-3d
60 h
4d

1-5d
4d

7d

2d

2d

3-10d

Days

6d

DI

DI

DI

DI

DI

DI

Dilution

DI

BB

BB

in situ

DI
DI
DI

DI
DI

BB

BB

SM2-Bio Beads
DI

SN

SN

241

242

243

244

245

246
247
248
249
250
251
252
253

254
245
255
256
94

80)
257
81

258

259

260
261

262
96

149
253

263
263

69
56

68
70

(Continued)



Table 1 Continued
Family Protein Resolu-  Resolu- PDB/EMDB Origin Expressed in  Conc Lipid added LPR (w/iw) Detergent  Temp (°C) pH Salts (mM unless  Nonionic Time Crystallization Crystal  Reference
tign 2-D tign 3-D (mg mi™) stated otherwise)  agents (%) method type
A) A)
Cytochrome bc; Neurospora TX-100,
complex mitochondria C412POE
16 _ _ _ _ _ _ _ _ _ _ _ _ 264
Cytochrome bo 6 E. coli E. coli 1 Egg PC/brain PS 0.29 TX-100 37 10 - Days DI T 265
Cytochrome ¢ 20 Bovine heart - 2 - - TX-100 0-5 72 1000 KCl S - in situ v 266
oxidase — Cyt aaz mitochondria
Cytochrome ¢ 25 P, debitrificans - 0.2 Egg PC brain PS— DDM 12 7 20 bistris-propane - - DI T 267
oxidase — Cyt aaz
Cytochrome ¢ 25 E. coli - 0.35 Soybean PC - LDAO - 6.9 20 bistris-propane - - DI T 267
oxidase — Cyt bo brain PS
Cytochrome ¢
g’;'t‘;ﬁem_miyz bo g E. coli - 0.35 Egg PG brain PS— %100 - - 20 bistris-propane - - DI s 267
; 40 E. coli - 15 PC - DDM 24 8 20 Tris/HCI - DI T 27
cyRiifase s Yt bo o5 R. sphagroides - 01-02  Egg PC brain PS— DDM - 7 20 bistris-propane  — 2 h - vis
oxidase — Cyt aas 2.5% isopropanol
Cytochrome ¢ 25 N. crassa - 2.5-3.0 POPC POPS 1.7 TX-100 - 7 50 Tris-acetate - Over night DI % 268
reductase mitochondrial
membrane
Complex 1 13 Bovine - 1 DOPC 04 t-DOC 4 75 200 NaCl - 10 d BB T 269
Complex 1 20 Bovine - 1 DOPC 0.4 t-DOC 22 9 600 NaCl, 10 CaCl,, - 2w BB ' 269
membrane mitochondria 2 NAD*
subcomplex
ATPases F1Fo-ATP synthase 30 0.01-0.15  DOPC 05-0.75  DDM - - - - 1d LM S 102
4 |. tartaricus 1. tartaricus 1 POPC 0.5 0G 20, 37 75 10 Tris-HCI, 200 - 2d DI Vv 62
(DSM 2382) NaCl, 3 NaNs
KdP-ATPase 22 E. coli E. coli 3 - - - - 75 150 NagV0, - 3-14d in situ v 20
29 Bovine 0.8 DOPC/DOPA 1.2 DDM 4-20 7.3 50 HEPES, 300 NaCl, - 2d LM S an
5 MgCl,
V-ATPase 23 T. thermophilus T. thermo- 2 POPC 0.2 Triton 4 8.7 - - - DI S 2r2
philus X-100
Rotor ring of the 7 T. thermophilus T. thermo- 2 POPC 0.25 Triton - 8 - - - DI v 2rs
V-ATPase philus X-100
Rotor ring of the 6 I tartaricus 08 POPC 15 06G 7 10 Tris, 200 NaCl - 254 DI S 2
Na™ F-ATPase
4 1. tartaricus 1 POPC 0.5 0G 20.0-370 75 10 Tris, 200 NaCl - 2d DI S 62
7 C. paradoxum DSM 7308 1 POPC Zwittergent  25.0-37.0 7 10 Tris, 200 NaCl, - 24 DI v 27
3-12 3 NaNj
5 A. Woodii DSM 1030 2 POPC 0.5-1.0 0G 25.0-37.0 8 10 Tris, 200 NaCl, - 2d DI \ 276
3 NaNj
Membrane-bound 6 Bacillus sp. TA2.A1 1 POPC 0.3-1.2 DDM 4 75 10 Tris, 200 NaCl, - 28d DI \ 2
rotor ring of the 3 NaNj
H* F-ATPase
P-type H* ATPase 8 N. crassa - 1 - - DDM - - 100 AmSulphate, - - Growth on St e
ATPases 0.1% trehalose, C-film grid
10.5% PEG4000-
8 1 Egg PC 02 - - - - 20 glycerol - - - 106
8 Arabidopsis S. cerevisiae 0.2 Egg PC 0.33 DDM 20 6.5 150 KCI 20 glycerol 48 h FL S 105
plasma
membrane
7 1MHS A. aeolicus E. coli RP-codon?2 DPPC 0.4 DDM 20 75 20 Tris, 50 NaCl, 14 d DI S 278
plus cells 0.05 NaN3
CtrA3 — copper- 7 A. aeolicus E. coli 2 DPPC 0.4 DDM 30 75 20 Tris, 50 NaCl 14d DI \ 219

transporter



CopA — copper-
transporter

Gastric H" /K™
ATPase

Ca®* ATPase

E2 state

Na*/K* ATPase

Kdp - FABC
complex, K+
pump

Beta-barrel OmpF - porin
membrane
proteins

OmpF - colicin

complex

17
14
6.5
7
8
8
6
8
10
8
1
25
9.5
1
24
32
35
25

2voy

3IXZ

2X7B

1KJU

A. fulgidus

Pig gastric

Pig gastric

Pig stomach

Rabbit sarcoplasm
reticulum

Rabbit sarcoplasm
reticulum

Rabbit sarcoplasm
reticulum

Rabbit sarcoplasm
reticulum

Dog kidney
medulla
Dog kidney
medulla
Dog kidney
medulla
Supraorbital
glands of
salt-adapted ducks

E. coli

E. coli

E. coli
E. coli

E. coli

Dog kidney
medulla
Dog kidney
medulla
Dog kidney
medulla
Supraorbital
glands of

salt-adapted
ducks
E. coli

0.8-1

DOPC

DOPC 05
DOPC 1

Egg yolk PC 0.6-1.2
Egg yolk PC 0.6-1.2
Egg yolk PC 0.6-1.2

Egg yolk PC, PA,0.5
PE

DEPC/DOPC 0.25

DHPC 0.35

DOPC/DOPE 0.5

DMPC 1

DDM 45-55
0G 4.0-20.0
DM 0-3.0
Ci2Es
Ci2Es 4.0-25.0
CioEs 0
Ci2Es 4
Ci2Eg 4.0-20.0
- On ice
Ci2Es 4

4
/DHPC
DM/Cy2Eq
CsPOE 20, 37

6.1 50 MES, 25 Na,S04,
25 K,S04, 10
MgS04

39 10 propionate, 1-5
MgCly, AIF, and
ADP

4.87-5.5 10 MES, 1 MgCl,,
0.5 AICl5, 4 NaF,
0.3 ADP, 3 DTT

55 ... 4.810 MES, 10 MgCl,
1 BeS04, 4 NaF,
1 ADP, 3 DTT

6 20 Mes, 100 KCL,
10 CaCly, 3
MgCl2, 5 DTT,
0.1 mg mL™’
C12E8

7.3 10 imidazole,
100 KCl,
5 MgCl,, 5
NazVO0s,
30 dansyl
thapsigargin

- 100 KClI,
5 MgCl, 0.5,
NazVOs,
30 dansyl
thapsigargin

72 20 imidazole, 100
KCl, 5 MgCly, 0.5
decavanadate

74 20 imidazole, 100
KCl, 35 MgCly,
0.25 NagV0,4

7.4 20 imidazole,
100 KCl, 5 MgCly,

0.5 EGTA, and
0.5 NagV0,

3.0-6 150 NaAc or
150 NagPO4

5.5 10 KCI, 2. 5 MgCly,
0.5 NagV0,4

7.3 1 NH4V03, 5 MgCly,
5 CaCl,

7.5 10 KCI, 2.5 MgCl,,
0.5 NagV04

7.5 100 NaCl

7 100 NaCl

40 glycerol

10 glycerol

10 glycerol

20 glycerol

20 glycerol

10 glycerol

20 glycerol

5d

25d

12d

4d

7d

5d

4-7d

Few days
12w

1d

3-4h

24 h

DI

DI

DI

DI

DI

Freeze-thaw

Freeze-thaw

BB

D

BB/DI

DI

BB

DI

VIS

280

281

282

156

283

284

285

286

287

288

289

290

291

292

293

294

295
296

(Continued)



Table 1 Continued

Family Protein Resolu-  Resolu- PDB/EMDB Origin Expressed in  Conc Lipid added LPR (w/iw) Detergent  Temp (°C) pH Salts (mM unless  Nonionic Time Crystallization Crystal  Reference
tign 2-D tign 3-D (mg mi™) stated otherwise)  agents (%) method type
A) A)
FhuA - porin 15 E. coli E. coli 0.01-0.15  E. coli lipid 0.6 TX-100 20 8 100 NaCl - ~18h LM S 102
8 E. coli E. coli 1 E. coli lipid 0.5 LDAO, OTG 21 8 100 NaCl - 56 h BB V/S 297
Maltoporin 25 - 0.1-1.0 E. coli lipid - Octyl-POE 37 - 20 HEPES - - DI v 29
(PH7.0), 01 M
NaCl, 10 MgCl,,
0.2 DTT, 0.2
EDTA,
3 NaN3
KdgM - outer 7 E. chrysanthemi E. coli 1.4-18 DMPC 0.1-0.15  LDAO - 9 200 NaCl - - CNBD T 299
membrane porins and DI
KdgN - outer 7 E. chrysanthemi E. coli 14-1.8 DMPC 02 06G - 74 100 KClI - - CNBD v 299
membrane porins and DI
NanC — outer 7 E. coli E. coli 14-1.8 DMPC 0.1-0.15 LDAO - 9 200 NaCl, 1 MgCl, - - CNBD T 299
membrane porins and DI
OmpG - monomeric 6 E. coli E. coli 1 E. coli lipid 0.25-1.5 Ci2Eg 20 7 100 KCI, 25 MgCl, — 8w DI V/S 300
Porin
LamB 25 E. coli 1 E. coli lipid 1 octyl-POE 37 7 100 NaCl - nr. DI v 298
Omp21 18 C. acidovorans E. coli 1 PE 07 LDAO,C8En 35 9 n.r. - 5d DI v 301
OpcA 30 N. meningitidis DMPC 0.1 CsEs 20 45 50 ZnCl, Days DI v 302
PhoE - porin 3.4 E. coli 15 DMPC 0.25 25, 38 75 100 NaCl - 2-3d DI v 303
LPS assembly Wzz** 0-antigen 14 S. enterica serovar E. coli 0.5 DMPC 0.5-1.0 DDM RT - - - - Hydrophobic Vv 8
proteins chain length Typhimurium LT2 beads
regulator
Peptide DtpD (YbgH) 19 E. coli BL21(DE3) 27 E. coli PE 0.3-0.4 DM RT 8 300 NaCl, 250 10 glycerol  5d DI T 304
transporter pLysS mannitol,
20 Tris-HCI
Gap junctions  alphaCx43 — 20 Rat liver gap junctions - - - DOC 4 8 5 HEPES, 5 EGTA, - 3d in situ S 305
connexin gap +0.5 MgCl, or
junction channel 0.05 CaCl,
16 Rat liver gap junctions 306
75 Rat cardiac gap BHK cells 1 DHPC - Tween 20 27 75 2.8% Tween 20, 200 - 05d in situ S 307
junctions Kl, 2 sodium
thiosulfate, 100
g mi~"*
oleamide, 1 pg
ml-!

triBuoromethylke-
tone, 140 pg ml~"
phe-
nylmethylsulfonyl
fluoride, 50 pg
mi~" gentamycin
in 10 HEPES
containing 0.8%
NaCl

75 Rat cardiac gap BHK cells 1 DHPC - Tween 20 27 75 8% Tween - 05d in situ S 308

junctions 20, 200 KI,

2 sodium
thiosulfate, 140
ug mi~"*
phe-
nylmethylsulfonyl

N



Bladder
proteins
Toxins

75
Cx26-connexin gap 10
junction channel
6
al connexin-43 7.5
fragment
10
Uroplakins 12
Cry4Ba delta- 17
endotoxin
complex
Stnll-sticholysin 11 15
actinoporin
18
Aerolysin 25

3121, 3122

Rat cardiac gap
junctions

Cardiac gap junctions

Mouse bladder

Bacillus thuringiensis

BHK cells 1

SF9 insect cells 1

SF9 insect cells 1

BHK cells 1

SF9 insect cells 1

E. coli 0.5-1

Stichodactyla helianthus Stichodactyla 1

helianthus

Stichodactyla helianthus Stichodactyla 1

Aeromonas hydrophila

helianthus

Aeromonas ?
hydrophila

DHPC

DOPC

DOPC

DHPC

DOPC

DMPC

Sphingomyelin,
egg PC,
cholesterol

Sphingomye-
lin,DOPC,
cholesterol

E. coli PE

0.8-1

0.15

0.15

0.2-5

Tween 20

DM

DM

Tween 20

DDM

0G

Octyl-POE

20-37

20-37

27

20-37

25

4

75

5.8

5.8

7.5

5.8

105

74

fluoride, 50 pg
mi~" gentamycin
in 10 HEPES
containing 0.8%
NaCl
2.8% Tween - 05d
20, 200 KI,
2 sodium
thiosulfate, 140
g mi~"!
phe-
nylmethylsulfonyl
fluoride, 50 pg
ml~" gentamycin
in 10 HEPES
containing 0.8%
NaCl
10 MES (pH 5.8), 6d
100 NaCl, 50
MgCl,, 5 CaCl2, 2
DTT
10 MES
(PH 5.8),
100 NaCl,
50 MgCl,, 5
CaCl,, 2 DTT
200 KI 2 NayS,03 ~2d

1 glycerol 6d

10 MES - 6d
(pH 5.8),
100 NaCl,
50 MgCly, 5
CaCly, 2 DTT

50 NaC03 - 1-2d

100 NaCl - 2-7h

100 NaCl - 12h

100 NaCl, - 13h
1 CaCl,

in situ

DI

DI

in situ

DI

in situ

DI

LM

LM

DI

ST

309

310

31

312

313

314

315

316

317

318

Abbreviations: AP, ammonium phosphate; BB, Bio-beads; conc, concentration; bM, Beta-mercaptoethanol; C, cubes; CsPOE; d, day; DDM, n-dodecyl-p-p-maltoside; DHPC, diheptanoyl-sn-glycero-3-phosphocholine; DI, dialysis; DM, n-decyl-f-p-maltopyranoside;
DMPC, dimyristoylphosphatidylcholine; DOPC, dioleoyl phosphatidylcholine; DOPG, dioleoylphosphatidylglycerol; DOPS, 1,2-dioleoyl-sn-glycero-3-phosphoserine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DPPG, dipalmitoyl phosphatidylglycerol; DTAC,
dodecyl-trimethyl-ammonium chloride; DTM, n-decyl-B-o-thiomaltoside; DTT, dithiotheritol; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol tetraacetic acid; EMDB, Electron Microscopy Data Bank; FU, fusion; h, hour; GSH, Glutathionine; HEPES, N'-2-
Hydroxy ethylpiperazine-N"-2-ethanesulphanic acid; HTG, n-heptyl-B-p-thioglucopyranoside; LDAO, lauryldimethylamine oxide; LM, lipid monolayer; LPR, lipid-to-protein ratio; m, month; MES, 2-(n-morpholino)ethanesulfonic acid; N, needles; n.r. not reported; NS, not
specified; 0G, n-octyl--p-glucopyranoside; OTG, n-octyl-S-p-thioglycopyranoside; PC, phosphatidyl choline; PDB, Protein Data Bank; PE, Phosphatidy! ethanolaming; Pi, Sodium phosphate buffer; PMSF, Phenylmethanesulfony! fluoride POPC, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine; RT, room temperature; SDS, sodium dodecy! sulfate; S, Sheets; SP, salt precipitation; St, Stacks; T, Tubes; UDM, n-undecyl-B-o-maltoside; V, Vesicles; w, week.
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Figure 1 Schematic representation of membrane protein crystallization steps.

viability should be monitored at different concentrations of
IPTG, because high-level expression of some membrane pro-
teins results in inclusion bodies® or inhibits cell growth; even
when the gene is fully repressed, some residual expression
from PTAC can still occur. If this leaky expression causes pro-
blems, it may be necessary to clone the gene into an alternative
expression vector that is more tightly controlled. Interestingly,
more than 30 prokaryotic membrane transport proteins have
been successfully overexpressed in E. coli using the plasmid
pITQ18” with PTAC and have achieved expression levels
ranging from 5 to 50% of inner membrane proteins.

The promoter for the E. coli arabinose operon (Pgap or
PARA) is a useful alternative to PTAC. When a gene is cloned
behind the Pgsp promoter, expression of the gene is controlled

by the AraC activator. High-level expression from PARA is
inducible by using media containing arabinose. Moreover,
expression from PARA can be tightly shut off by using media
containing glucose but lacking arabinose. The Pgap expression
system (Invitrogen(New York, USA)) has been successfully
used to produce prokaryotic membrane proteins.®®

Another commonly used promoter for protein expression
is a regulated phage promoter. A gene of interest is cloned
downstream of the promoter, which relies on a phage encoded
ribonucleic acid (RNA) polymerase. Many phages produce a
specific RNA polymerase that recognizes a promoter sequence,
which is quite different from E. coli promoter sequences. Three
phage-specific RNA polymerase/promoter systems that are
commonly used in expression vectors include T7, SP6, and T3.
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In addition to recognizing unique promoters, these systems
result in very high transcription levels of the downstream gene.
Such high-level transcription can be useful for overproducing
membrane proteins, but the expression is often so high that it
is toxic to the host cell. To avoid this, the phage RNA poly-
merase is only induced when overexpression is desired. For
example, the phage RNA polymerase may be itself cloned
behind a regulated promoter, or the polymerase may be
introduced to the cell on a defective phage. The T7 expression
system (pET system from Novagen (Madison, USA) and pQE
system from Qiagen (California, USA)) has been widely used
for the expression of soluble proteins but also for both pro-
karyotic and eukaryotic membrane proteins.'*~"'?

To maximize the expression level for a protein of interest, it
is important to optimize some key parameters: The expression
levels of the protein of interest between minimal (M9) and
complex (LB) media, the concentration of inducers such as
IPTG and arabinose, and the incubation period for the indu-
cers (2-24 hours). The most common difficulties associated
with membrane protein expression are toxicity and a reduc-
tion in host-cell viability after induction. In such cases, over-
expression can still be achieved by a careful choice of media,
host strain (such as mutants of BL2 (DE3),'* C41 (DE3), or
C43 (DE3) (Lucigen (Heidelberg, Germany))), growth tem-
perature, titration of inducer, and time period of induction.

Many bacterial membrane proteins have been produced in
large quantities by overexpression.'>'® However, attempts to
produce eukaryotic membrane proteins in prokaryotic systems
have had only limited success. One likely reason is that many
eukaryotic proteins need posttranslational modifications and
the cellular machineries for these modifications are absent in
prokaryotes. In many cases, overexpressed membrane proteins
will accumulate in inclusion bodies, although there are a few
exceptions such as the neurotensin receptor'”"'® and human
adenosine A,, receptor,’® which are both G protein-coupled
receptors (GPCRs). There are some reports of successful pro-
tein refolding from inclusion bodies,?® but these techniques
need to be carefully optimized for each protein and cannot be
easily generalized.

The use of eukaryotic expression systems is an alternative
choice for eukaryotic membrane proteins. The most com-
monly used eukaryotic expression systems include yeasts,
insect cells, and mammalian cells. Yeast systems are particu-
larly convenient because they contain all of the appropriate
posttranslational modification machinery, but yet are easier to
handle and less expensive than mammalian or insect cell
expression systems. Three yeast strains, S. cerevisiae, Schizo-
saccharomyces pombe (S. pombe), and Pichia pastoris (P. pastoris),
have been regularly used for heterologous expression of
eukaryotic membrane proteins. Many different expression
vectors are available for use in S. cerevisiae, since recombinant
DNA can be introduced either as self-replicating episomal
plasmids or stably integrated into the yeast genome via
homologous recombination. An advantage of S. pombe over S.
cerevisiae is that initiation of transcription is similar to that in
higher eukaryotes.?! In addition to yeast-specific promoters,
some mammalian promoters, such as SV40 and human
cytomegalovirus (hCMV), are active in S. pombe.”> However,
the S. pombe expression system is much less developed than
those of E. coli or S. cerevisiae; several S. pombe expression

vectors have become available for recombinant protein pro-
duction.?® In contrast to S. cerevisiae system, only vectors for
genomic integration are available in P. pastoris and mainly
utilize the methanol-inducible alcohol oxidase promoter
(AOX1). A number of membrane proteins have already been
successfully produced in these yeast systems.?*~>!

Nevertheless, some points need to be considered when
choosing yeast as an expression system. A major problem with
yeast systems is the proteases present in vacuoles that can
interfere with the production of recombinant protein. This can
be eliminated to a certain extent by using protease-deficient
yeast strains lacking one or more proteases. When using yeast
for heterologous expression, it has to be taken into considera-
tion that differences in codon usage can result in reduced
production levels of the protein of interest, so that codon usage
may need to be optimized. It was also shown that some
membrane proteins from higher eukaryotes are not compatible
with the yeast secretory pathway, which results in a reduced
yield of functional membrane proteins. The lipid and sterol
composition of yeast membranes differs from that in higher
eukaryotes, which may affect the expression of recombinant
membrane proteins compared to the native systems. P. pastoris
is especially suited for high cell-density fermentation, yielding
up to 500 ODggo units 17',%? thus helping to obtain large
quantities of a homogenous protein preparation. Examples of
successful structural determination of membrane proteins
expressed in yeast systems include a voltage-sensitive K-channel
that was used for single particle analysis and 2-D crystal-
lization;*> monoamine oxidase B (MAO-B), for which the
arystal structure was determined to a 1.7 A resolution;>* and
yeast aquaporin Aqy1 from P. pastoris at 1.15 A resolution.>”

In some cases, the levels of proteins expressed in eukaryotic
systems are either undetectable or only detectable in small
amounts by Western blot analysis. Reasons include: Toxic effects
of the insertion of membrane proteins into cellular mem-
branes, inefficient transport of the overexpressed membrane
proteins to the membrane, poor growth of overexpressing
strains, or a generally unfavorable impact on cellular metabo-
lism. Some of these problems, such as inefficient transport or
toxicity, are eliminated by a third method of protein produc-
tion: Cell-free expression systems. Cell-free systems may be an
alternative to established cellular expression systems.>® Cell-free
systems have been used to resolve the protein production
problem for many membrane proteins®’~** and some of these
proteins have been successfully used for structural analysis by
NMR.*> However, cell-free expressed membrane proteins have
not yet been successfully crystallized.

1.15.2.2 Detergent Screening and Solubilization of
Membrane Proteins

Since native and in-vivo expressed recombinant membrane
proteins are embedded in a lipid bilayer, detergents are
necessary to remove the proteins from those membranes. This
step is called ‘solubilization’ and it is the second critical step in
membrane protein crystallization. Choosing the ideal deter-
gent is critical. The detergent determines the efficiency of
extracting the membrane protein from the bilayer, as well as
the stability, solubility, and homogeneity of the purified
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proteins and thereby the probability of obtaining useful
crystals. During the solubilization process, the concentration
of detergent increases to levels at or above the critical micelle
concentration (CMC): Detergent monomers assemble into
micelles that surround the hydrophobic parts of membrane
proteins, keeping them in solution.*®*” This process disin-
tegrates the lipid bilayers, which start to break and generate
mixed micelles of protein/detergent, protein/detergent/lipid,
lipid/detergent, and detergent alone. Individual membrane
proteins may have different solubilization requirements,
especially with regard to detergent concentration, pH, and salt
concentration. Therefore, the most suitable compound should
be selected carefully, trying a wide range of detergents at
concentrations above the CMC, and protein concentrations
ranging from 1 to 10 mgml™'. Many different detergents
(ionic, nonionic, and zwitterionic) are available (Table 2),
and therefore choosing the right detergent can be difficult and
time consuming, but is often important. Solubilization effi-
ciency can be monitored using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (-PAGE) and Western blotting.
Often, it may not be possible to select a detergent suitable for
both solubilization and purification. In such cases, detergent
exchange may be necessary before or during subsequent pur-
ification steps.*® Once the solubilization conditions are opti-
mized, the protein is ready for purification.

1.15.2.3 Purification of Membrane Proteins

The third critical step is the purification of the detergent-
solubilized membrane protein. It is important to keep the
detergent concentration above the CMC throughout the pur-
ification steps to prevent precipitation of the proteins. The
final detergent concentration of the purified protein should be
as low as possible, ideally just above the CMC, since the
detergent has to be removed in the subsequent 2-D crystal-
lization step. Purification methods for membrane proteins
from native tissues or membranes and from overexpression
systems are well established. There are many different affinity
tags available that can facilitate the purification of over-
expressed membrane proteins. Most widely used are histidine
tags, either as hexa-histidine, octa-histidine, or deca-histidine
tags, depending on the desired binding strength. Addition of a
histidine tag to a membrane protein enables its rapid pur-
ification by nickel (Ni?*) or cobalt (Co®™) affinity chroma-
tography.**~>? Histidine tags are small and generally do not
interfere with the expression level, protein folding, or mem-
brane insertion. In some cases, it is important to remove the
histidine tag after protein purification to improve crystal
packing.”>® In addition to the histidine tag, there are some
other tags such as strep-tag, tap-tag, and flag-tag, that are also
available and can be used for protein purification. Antibodies
to the affinity tags are often commercially available, which
facilitates the detection of the membrane protein by Western
blotting without the necessity of raising novel antibodies.

1.15.2.4 Reconstitution of Membrane Proteins into Lipid
Bilayers

The fourth critical step is the reconstitution of the purified
membrane proteins into a lipid bilayer.>* This is achieved by

decreasing the detergent concentration of the protein solution
in the presence of lipids. When the detergent is removed, the
hydrophobic surface areas of the membrane protein strongly
prefer to be in contact with the lipid fatty acid chains or with
one another, rather than becoming exposed to the aqueous
solvent, which would be highly unfavorable. The equilibrium
between a single membrane protein molecule (or a lipid)
exposed to water or embedded in a lipid environment is far on
the bilayer side. The hydrophobic surfaces are therefore forced
to join together, so as to exclude water, thus preventing
unfavorable interaction with the aqueous medium. During
this process, the small micellar structures join together to form
vesicles, tubes, and/or sheets (Figure 2), and the protein
incorporates into these during or after their formation. At the
right conditions, this can result in 2-D crystal formation of the
membrane proteins in the reconstituted membranes. These
can be in the form of planar crystalline sheets, crystalline
vesicles, or tubes. From the energetic point of view, vesicles are
more stable, as they do not have open edges, at which the lipid
or hydrophobic protein is exposed to the aqueous medium.
The open hydrophobic edge around a crystalline sheet is
energetically unfavorable, so it tends to close into a cylinder or
sphere, unless the protein has a strong predisposition for
planar layers. This appears to be the case for bacter-
iorhodopsin, LHC-II, and the aquaporins. If the protein does
not have this predisposition - which would be difficult to
predict, and even more difficult to influence - it usually forms
tubular vesicles that are most often 0.5 to 1 um wide. Crys-
talline vesicles can be spherical or can have a variety of other
shapes. Frequently, they adopt the shape of tubes in which the
2-D lattice describes the surface of a cylinder, which is closed
on both sides by a more or less hemispherical cap. Occa-
sionally, they seem to grow from protein/lipid aggregates.>>~>®
The degree of curvature of a tubular vesicle must depend on
the tightness of the crystal lattice and the strength of crystal
contacts. Tubular crystals are easily distorted by surface forces,
which preclude helical processing. They flatten on the support
film and can then be treated as two superposed 2-D lattices.

An example for a membrane protein that was studied from
tubular crystals is the nAChR, a ligand-gated ion channel from
the postsynaptic membrane, which, besides tubulin,®®®° is so
far the only high-resolution structure of a membrane protein
to have been determined from tubular crystals. The receptor
forms ~ 1000-A-wide tubes, with the 2-D lattice on the wall of
a cylinder. The tubes are narrow and strong enough not to be
flattened by surface forces in the thin layer of buffer on a holey
support film, and therefore can be processed as helical arrays,
so the grid does not need to be tilted in the electron micro-
scope. However, the tubes are far too narrow for electron
diffraction, so the structure has to be determined without the
aid of high-resolution electron diffraction amplitudes. None-
theless, helical processing of images of a large number of
tubular crystals recoded at liquid helium temperature have
yielded the structure of nAChR in several different states, most
recently at 4-A resolution,®" a real accomplishment of crys-
tallographic electron image processing.

To date, none of the flattened tubular crystals have pro-
duced a map of similar quality; the best collapsed tubular
vesicles, such as the bacterial sodium/proton antiporter
NhaA®® or ATP synthase c-rings®®> go to ~4 A, but the 3-D
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Table 2 Detergents used in membrane protein solubilization and crystallization trials. The data in this table were compiled from several
sources, including: http://www.affymetrix.com, http://www.sigmaaldrich.com, and Bhairi (2001)316

Name Abbreviation M.W. cMc CMC (%) Aggregation Average micellar
(anhydrous) (mM) number weight (Da)

Nonionic detergents
APO-10 218.3 4.6 0.100 131 28 000
APO-12 246.4 0.568 0.013 2232 500 000
Big CHAP 878.1 2.9 0.25 10 8800
Big CHAP, Deoxy 862.1 1.1-1.4 0.12 8-16 10 500
BRIJ® 35 Brij-35 627 0.09 0.005 6 40 49 000
Cq2Es 406.6 0.064 0.002 - -
C12Es 450.7 0.087 0.003 9 - -
CqoEg Cq2Es 538.8 0.11 0.005 9 123 66 000
Cq2Eg C12Eg 582.8 0.08 0.004 6 - 83 000
2-Cyclohexyl-n-ethyl--p-maltoside Cymal-2 452.5 120 5.43 - -
6-Cyclohexyl-n-ethyl-p-o-maltoside Cymal-6 508.6 0.56 0.028 4 91 32 000
1-Cyclohexyl-n-ethyl--p-maltoside Cymal-1 438.5 340 14.9 - -
7-Cyclohexyl-1-heptyl--p-maltoside Cymal-7 522.5 0.19 0.009 92 150 78 300
n-Decanoylsucrose 496.6 2.5 0.124 - -
n-Decyl--p-maltopyranoside DM 482.6 1.6 0.087 69 -
n-Decyl-p-p-thiomaltoside DTM 498.6 0.9 0.044 8 - -
Digitonin 1229.3 <05 60 74 000
n-Dodecanoylsucrose 524.6 0.3 0.0157 - -
n-Dodecyl--p-glucopyranoside 348.5 0.19 0.006 6 200 70 000
n-Dodecyl-$-p-maltoside DDM 510.6 0.1-0.6 0.009 98 50 000
Dodecyl-trimethyl-ammonium chloride DTAC 264 17.0 0.488 50 13 200
n-Heptyl--p-glucopyranoside 278.3 70 1.9 - -
n-Heptyl-p-p-thioglucopyranoside HTG 294.4 79 2.32 - -
n-Nonyl-B-p-glucopyranoside NG 306.4 6.5 0.2 133 -
Methyl 6-0-(n-heptylcarbamoyl)-o-o- Hecameg 335.4 19.5 0.654

glucopyranoside
Nonidet P-40 Nonidet P-40 558.7 0.25 0.014 149 90 000

(octylphenoxypolyethoxyethanol), now
IGEPAL CA-630

NP-40 (nonylphenoxypolyethoxyethanol) NP-40 603.0 0.05-0.3 0.05-0.3 100-155 76 600
n-Octanoyl-#-p-glucosylamine NOGA 305.4 80 2.44 - -
n-Octanoylsucrose 468.5 24.4 1.14 - -
n-Octyl-p-p-glucopyranoside 0G 292.4 10-21 0.3-0.6 84 25 000
n-Octyl-p-p-maltopyranoside 4545 19.5 0.89 84 38 000
n-Octyl-p-o-thioglycopyranoside 0TG 308.4 9 0.277 - -
n-Octylpolyoxyethylene Octyl-POE 174.3 6.6 0.115
TRITON® X-100 TX-100 625 0.01- 0.015 100-155 80 000
0.016
TWEEN® 20 Tween 20 1228 0.059 0.007 2 - -
TWEEN™ 80 Tween 80 1310 0.012 0.001 57 60 79 000
n-Undecyl--p-maltoside ubMm 496.6 0.59 0.029 2 - -
lonic detergents
Amphipol A8-35 9-10 - 20 - -
Cetyltrimethylammonium bromide CTAB 364.5 1.0 0.036 4 170 62 000
Cholic acid, sodium salt Cholate 430.6 9-15 2.0 900
Deoxycholic acid, sodium salt, Na- DOC 414.6 4-8 0.24 22 1600-4100
deoxycholate
Lauroylsarcosine, sodium salt 293.4 14.57 0.427 2.0 600
Taurocholic acid, sodium salt 537.7 3-11 4 2100
Zwitterionic detergents
CHAPS CHAPS 614.9 6-10 0.49 10 6000
CHAPSO 630.9 8 0.5 11 7000
Diheptanoyl-sn-glycero-3- DHPC 481.5 1.4 0.07 100 50 000
phosphocholine
Lauryldimethylamine oxide, 30% solution LDAO 229.4 1-2 0.023 76 17 000
ZWITTERGENT® 3-08 detergent 279.6 330 10.9 - -
ZWITTERGENT® 3-10 detergent 307.6 25-40 1.2 41 12 500
ZWITTERGENT® 3-12 detergent 335.6 2-4 0.094 55 18 500
ZWITTERGENT® 3-14 detergent 363.6 0.1-0.4 0.007 83 30 000

ZWITTERGENT™ 3-16 detergent 391.6 0.01-0.06 0.001 1 155 60 000
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Figure 2 TEM analysis of 2-D crystallization trials by negative staining. (a), (b), and (c) Low magnification micrograph showing vesicles, sheets,
and tubes of reconstituted protein into lipid bilayer (scale bar represents 1 um). (d), (e), and (f) are corresponding high-magnification images
(scale bar represents 100 nm). (a) and (d) from HasA-HasR-Heme complex in DOPC:DOPS:POPE (60:20:20) at 0.5 LPR, (b) and (e) from OmpF
in E. coli lipids in 0.2 LPR, and (c) and (f) from OmpF in PC:PS (80:20) at 0.2 LPR.

maps of these proteins®*®* have not resolved side chains.
More often, 3-D maps from this type of crystal go to ~6-8 A
inplane. At this resolution, trans-membrane alpha helices
show up clearly, and the maps can serve as an excellent tem-
plate for molecular modeling, if a high-resolution structure of
a related protein is available, as in the example of the archaeal
sodium/proton antiporter NhaP1.%

The most likely reason why vesicular 2-D crystals are less
well ordered is that, due to weak lattice forces, the crystal
contacts are not strong enough to prevent small rotations or
distortions of individual molecules. In principle, these rota-
tions and distortions can be detected by cross correlation with
a reference and then corrected, as in lattice unbending, but the
signal/noise ratio of low-dose electron micrographs is too low
to do this for individual proteins, as would be necessary to
correct rotations in 3-D, or to sort out distorted protein
molecules. Perhaps electron-optical phase plates that should
improve the signal/noise ratio of the image, or new detectors
with a quantum efficiency better than film will make this
possible in future. At present, lattice distortions can be reliably
corrected only in 2-D, with a reference comprising several unit
cells, which accounts for the limited resolution achieved with
less-than-perfect 2-D crystals.

Crystalline sheets are in many ways preferable to vesicle
crystals. Their size is not constrained by the cylindrical geo-
metry of a tubular vesicle, and they are more likely to lie flat

on the support film. 2-D crystalline sheets seem to form pre-
ferably under equilibrium conditions® in the presence of a
small amount of detergent. Although many membrane pro-
teins have a tendency to form 2-D lattices in a lipid bilayer,
some of them also tend to interact with one another in the
orthogonal direction. This circumstance will lead to form
multilamellar crystals rather than true 2-D crystals. Multi-
lamellar crystals consist of stacks of 2-D crystals, often in
precise register, so that thin stacks can be difficult to distin-
guish from proper, unilamellar 2-D crystals by transmission
electron microscopy (TEM) and image analysis. They can
sometimes be detected by careful inspection of the edges of
crystalline areas in negatively stained specimens, which may
show distinct steps in gray levels or contrast. Scanning TEM
(STEM) in high-angle annular dark field (HAADF) mode can
be used to measure the mass per area of such crystals, which
would then reveal the number of layers in such 2-D crystal
stacks.®> Membrane proteins that occur naturally in stacked
membranes, such as LHC-II°® or the cytochrome bgsf com-
plex, =% have a tendency to form multilamellar crystals. Both
complexes come from chloroplast grana membranes, which
form extensive stacks in vivo. Membrane proteins that are
designed to bind extramembraneous subunits may also tend
to form stacked multilayers, if those subunits are absent. The
membrane portion of the enzyme II mannitol transporter
from E. coli®” is a good example. Naturally, there is a risk of


MAC_ALT_TEXT Figure 2

Analysis of 2-D Crystals of Membrane Proteins by Electron Microscopy 295

multilayer formation with proteins that have extensive extra-
membraneous domains, such as the cytochrome bc; com-
plex,”® Ca ATPase,”* and Neurospora proton ATPase,”*> which
have the highest potential for hydrophilic crystal contacts in
the orthogonal direction and all form multilamellar mem-
brane crystals. In the case of LHC-II, naturally involved in the
control of thylakoid stacking, the tendency to form multilayers
is suppressed at low ionic strength both in vivo and in vitro.
Mono- and divalent cations screen the surface charges, thus
enabling stacks to form by nonpolar interactions. Unfortu-
nately, this simple trick does not seem to work with other
systems, though it should be possible to control the formation
of multilayers at least to some extent through the variation of
parameters that interfere with polar interactions, in particular
ionic strength and pH. In some cases it may be worth mod-
ifying accessible surface residues to reduce the capacity for
orthogonal interaction, an approach that is untried but seems
promising.

In general reconstitution of membrane proteins into the
bilayer depends on the choice of lipids, the lipid-to-protein
ratio (LPR), the buffer conditions, possible additives like, for
example, cholesterol, temperature, and the method and speed
of detergent removal.

1.15.2.4.1 Choice of lipids
Crystallization is more likely to occur when the lipid bilayer is
in the fluid phase, permitting some lateral mobility of the
embedded membrane proteins. Since lipids are a major part of
the natural environment of all membrane proteins, native
lipids are often ideal for crystallization. They contain a mixture
of mostly charged lipid head groups, which are likely to
interact with the protein at the interface region between the
hydrophobic and hydrophilic phases and the molecular geo-
metries of these lipids are similar to those found under phy-
siological conditions. Most natural lipids have unbranched
C18 or C16 fatty acid chains that are either fully saturated, or
singly or multiply unsaturated. The length and saturation of
the fatty acid tails determine the fluidity of the lipid bilayer,
and in particular the transition temperature at which they
change from a liquid-crystalline to a fluid state. Lipids with
unbranched, fully saturated fatty acid chains of more than 14
carbon atoms have transition temperatures above 20 °C,
whereas natural lipids with unsaturated C16 and C18 fatty
acid chains have transition temperatures below 0 °C.>”? It has
often been shown that the 2-D crystallization of membrane
proteins in a lipid bilayer requires the latter to be fluid, and for
this reason slightly elevated temperatures may be needed.
Usually, the incorporated protein lowers the effective transi-
tion temperature of the system, and the requirement for
higher temperatures therefore may influence the crystal qual-
ity. Some examples of proteins crystallized with native lipids
include bacteriorhodopsin,” the cytochrome bc; complex,”
and photosystem 1.7°

In addition to native lipids, the most commonly used
lipids for 2-D crystallization are synthetic lipids, often phos-
pholipids. Many of them are zwitterionic lipids (phosphatidyl
cholines (PC), phosphatidyl ethanolamines (PE), phosphati-
dyl serines (PS), sphingomyelin (SM)) and the charge of their
head groups depends on the pH, making them important to
cover a wide range of pH in 2-D crystallization trials. Examples

of negatively charged lipids at neutral pH include phosphati-
dyl glycerols (PG), phosphatidyl inositols (PI), and phos-
phatidic acids (PA). Charged head groups of lipids may give
rise to strong repulsive forces, which would tend to interfere
with micelle fusion and protein incorporation. The ceramides
and gangliosides are uncharged sphingolipids and are
important constituents of complex lipid extracts, such as brain
lipids. The head groups of the typical plant glycolipids
monogalactosyldiacylglycerol (MGDG) and digalactosyldia-
cylglycerol (DGDG) are hydrophilic but uncharged, except
sulfoquinovosyl diacylglycerol (SQDG), which carries a polar
sulfuryl group.

High-resolution X-ray and 2-D electron crystallography
structures have shown that the head groups and fatty acid tails
of lipids have special interaction with membrane proteins.””
Therefore, it is important to select the suitable lipid for the
crystallization process. Biological membranes have an effective
hydrophobic core thickness of ~35A. Native membrane
lipids with their high content of unsaturated C16 and C18
chains produce bilayers of suitable thickness for reconstitution
of most membrane proteins. Interestingly, dimyristoyl phos-
phatidylcholine (DMPC), which has shorter saturated C14
chains end-to-end, forms bilayers of exactly the required
hydrophobic diameter of 35A. DMPC was successfully
employed in many reconstitution and 2-D crystallization
experiments, as, for example, for photosystem I, photosystem
11, aquaporin, KcsA K channel, porin, as well as with mixtures
of DMPC with a second lipid, generally one containing longer
hydrocarbon chains (such as in the cases of lactose permease,
AqpZ). Furthermore, synthetic lipids, E. coli lipids,”® soybean
lecithin, and egg lecithin have also been successfully used for
2-D crystallization. A study of AQPO 2-D crystals in two dif-
ferent lipids suggests that the lipid adapts to the hydrophobic
domain of the membrane protfein,78 rather than the other
way round.

Frequently, isolated membrane proteins bind one or sev-
eral lipids from their native membrane environment, and the
presence of these lipids is often essential for the integrity and
stability of the protein. Sometimes these native lipids are
required for the 2-D crystal formation. A well-documented
example is LHC-II, which requires the glycolipid DGDG”? and
a photosystem II subcomplex.®*®' Such tightly bound lipids
should not be removed by excessive purification, for example,
by ion exchange chromatography, which exposes the protein
to high salt concentrations and a large excess of detergent. The
lipid content of a purified membrane protein fraction can be
monitored by 1-D or 2-D thin-layer chromatography (TLC) of
a small sample (2-4 pl) of concentrated detergent-protein
solution (for details see Christie, 1982%%). However, is not
always easy to identify membrane lipids, or to determine the
exact amounts of each lipid present. Laser-desorption mass
spectroscopy is a useful method for identifying lipids by
comparison against known standards, although the fatty
acid chain heterogeneity of natural lipids may cause
complications.?**

No general recommendations can be made as to which
lipid or lipid mixture is most suitable for any particular
membrane protein. Nevertheless, some rules for choosing and
handling lipids can be provided. First, polyunsaturated lipids
with fatty acid chains containing unconjugated double bonds
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are easily oxidized; therefore they must be stored under argon
or nitrogen at low temperature (-20 °C) in the dark. Second, it
is advisable to work in an inert-gas atmosphere or to add an
enzymatic oxygen scavenging system such as glucose oxidase
to the crystallization mix. Third, prior to their use for 2-D
crystallization trials, lipids must be transferred to detergent-
containing water or appropriate buffer solution.®®> Mono-
unsaturated synthetic lipids such as 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (DOPG), and 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phosphocholine (POPC) are less sensitive to oxidation
than the polyunsaturated natural lipids, yet have suitably low
transition temperatures. Therefore, they have become
increasingly popular as an alternative to natural lipids.

1.15.2.4.2 Ratio of lipid to protein

When the amount of lipid exceeds that of protein (wt/wt), the
protein mainly incorporates into the lipid bilayer in a geo-
metry that is similar to its native state. When the amount of
protein exceeds that of lipid, some of the protein will aggre-
gate, most likely in a denatured form. An important parameter
for crystal packing during reconstitution is therefore the LPR,
which should be low enough to promote crystal contacts
between protein molecules, but not so low that the protein
will begin to aggregate. This ratio is not always easy to predict:
More often than not, the purified membrane protein will carry
some native lipids from its biological membranes, and in
some cases, lipid is added to the solubilized membrane pro-
tein during purification. Therefore, the LPR must be deter-
mined empirically by carefully designed reconstitution
experiments.

1.15.2.4.3 Crystallization buffer and additives

2-D crystal formation is driven by hydrophobic interactions of
the membrane-embedded hydrophobic portions of the pro-
tein, and by polar interactions between the hydrophilic surface
areas. The polar interactions are sensitive to the exact com-
position of the crystallization buffer, its ionic strength, and
pH. Specific additives, which bind to the hydrophilic- or sol-
vent-exposed surface regions of protein, can therefore improve
its crystallization behavior.

1.15.2.4.4 Temperature

Temperature affects 2-D crystal formation in several ways:
First, if the detergent is removed from the crystallization
mixture by dialysis, the rate of detergent removal is obviously
temperature dependent. Higher temperatures will speed up
the process, and lower temperatures will slow it down. Sec-
ond, the temperature has an effect on lipid fluidity, and
therefore the rate of 2-D diffusion of the protein and lipid.
Third, the CMC of the detergent is likely to be temperature
dependent. Finally, the strength of hydrophobic interactions
increases with increasing temperature. Therefore, the interac-
tions between the hydrophobic surface areas of the protein
with one another, and with the lipid, as well as the strength of
lipid-lipid interactions increase as the temperature rises. For
these reasons, slightly elevated temperatures are generally
beneficial for growing 2-D crystals of membrane proteins, and
by far the most have been grown at room temperature or
above (e.g., Ringler et al., 2000;% Mosser, 200186). In some

cases, a temperature ramp between room temperature and
37 °C, applied once or repeatedly over a period of several
hours, has proved to be advantageous, probably because of a
gradual transition across the temperature-dependent CMC of
the detergent in both directions. If the protein is
stable enough, it may be best to keep the temperature high
throughout the experiment, as in the case of the sodium/
proton antiporter, NhaA,>® the oxalate transporter OxIT,”® and
the tetracycline transporter.88 However, there is no reason not
to drop the dialysis temperature if protein stability requires it,
although this will increase the dialysis time. Once the crystals
are formed, they are usually quite stable at lower temperatures
and may be kept at 4 °C for weeks or months. The structure of
Agpl, for example, was determined from one single 2-D
crystallization sample of 100 pl initial volume, which was
stored and maintained in the fridge at 4 °C for several years,
until the structure was determined from it.® Complete
detergent removal may be advisable for improved crystal
stability.®

1.15.2.4.5 Removal of detergent

The final step of the reconstitution process involves lowering
the detergent concentration, which induces protein insertion
into the lipid membrane. This can be achieved by several
different methods: Dilution, dialysis, and addition of Bio-
beads or addition of cyclodextrin.

1.15.2.4.5.1 Dilution method

Diluting a solution of protein, lipid, and detergent decreases
the concentrations of all components by equal factors and is
probably the most reproducible way to achieve crystallization,
as the final concentration of the detergent can be fixed in a
highly reproducible manner. This method is useful for sam-
ples prepared with high-CMC detergents because detergents
with low CMC have a higher fraction bound to the proteins
and lipids, and therefore membrane reconstitution requires a
dilution factor that is too large to maintain usable protein
concentrations. The dilution method has been used with great
success in the cases of PhoE,’%°! OmpFE band3, and photo-
system 1.2

1.15.2.4.5.2 Dialysis method

Dialysis is the most commonly used method in electron
crystallography of membrane proteins. In this method,
detergent slowly passes through the pores of the dialysis
membrane, which creates a local gradient that may favor
crystallization. Indeed, the dialysis membrane may generate
crystallization nuclei, and the detergent gradient produced by
the slow removal of detergent could stimulate the growth of
large crystals. The major drawback of this method is the long
time it takes to remove low-CMC detergents. Therefore, the
method is more practical for medium- to high-CMC deter-
gents (typically CMC>1mM). In the case of low-CMC
detergent dialysis, it is necessary to optimize the buffer con-
ditions such that the protein remains stable for long dialysis
times. Interestingly, the best crystals reported so far have been
obtained by the dialysis method with high-CMC detergents;
they include cytochrome b, ubiquinol oxidase, photosystem II,
CHIP, rhodopsin, glutathione transferase, NhaA transporter,
mannitol transporter enzyme II, and AQPs.5¢
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Special equipment has been designed to improve the dia-
lysis method. A temperature-controlled, continuous-flow dia-
lysis apparatus has the advantage of providing precise control
of the temperature profile, which was found to be quite critical
in some cases.’*?>?* Additionally, this system maintains a
maximal detergent gradient across the dialysis membrane,
which improves the reproducibility of the crystallization
process.

1.15.2.4.5.3 Bio-Beads method

Adsorption of detergent to polystyrene beads (e.g., Bio-Beads
SM2, Bio-Rad) is another approach for 2-D crystallization.
Hydrophobic absorption removes the detergent from the
protein solution, thus promoting the incorporation of the
protein into lipid bilayers to form 2-D crystals. This method
was, for example, used for the cytochrome b6f complex.®® Bio-
Beads have two important properties: They can be used for
small sample volumes and they have higher affinities for
detergents than for lipids. It has been shown that nonspecific
adsorption of lipids is about 100 to 200 times lower than the
specific adsorption of detergent. Since crystallization experi-
ments are generally performed at low LPRs, weak lipid
adsorption may have some effects. However, lipid adsorption
can be reduced by pre-incubating the beads with an excess of
sonicated liposomes.”” Crystallization trials can be performed
using either a one-step addition of Bio-Beads, resulting in fast
removal of the detergent, or by addition of the same Bio-Bead
mass progressively, resulting in a slower process. The rate of
detergent removal is not directly linked to the weight of Bio-
Beads used but to the working temperature; the rate of
detergent adsorption doubles every 15 °C. To maintain a
reproducible adsorption property, the freshly prepared Bio-
Beads must be precisely weighed (wet, but not soaked or dry,
and at an appropriate detergent-to-Bio-Beads ratio), properly
prepared (washed three times in methanol and then three
times in deionized water while stirring), and must not be
allowed to dry out.%%°

1.15.2.4.5.4 Equilibrium methods

In the case of LHC-II’® and bacteriorhodopsin,’” large 2-D
sheets have been obtained by simply incubating a mixture
containing the protein, lipid, and detergent in crystallization
buffer. Crystals form in suspension by stepwise addition of
solubilized protein to a growing edge of the crystalline sheets.
The crystallization process resembles that of 3-D crystal-
lization in batch. Clearly this requires precisely controlled
conditions of all factors that can influence crystal formation,
in particular the concentrations of protein, lipid, and deter-
gent(s), as well as pH, temperature, and ionic strength (see
Kiihlbrandt, 19922).

1.15.2.4.5.5 Cyclodextrins

An alternative approach to removing detergent during the
reconstitution process is to use cyclodextrin. Cyclodextrins are
ring-shaped molecules, composed of six, seven, or eight glu-
cose molecules. Since the nonpolar environment inside the
ring enables cyclodextrins to engulf detergents, the interaction
between cyclodextrins and the detergent relies on molecular
interactions rather than on diffusion or adsorption properties.
An appropriate combination of detergent and cyclodextrins

enables detergent removal regardless of the charge of the
detergent (anionic, zwitterionic, or nonionic) or its CMC.
Cyclodextrin has a higher affinity for detergents than for
lipids, thus preventing changes in the LPR during reconstitu-
tion. These properties make cyclodextrins particularly useful
for 2-D crystallization trials. Initially, cyclodextrins were used
to reconstitute active membrane proteins into proteolipo-
somes at high LPR for functional studies.”®"1°° Later on, the
same approach was used for the 2-D crystallization of OmpF
and SoPIP2;1. Both proteins yielded quality crystals
suitable for cryo-electron microscopy (cryo-EM).'%!

1.15.2.4.5.6 2-D crystallization on a lipid monolayer

Another method of growing 2-D crystals of membrane pro-
teins uses the lipid monolayer method.®%1°2 In this method, a
lipid monolayer is spread on the surface of a small (~40 ul)
volume of crystallization buffer in a clean Teflon well. It is
important to use an excess of lipid by a factor of ~ 1.5 over the
amount that would cover the well surface to allow for partial
solubilization by the detergent. After 4 hours the monolayer is
stabilized and a few microliters of detergent-solubilized pro-
tein is injected into the cell through a small opening at the
side. The protein attaches rapidly to the monolayer surface
and the detergent is absorbed by Bio-Beads, which are intro-
duced one by one through the side opening.'®> The monolayer
with attached protein is incubated for up to 3 days, during
which the protein has time to crystallize. Finally, the surface
layer is transferred to the specimen support grid for exam-
ination in the electron microscope. In principle, any lipid that
interacts with the hydrophilic surface area of a protein can be
used, but functionalized lipids with head groups that are
designed to interact specifically with a particular part of the
protein are most promising. Nickel-nitrilotriacetic acid (Ni-
NTA) lipids bind Ni ions to interact with a histidine tag on the
protein, as an increasing number of membrane proteins are
expressed with such a tag for purification. This elegant tech-
nique was first developed for soluble proteins.'®*!* Ni-NTA-
lipids are now commercially available from Avanti (Alabaster,
Alabama, USA). The NTA lipid is diluted with a regular lipid
that forms fluid monolayers such as E. coli polar lipid. As in 2-
D carystallization by dialysis, the LPR of the injected protein
solution is important. In practice, this procedure has been
limited to detergents with low CMC such as n-dodecyl-beta-D-
maltoside (DDM) which are easier to balance against the
tendency to dissolve the monolayer.

1.15.2.4.5.7 2-D crystallization on functionalized, fluoridated
lipids
In a similar, but potentially even more general approach, Ni-
NTA derivatized, partly perfluoridated lipids have been devel-
oped by Mioskowski and colleagues.'® These special lipids do
not mix with membrane lipids and do not dissolve in any
detergent. These lipids are therefore, in principle, ideal sub-
strates for membrane protein 2-D crystallization. The CMC of
the detergent, and the amount added to the subphase is
therefore not a concern with these lipids, as the monolayers
have been shown to be resistant to high concentrations of a
variety of detergents. The procedure is very similar to the one
just described for regular lipids. It has yielded large 2-D crystals
of recombinant plant proton ATPase, expressed with a his tag
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in yeast.'® These crystals were very similar to the vesicular
crystals of the same protein,’®® except that the unit cell was
larger by about 5%. Surprisingly, both crystals had the same
inplane twofold screw axis, whereas it may be expected that 2-
D arrays grown by specific attachment of the protein to the
lipid would yield crystals without inplane symmetry. Indeed,
the 2-D crystals of FhuA and TFoF1 ATPase grown on Ni-NTA-
derivatized lipid monolayers were of this expected asymme-
trical type.'®? This may be taken to suggest that the proton
ATPase crystals grew on the fluorinated lipid from small crys-
talline vesicles forming in suspension, which then merged into
large lattices upon attachment to the monolayer via the his tag.
Indeed small vesicles can be found at the periphery of larger
sheets.’® Against this hypothesis is the observation that the
protein clearly attaches to the monolayer before lattices
appear. The method works fairly reproducibly with the plant
proton ATPase but has so far not yielded crystals of proteins
that had not been crystallized in suspension before. The lipid
properties, and in particular the ability to bind his-tagged
proteins, seem to deteriorate over several months. Possibly this
is due to the loss of Ni ions. Recharging the lipid with fresh Ni
solution seemed to restore the original binding properties.
More work is needed to improve the reproducibility and
general applicability of these promising compounds.

One great advantage of lipid monolayer crystallization is
that it requires only very small amounts of protein. Unfortu-
nately, this advantage is outweighed by the difficulties of
controlling the crystallization process, of transferring the very
fragile surface layers onto specimen support grids and pre-
paring them for high-resolution electron microscopy (EM). So
far, none of the 2-D crystals grow on lipid layers have yielded
high-resolution electron diffraction patterns, even though they
were certainly large enough.

1.15.2.5 EM Microscopy Screening of 2-D Crystals

For many decades the electron microscope (EM) has been an
extraordinarily versatile instrument for ultrastructural investi-
gations in material sciences and biology. Biological samples
are more difficult to work with, because they are prone to
radiation damage, scatter electrons weakly, and are susceptible
to dehydration in high vacuum. It is important to use proper
conditions during sample preparations, which will preserve
the structural integrity during TEM data collection. Sample
preparation techniques for 2-D crystals, together with their
advantages and disadvantages, will be discussed in the fol-
lowing sections.

1.15.2.5.1 Negative staining: 2-D crystals screening
After reconstitution into a lipid bilayer, the electron micro-
scope is used to screen for the formation of 2-D crystals, their
shapes, and degree of order. Preparation of 2-D crystals for
TEM is the next key step. The quickest method for preparing
specimens for screening 2-D crystals is by negative staining
(Figure 2). The method of negative staining was introduced by
Brenner and Horne in 1959, and is rapid and simple,
requires a small amount of sample (less than 5 pl), and can
provide structural information at high signal-to-noise ratio to
a resolution of about 16 A.

Most biological materials show little image contrast com-
pared to their surroundings, unless they are stained. In EM,
electrons are absorbed very little by biological samples and
contrast is obtained mainly by electron scattering. To increase
the contrast between the protein and the background, elec-
tron-dense stains are utilized. These are usually water-soluble
heavy metal (U, W, Au, Pt, Pb, and Os) salts or compounds
that scatter the electrons strongly in regions surrounding and
partly penetrating the protein of interest. Heavy metal salts are
more tolerant to electron irradiation than the biological
samples. The most commonly used heavy metal salts are
uranyl acetate or uranyl formate, as well as sodium or potas-
sium phosphotungstate. Uranyl salts are more suitable for
protein samples, while phosphotungstate is useful for lipid
structures. The optimal stain for a particular specimen has to
be chosen and evaluated by trial and error.

Copper grids (available from many TEM suppliers) are the
most commonly used specimen support grids for biological
EM. They are coated with a specimen support film (usually a
thin carbon film). To obtain optimal staining and to enhance
the absorption of sample to the carbon surface of the speci-
men grids, the grids are usually glow-discharged under
reduced air pressure prior to adsorption of the specimen.

The ionic conditions of the sample buffer and the presence
of remaining detergents strongly interfere with the stain
absorption by the specimen. To avoid this, the number of
washing steps is increased (from two to six) prior to adding
the negative stain solution to the specimen.

Grids of negatively stained 2-D crystal trials can then be
imaged in the TEM. This is commonly done with a TEM
operated at 80 to 120 kV at nominal magnifications ranging
from 2000 x to 50000 x. An experienced operator can
recognize 2-D crystals directly through the binoculars of the
TEM. Alternatively, automated systems have been developed
that assist in screening for 2-D crystals,'®® or that even can
recognize 2-D crystals via online image processing.'®> Recor-
ded low-dose images (see below) allow the determination of
the projection map from the negatively stained crystals at
resolutions of 16 A. For 3-D work, or for higher resolution, the
frozen hydrated sample has to be investigated, which is called
cryo-electron microscopy (cryo-EM).

1.15.3 EM Data Collection for 2-D Crystals

1.15.3.1 Cryo-EM Sample Preparation for 2-D Crystals

Biological membranes are at home in an aqueous environ-
ment. It is essential to minimize perturbations to the mole-
cular structure of the membrane proteins when preparing the
protein 2-D crystals for visualization and structural investiga-
tion in the electron microscope. The method of cryo-EM was
established in the 1970-1980s"°""? as a means to avoid
sample fixation and decrease electron damage while imaging.

Cryo-EM allows faithful preservation of structural details at
the molecular or even atomic level by rapid freezing and
maintaining the specimen in a frozen hydrated state under
close-to-native condition in the electron microscope. Imaging
specimens at cryogenic temperatures (below -170 °C) in the
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TEM provides increased radiation protection from the electron
beam during data collection.

Cryo-EM methods involve the rapid freezing of the sample,
commonly employing a plunge-freezing device that rapidly
immerses the specimen into either liquid ethane or liquid
propane. Freezing rates faster than 10 000 Ks™' produce a
vitreous ice layer of ~ 100 nm thickness from the solute buffer
that essentially embeds the sample in amorphous, vitrified
buffer. This has numerous advantages over negative staining.
For example, the sample is not dried in a heavy metal salt or
exposed to the acidic pH of 4.3, as is the case for negative
staining with uranyl acetate. The sample retains its water
content, whereas by negative staining the sample is dehy-
drated by air drying. Preserved hydration means that the
protein or 2-D crystal retains its 3-D shape within the vitreous
ice layer. In addition, if the sample is suspended within a hole
in a carbon film, the biological sample does not come into
direct contact with the carbon surface so that any charge
interactions or surface forces that otherwise occur between
sample and support film are avoided.

For 2-D crystal imaging, in most cases the sample is
nevertheless adsorbed to a continuous carbon film, to keep
the crystalline array as flat and undistorted as possible,'* and
to minimize sample movement under the electron beam. This
can be achieved by the so-called back-injection method."* An
even better protection and also a reduction of beam-induced
specimen movement and/or charging is achieved by the so-
called carbon sandwich method."® In order to retain high-
resolution structural information from 2-D crystals, meticu-
lous sample preparation techniques must be employed for
Cryo—EM.“G’ln

Sugar embedding is currently considered the best method
to prepare 2-D crystals of membrane proteins reconstituted
into lipid bilayers. The type of sugar used, the concentration of
sugar, freezing time, and freezing media vary from crystal to
crystal, but a dilute (1-20%) solution of trehalose in buffer or
water is used most commonly. It is important to screen the
suitable conditions for the crystal of interest prior to data
collection.

1.15.3.2 Cryo-EM Imaging and Data Acquisition

The ability to image 2-D crystalline arrays in the electron
microscope places stringent demands on data collection.
Many factors may degrade the attainable resolution, including
beam-induced specimen drift or the absence of complete and
uniform specimen flatness on the TEM grid, which can lead to
resolution loss with the current generation of image proces-
sing software. (Future image processing approaches that
accommodate for variations of sample tilt throughout a single
image of a flattened 2-D crystal may remove this limitation.)

Due to the sensitivity of 2-D crystals to radiation damage,
low-dose procedures are necessary.''® This requires specialized
software for beam blanking and microscope control. Data
collection on 2-D crystals by cryo-EM imaging is done in the
same way as other (e.g., single-particle) samples would be
imaged. The specimen grid is routinely screened at a low
magnification to allow selection of areas with good ice or
sugar thickness (as thin as possible without actually drying the

crystal) and with a well-dispersed sample distribution. Once a
promising area is identified, an image shift is applied that
moves the beam away from the position of interest and sets
this area at a higher magnification so that the sample can be
carefully focused. Usually a degree of defocus is applied to
enhance image contrast. Then the software will shift the
electron beam back to the area of interest and a single image is
taken at a predetermined exposure time and magnification.
Normally, each 2-D crystal is imaged only once and therefore
at only one preset specimen tilt angle. This is done to max-
imize the amount of recorded high-resolution information in
one image. Successive images are then acquired from other 2-
D crystals from different areas across the grid.

The method of spot scanning can be applied to reduce the
amount of beam-induced image drift that can occur during
image acquisition on tilted specimens."® Additional align-
ment procedures together with optimizing microscope para-
meters are needed to minimize electron beam exposure during
imaging and data acquisition. Out-of-focus spot-scan imaging
of 2-D crystals requires a TEM with a parallel beam at small
spot sizes, such as the JEOL 3000, FEI Titan, or ZEISS Libra.

1.15.3.3 Electron Diffraction of Frozen Hydrated Crystals

In addition to imaging, data collection of 2-D crystals can be
done by electron diffraction using TEM with low-dose tech-
niques and microscope control software. Electron diffraction
for data collection from 2-D crystals is unaffected by the phase
contrast transfer function (CTF) of the instrument, and does
not suffer from specimen vibration or drift. The resulting
diffraction data are also less sensitive to specimen charging
during the exposure. Even though electron diffraction usually
requires well-ordered, large 2-D crystals (at least 1 um in
diameter, depending on the unit cell size), data collection can
be used in an efficient way to obtain a high-resolution data set
from tilted samples.'?® The electron diffraction patterns
enable reliable determination of the structure amplitudes of
the sample, but they lack the phase information. With respect
to recording diffraction patterns, the search and diffraction
record modes are needed. These two modes and the current
improvements of data collection of 2-D crystals using electron
diffraction are discussed below.

1.15.3.3.1 Search mode

The ‘search mode’ is used to search for and identify the
position of target crystals without exposing crystals to a high
dose electron beam. When high-resolution data in the order of
a few Angstroms of resolution are to be recorded, the max-
imum exposure that proteins can tolerate is 10-20 e A2 over
the usual electron energy range of 100-300 keV. Therefore, the
intensity used in the search mode is usually around 1 e A~
minute™'. Due to this low intensity, it is important to work at
very low magnification, even when using a sensitive charge-
coupled device (CCD) camera and working in a high contrast
mode of the microscope (e.g., by using the so-called shadow
image mode, when operating in strongly defocused diffraction
mode). The local electron dose can be reduced by spreading
the beam over a larger area (20-100 um diameter).
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1.15.3.3.2 Diffraction mode

The ‘diffraction mode’ is used to collect the diffraction data of
the crystals. The diffraction focus must be carefully set to
optimize the spot sharpness without saturating the detector
while recording diffraction patterns. It is important to control
the illumination of crystals, for which the diameter of the
illuminated area depends on the average size of the mono-
crystalline crystal areas. The beam should illuminate the
whole crystal, when the crystals are of moderate size. While
large crystals are almost always advantageous, there is an
upper limit to the beam diameter that can be used, since lens
aberrations prevent obtaining a sharp focus from an area more
than a certain diameter. This size may vary widely among
different microscopes. Particularly when the beam and crystal
sizes are about the same, it is important to make sure that the
diffraction mode is correctly aligned with the target selected in
the search mode. To test if the beam in diffraction mode is
correctly centered on the crystal, the operator can slightly over-
focus the diffraction pattern to produce a strongly defocused
shadow image. This should then show the chosen 2-D crystal.
The beam should also expand concentrically as the diffraction
focus is changed, indicating that it is properly positioned on
the optical axis of the instrument.

The use of slow-scan CCD cameras has had a major
influence on diffraction data recording.'?’ CCDs offer much
greater linearity and dynamic range than photographic films,
which need digitizing for fine spots on a transparent back-
ground.'?? However, the major problem that CCDs present is
blooming, or spreading of the signal from the very intense
central spot region and its surrounding areas. The unspread
beam highly oversaturates the CCD, since it is several orders of
magnitude stronger than diffraction spots from a typical
protein crystal. To avoid this, it is important to use a beam
stop to block the central beam, which otherwise may damage
the CCD camera. Hence, the beam stop blocks a significant
portion of the diffraction pattern. Some CCD cameras have a
special antiblooming feature, which thermally generates elec-
tron-hole pairs within the CCD, but these are only slowly
generated under the usual operating conditions. Therefore, a
longer exposure time of 20-60s is an alternative way to
achieve antiblooming capability. In addition, long exposures
also reduce the influence of the streak that often shows up
from the central beam as the pattern is deflected in and out by
the beam blocker. Proper intensity can be achieved by using a
small condenser aperture and high spot size setting.

Another problem occurring in electron diffraction is that
the higher-resolution spots tend to fade substantially faster
than those at lower resolution and the total exposure must be
set to capture the greatest intensity without adding too much
noise. The use of an energy filter can greatly improve the
quality of diffraction data.'?*'%?

1.15.4 Image Processing for 2-D Crystals

TEM imaging of biological samples is affected by a very low
signal-to-noise ratio, which makes the distinction of the
molecular arrangement in a single protein difficult, if not
impossible. For samples that organize in a crystalline
arrangement, the systematic repetition can be exploited to

extract the underlying common signal from the multitude of
noisy realizations. The availability of an enormous number of
naturally ‘aligned’ (i.e., equally oriented and regularly dis-
tributed) copies of the same protein makes trivial the aver-
aging of the different realizations of the same view, and thus
the recovery of the original signal. If further views of the
protein can be extracted from differently oriented crystals, they
can be integrated in the computer into a 3-D structure.

As elegantly simple as the underlying idea is, the actual
workflow needs to respond to multiple additional problems:
Deviations from perfect crystallinity, instrumental restrictions,
limits and perturbations of the imaging system, and the scope
of results attainable with reasonable computational resources,
all limit the performance of the method. Specially tailored
image analysis tools and concepts have evolved in order to
tackle these reality constraints with increasing efficiency. The
current state of the art of the algorithmic machinery, discuss-
ing both the mathematical concepts that have been estab-
lished as well as the available software resources that embody
them will be discussed in the following sections.

1.15.4.1 Mathematical Setting
1.15.4.1.1 3-D reconstruction in EM

Along with electron crystallography, other electron transmis-
sion imaging techniques such as tomography and single par-
ticle reconstruction offer the potential of generating a 3-D
computer model by integrating 2-D data sets recorded by the
microscope. All these techniques share the same basic
mathematic tool that sustains the links between experimental
2-D data and the computed 3-D model: The central section
theorem.

Simple to prove, this key phenomenon states that the
projection along the z direction of a 3-D volume contains the
same information as the central slice in the reciprocal space
(z"=0) of the 3-D-Fourier transform of the volume. This
implies that a full set of projections along all spatial directions
is equivalent to a full sampling of the Fourier transform of the
object, and therefore allows reconstructing the original
volume.

This abstract mathematical result elegantly echoes in
instrumental experimentation by the theory of electron optics,
which establishes that the image created by a TEM corre-
sponds (with a certain degree of approximation) to a projec-
tion of the sample. In other words, with sufficient projections
of the sample imaged in different orientations with respect to
the electron beam, it is possible to create an approximation to
its 3-D density distribution.

1.15.4.1.2 Data sets in electron crystallography

The crystalline arrangement of the proteins in the 2-D crystals
that are imaged in electron crystallography gives access to
high-resolution data that otherwise would be very difficult to
extract. The ‘biological protein alignment’ in well-ordered 2-D
crystals is by far superior to the ‘computational protein
alignment’ that a cross-correlation-based image-processing
single particle approach would be able to perform on
noisy data.
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1.15.4.1.2.1 Imaging conditions

For the collection of an entire data set, different 2-D crystals of
the protein are imaged in the electron microscope. In a typical
cryo-EM session, 2-D crystals of 1 pm diameter or larger would
be imaged at 80 000 x magnification at liquid helium tem-
perature (4.3 K), or at 50 000 x magnification at liquid nitrogen
temperature (77 K or slightly warmer). The higher magnifica-
tion at liquid helium temperature reflects the additional pro-
tection from beam damage that a sugar-embedded 2-D crystal
receives from the lower helium temperature.'** Tllumination
with a field emission gun (FEG) microscope at 200 or 300 kV
acceleration voltage, using a relatively low defocus of two to five
times Scherzer defocus (e.g., 400-1000 nm underfocus), and
recording images on photographic film is usually employed.
This allows benefit to be obtained from the better point spread
function of scanned film vs. current generations of CCD cam-
eras at higher voltages.'?> Electron diffraction data from 2-D
crystalline samples are best recorded on CCDs. A typical
experiment could involve hundreds of crystals, tilted in different
angles that are each only imaged once. Although tilt ranges
between -70° and + 70° are experimentally available in most
modern microscopes, practical work is often producing better
results at tilt angles between -45° and + 45° of sample tilt.

1.15.4.1.3 Direct image and diffraction patterns

The microscope can collect images in two different opera-
tional modes: In ‘direct imaging’ mode, a 2-D projection of
the sample is recorded in the image plane. In ‘diffraction
mode’, the crystalline nature of the sample creates a coherent
interference in the focal plane of the imaging system, which is
recorded as a so-called diffraction pattern. The diffraction
pattern intensities represent the squared amplitudes of the
crystal structure. In contrast, a Fourier transform of a recorded
image contains spots that encode the amplitude and also the
phase of the protein structure, but these are modulated by the
instruments CTE which has regions of lower signal-to-noise
ratio at its Thon rings, and which is resolution-limited due to
the envelope function of the CTE For this reason, the best
resolution is usually obtained from a 2-D crystal sample by
first recording and processing direct image data to obtain a
~5-A 3-D map with amplitudes and phases, and then
improving on the quality and resolution of the amplitudes by
collecting electron diffraction data. However, electron diffrac-
tion requires the availability of well-ordered large 2-D crystals,
because a computational crystal lattice unbending procedure
can only be used to improve the quality of direct images, but
not of electron diffraction patterns.

1.15.4.1.4 3-D reconstruction in electron crystallography
Direct imaging provides a direct way to exploit the crystalline
structure of the sample. All the repetitions of the protein
available in each projection can be averaged, yielding an ideal
view of the particle for those particular orientations. With an
appropriately large set of ideal views a 3-D reconstruction can
be created. In fact, the starting position is very similar to the
situation in single particle reconstruction, with the valuable
difference that much more a priori information is available. It
is thus possible to follow the single particle methodology to
compensate for perturbations of the crystalline ordering, as
well as for the inaccuracy in the determination of the

projection geometry. This fact has been exploited in several
applications,'?® including a maximum likelihood-based single
particle approach to 2-D crystal images."*’

For the processing of diffraction patterns, the Fourier space
is the most natural setting. In the 3-D case, the Fourier
transform of a crystal is given by the Fourier transform of the
repeating unit sampled by the Fourier transform of the lattice.
For 2-D crystals, periodicity occurs only in the horizontal
directions. In the vertical direction there is no systematic
repetition, and the Fourier components are not restricted to
discrete points, but continuously distributed. The transform
can therefore be viewed as a set of ‘lattice lines’ (h, k, ), where
the indices h and k define a discrete lattice in the Fourier space.
According to the central section theorem, the diffraction spots
from an untitled crystal contain all the amplitudes of the (4, k,
0) Fourier components of the crystal. For tilted crystals, each
diffraction spot in a pattern corresponds to the value of the
lattice line at a height z" determined by the tilt angle, the
inplane orientation of the crystal and the indices of the
examined lattice line. The more data from different tilts are
recorded, the denser is the sampling of the amplitudes in each
lattice line. At this stage, phase information gained from direct
imaging, molecular replacement or ab initio computation
enables the use of Fourier inversion to construct an approx-
imation to the original density map.

Extracting a 3-D model from an irregularly sampled Fourier
space is a mathematically involved task (as Fourier space
interpolation is not as straightforward as the homologous
operation in direct space and a careful formulation as a
combination of sinc function is required). However, this
enables the incorporation of additional boundary constraints
that model available a priori information, as for instance the
vertical thickness of the crystal. Extended formulations of this
kind can dramatically increase the quality of the reconstruc-
tion as in Gipson et al.'?®

1.15.4.1.5 Analysis of individual images

Before information from different images can be combined,
each individual image needs a separate analysis and pre-
processing. This involves the extraction of the lattice para-
meters and orientation, identification, and correction of
crystalline defects and the compensation for image distortions
introduced by the imaging system.

1.15.4.1.5.1 Lattice parameter determination

Both experimental diffraction patterns and amplitude maps of
computed Fourier transform of direct space images give a
direct insight into the structure of the crystal. Correct identi-
fication and indexing of diffraction spots determines basic
lattice information as size and orientation of the unit cell, and
might also be used to detect the presence of several layers, to
identify a possible underlying higher order symmetry, or to
infer the precise tilt geometry.

1.15.4.1.5.2  CTF correction

The physics of the interaction of electrons with matter and the
subsequent image contrast formation process in the TEM
introduces different kinds of distortions and modulations in
the image. Although an experienced operator can reduce the
impact of some optical aberrations (astigmatism, barrel and
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pincushion distortions) the coherent misrepresentation of
frequencies of different ranges is inherent to the image for-
mation model. This effect can be viewed in the Fourier space
as a modulation of the original signal with a radially sym-
metrical, oscillating function (called CTF).

The dependence of the quantitative behavior of this func-
tion on features of the imaging system (as defocus value,
electrostatic potential) has been successfully modeled,
enabling to some extent the computational correction of this
effect. However, full correction is an open question, as dis-
torted tilted samples do not lend themselves to an efficient
mathematical treatment.'?*'3° Further, for non-tilted samples
the frequency components of the original signal that are close
to the zeros of the CTF are irremediably lost in a single image.
Their recovery would require further data, recorded with dif-
ferent parameters in the experimental design so that different
frequency ranges are accessed.

1.15.4.1.5.3 Unbending
The underlying idea of electron crystallography is to benefit
from the extensive repetition of the unit cell in a structured
manner. As real crystals might depart from perfect periodicity,
it is frequently necessary to perform a numerical correction on
the recorded images to enhance the crystalline nature of the
data. In direct imaging, this requires first identifying the per-
turbation that is deforming the ideal lattice, a task that can be
performed by cross correlating an idealized reference on the
whole image, and then comparing the obtained maxima with
the spots predicted by translational symmetry. The image can
then be computationally corrected according to the so
obtained deformation map, and the whole procedure can be
iterated extracting a new reference from the corrected, ‘unbent’
image.129,l3l—133

This list is an enumeration rather than a pipeline of
sequential steps, as these aspects are severely intertwined with
each other, and the actual implementation requires integrating
the interaction among these elements.

1.15.4.1.6 Merging and reconstruction

Individual images must still undergo a further preprocessing
step, which, in contrast to the previous ones, addresses a
collective issue of the whole data set: The different absolute
intensity scales in each image or diffraction pattern. As each
one stems from a different crystal imaged under slightly dif-
ferent conditions, their intensities need to be rescaled to a
common reference.

1.15.4.1.7 Reconstruction and refinement

After rescaling, the data set can be used to create a first 3-D
reconstruction using one of the frameworks described above:
Filling of the lattice lines in the Fourier space or direct space
processing. In both cases, the obtained reconstruction can be
used as a first reference to go back some steps and incorporate
this model as a priori information for the 2-D processing. This
allows, for instance, the accuracy in the determination of the tilt
geometry to be increased, which typically is not reliable for high
tilts. This refined geometry will in turn yield a reconstruction of
higher quality, so that this procedure can be iterated until
convergence. Upon publication, final reconstruction maps
should be deposited in the EMDataBank.org.'>*

1.15.4.2 Software Resources

Several different software approaches assist in each step in the
processing of 2-D crystal data.'*> In general, the technically
involved aspects of the algorithms are to a large extent trans-
parent to the user, who is not dependent on a perfect com-
mand of the mathematical details. Instead, he or she needs to
control or at least supervise the flow of the data throughout
the different steps of the processing pipeline. While current
software tools allow automating most aspects of the data
analysis, optimizing the quality of the final result usually
requires the experience and intuition of a trained human
operator, which is still the better analysis tool.

Since the 1970s, there has been one major software pack-
age creating, defining, and enabling the field of electron
crystallography: The so-called MRC program suite that was
created by Richard Henderson (MRC, Cambridge, UK) and co-
workers.'?® This suite consists of a large set of image-proces-
sing programs for 2-D crystals. The software offers a robust
implementation of all the algorithms needed in the dataflow
described in the previous section. Over the years a few other
groups have developed software to facilitate the use of the
MRC programs, with different solutions depending on the
imaging mode (e.g., SPECTRA, 37 ICE, 38 CRISP,'3° 4! or 2dx,
see below).

For the processing of direct images, the most prominent
outcome is 2dx,"**'** a software system that provides a user
interface to visualize and process 2-D crystals, while mostly
relying on the MRC programs as underlying kernel. In addi-
tion, 2dx offers user-guidance and optionally fully automatic
processing of 2-D crystal images,'*> and also incorporates a
maximum-likelihood-based single particle processing tool for
2-D crystal images.'?” 2dx provides the user with an intuitive
system for data management, default processing parameters,
and a broad documentation integrated in the front end.

For the processing of electron diffraction data, the MRC
software package offers robust programs that automatically
index diffraction patterns and evaluate the data from those
patterns. The XDP software tool'*® can be used to facilitate the
use of the MRC programs by adding a front-end software
system for diffraction pattern evaluation.

A new development for electron crystallography data pro-
cessing for images and diffraction patterns is IPLT,'*"!*% a
package that does not make use of the MRC software suite, but
provides a reimplementation of existing algorithms as well as
newly developed algorithms for 2-D crystal processing in a
modular way.

These software systems were reviewed by Schenk et al.
(2010).13°

1.15.5 Conclusion

Membrane protein structure determination has received a
major boost through the availability of the complete genome
sequence of many bacterial genomes. Genome sequences of
diverse range bacteria (e.g., thermophilic, hyperthermophilic,
and/or mesophilic) can now be screened for homologous
membrane protein genes, which might give better expression
levels or are more amenable for crystallization, while still
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allowing the analysis of the mechanism of function. In addi-
tion, recent developments have led researchers to successfully
obtain structural information of many eukaryotic membrane
proteins, which are more laborious to express, solubilize,
purify, and crystallize.

Electron crystallography of 2-D membrane protein crystals
has been used to determine the structure of membrane pro-
teins for several decades now. This method has been used to
resolve the structure of nine membrane proteins and tubulin,
but near-atomic resolutions in 3-D are still rare (BR,'*’
LHCII,M() AQP1189,150 nActhl,Sl AQPO,77’152 AQP4,153
MGST,'** prostaglandin E2,"*> H /K" -ATPase,"*® and tubu-
1in®®). Nevertheless, large numbers of membrane protein
structures have been determined to 5 to 9 A resolution
(Table 1), which allows determining the o-helices present in
the membrane protein.'*”'*® The low-resolution maps toge-
ther with biochemical and evolutionary data and hydropathy
plots allowed in several cases building rational models for the
structures (e.g., EmrE'*®). The current methodologies of
membrane protein expression, purification, and sample pre-
paration techniques for EM, together with recent and new
developments for automation in 2-D crystallization, data
collection, and data-processing software will open new struc-
tural information of many membrane proteins in near future.
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