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1. Introduction

X-ray crystallography has been one of the greatest scientific tools developed
in the 20th century. This technique has enabled molecular biologists to
understand and explain some of the most critical fundamental processes of
biological systems. Structure determination of proteins using X-ray crystal-
lography was initiated when John Kendrew and Max Perutz unraveled the
structure of myoglobin [1] and hemoglobin [2], respectively, in the late
1950s. Other significant milestones in the field of protein X-ray crystallog-
raphy are the structure elucidation of nucleic acid-protein complexes by
Aaron Klug [3]; the structure of the photosynthetic reaction center by
Johann Deisenhofer, Hartmut Michel, and Robert Huber [4]; the structure
of F1 ATPase by John Walker [5]; the structure of potassium channels by
Roderick Mackinnon [6]; the structure of RNA polymerase by Roger
Kornberg [7]; and the first structure of G-protein coupled receptor
(GPCR) by Brian Kobilka [8].

According to the Protein Data Bank (PDB) statistics, X-ray crystallog-
raphy (with over 167,000 entries as of July 2022) is the primary technique
for structure determination of both cytosolic and membrane proteins
(https://www.rcsb.org/stats/growth/growth-xray). Membrane proteins
account for 20%—30% of the proteome in most organisms 9] and play crit-
ical roles in a wide range of biological processes such as signal transduction,
respiration, molecular transport, and cell-cell communication in eukaryotes
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and conferring multidrug resistance in pathogenic bacteria. Membrane pro-
teins, mainly GPCRs, ion channels, and receptor tyrosine kinases, are the
target of more than 60% of the current drugs on the market [10,11]. The
structural information of membrane proteins has facilitated our understand-
ing of the molecular details of signal transduction [12—15] and selective ion
conduction [16,17] across the cell membrane and to design novel structure-
based drugs [18].

However, elucidating the structure of proteins using X-ray crystallogra-
phy is associated with multiple obstacles that impede the rate of solving new
crystal structures. Some of these challenges include difficulty in obtaining
large amounts of the target protein; extracting and solubilizing membrane
proteins; stabilizing purified proteins; generating single, large, and well-
diffracting crystals; phasing novel protein structures; and finally dealing with
crystallographic defects such as high levels of anisotropy and mosaicity [19].
Recent technological advances have aided crystallographers in overcoming
some of these challenges [20,21]. Advances in sample preparation, automa-
tion, and computational programs minimize the sample volume, lower the
cost, and accelerate the process of generating crystals, screening crystals, data
collection, and data processing. They enable high-throughput crystal
screening, processing data collected from twinned or multicrystal samples,
and generating single crystals from liquids by applying pressure [22]. In this
chapter, we summarize some of the recent developments in the field of pro-
tein X-ray crystallography that have enabled the high-resolution structure
determination of challenging proteins, particularly membrane proteins. These
include (1) novel detergents and solubilization reagents, (ii) strategies to
improve stabilization and increase crystallization likelihood, (i) methods to
assess the homogeneity and purity of protein samples, (iv) new crystallization
methods, (v) new crystallization additives, and (vi) advances in instrument and
data-processing software.

2. Protein extraction and purification

The first bottleneck in macromolecular X-ray crystallography is to generate
sufficient amounts of target protein in stable, monodispersed, and
aggregation-free states [23]. This can be achieved by optimizations and stra-
tegical modulations of several conditions [20].

2.1 Detergents and surfactants

Compared to soluble proteins, membrane proteins mostly express in low
quantities and are more prone to denaturation and aggregation [19]. This
is because membrane proteins are embedded in the phospholipid bilayer,
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and thus, their extraction requires utilizing amphiphilic molecules, such as
detergents. The amphiphilic detergents with a hydrophobic tail and a hydro-
philic head group enable them to solubilize membrane proteins by enclosing
the hydrophobic core of membrane proteins, whereas the loops and hydro-
philic regions remain exposed to the aqueous environment [19]. However,
breaking lipid-protein and protein-protein interactions during the solubili-
zation process can adversely affect the stability and function of membrane
proteins. Here, we introduce some of the most recently developed deter-
gents with enhanced features to improve the solubilization and stabilization
process of membrane proteins. These advances in extraction and solubilizing
methods have accelerated the production of eukaryotic membrane proteins
for X-ray structural studies.

2.1.1 Maltose-neopentyl glycol (MNG) compounds

Maltose-neopentyl glycol (MNG) compounds were introduced in 2010 as a
new class of amphiphiles suitable for direct extraction and solubilization of
membrane proteins from lipid bilayers (Table 1) [24]. MNG has facilitated
the purification and structure determination of several challenging mem-
brane proteins, including GPCRs and ABC transporters (Table 2). The high
efficacy of MING in extracting and solubilizing membrane proteins is attrib-
uted to its ability to pack compactly during the micelle formation process

Table 1 The most recently developed detergents for use in membrane protein
crystallography.

Detergent Chain

Detergent type length CMC (%, mM) Reference

Decyl maltose Nonionic 10C 0.036 mM [24]
neopentyl glycol 0.0034%

(DMNG)

Undecyl maltose Nonionic 11C - Anatrace
neopentyl glycol website
(UMNG)

Lauryl maltose Nonionic 12C 0.01 mM [24]
neopentyl glycol 0.001%

(LMNG)

Octyl glucose Nonionic 8C 1.02mM [26]
neopentyl glycol 0.058%

(OGNGQG)

NAPol Nonionic - 2% [27]

Calixarene Anionic 3Cto 12C 0.05 to [28]

1.5mM

Fluorinated octyl Nonionic 6F 0.7mM [29]
maltoside




Table 2 List of some membrane protein structures solved using novel detergents,

see text.
Detergent Membrane protein PDB code Resolution (A) Reference
Maltose- > adrenrgic 3SN6 3.2 [15]
neopentyl receptor (f,AR)
glycol
(MNG)
LMNG Agonist- 3PDS 3.5 [30]
> adrenoceptor
complex
LMNG M3 muscarinic 4DA]J 3.4 [31]
acetylcholine
receptor
LMNG Neurotensin 4GRV 2.8 [32]
receptor NTS1
LMNG TatC 4B4A 3.5 [33]
LMNG TRPAT1 ion channel | 3J9P 4.24 [34]
LMNG OX2 orexin 4S50V 2.5 [35]
receptor bound to
the insomnia drug
suvorexant
LMNG Rhodopsin-Arrestin | 4ZW] 3.3 [36]
complex
LMNG ABC transporter 5C78 2.9 [37]
PglK
LMNG MES transporter 5AYN 2.2 [38]
Ferroportin
LMNG TRPAT1 ion channel | 3J9P 4.24 [34]
LMNG Influenza 6HJN 3.3 [39]
hemagglutinin
LMNG Rhodopsin- 60YA 3.3 [40]
transducin
LMNG/CHS | DUOXI1- 6WXR 3.2 [41]
mixture DUOXA1 6WXU
(8:1)
LMNG/CHS | KCNQI1 potassium | 6UZZ 3.1 [42]
mixture channel 6V00
(8:1)
DMNG TRPV2 ion channel | 5HI9 4.4 [43]
DMNG H*/Ca®" exchanger | 4KPP 2.3 [44]
OGNG/CHS | K" channel 4BW5 3.2 [45]
TREK-2
NAPol TOM core complex | 5080 6.8 [46]
NAPol Photosystem Cryo-EM | 6.9 [47]
I supercomplex
NAPol Photosystem II Cryo-EM |[5.8 [48]
supercomplex
Calixarene Potassium chloride | Cryo-EM | 15 [49]
cotransporter

KCC2
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(Table 1). This results in an exceptionally low critical micelle concentration
(CMCQ) (as low as 11nM) [25], improvement of protein stability (indicated
by an increase in thermal stability of MING-solubilized proteins), and an
increase in water solubility of MNG micelles. Fig. 1A illustrates the structure

FFF FFF

Fig. 1 Chemical structures of some of the novel detergents developed for membrane
proteins’ purification and stabilization: (A) maltose neopentyl glycol (MNG), (B) glucose
neopentyl glycol (GNG), (C) NAPol, (D) calixarene, and (E) fluorinated octyl maltoside.
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of a representative MNG in which two hydrophilic heads, each made of a
maltose unit, are connected to two n-decyl lipophilic chains via a quaternary
carbon and variously an amide, ether, or aliphatic moiety [24]. In order to
crystallize membrane proteins with different numbers of transmembranes
(TMs) and intracellular and extracellular loop sizes, MING amphiphiles with
varying chain lengths have been generated. Lauryl maltose neopentyl glycol
(LMNG), with 12 carbon chain lengths and more than 10 published struc-
tures, is the most successful member of the MNG class in determining the
crystal structure of membrane proteins (Table 2). Decyl maltose neopentyl
glycol (DMNG) (10 carbon chain length) occupies the second place in this
class with two solved crystal structures (Table 2). Undecyl maltose neopentyl
glycol (UMNG) is the most recent member of this class, which carries a
chain composed of 11 carbons. UMNG was created recently to provide
an intermediate chain length between LMNG and DMNG.

2.1.2 Glucose-neopentyl glycerol (GNG) compounds

The next class of detergents, glucose-neopentyl glycerols (GNGs), is devel-
oped based on MING detergents, in which the maltose moiety is replaced
with glucose (Fig. 1B) [26]. As a result, GNG amphiphiles form smaller
micelles compared to their MNG counterparts and provide an extra hydro-
philic surface area necessary to form crystal contacts (Table 1). However,
lower efficacy in stabilizing membrane proteins, compared to the MNG class
[26], is the main drawback of GNG and explains the limited number of
solved protein structures in the presence of this detergent (Table 2). One
possible strategy to exploit the benefits of both classes (MNG is more effi-
cient in stabilizing membrane proteins, whereas GNG promotes crystalliza-
tion by providing a larger surface area) is to extract and solubilize the target
protein using the MING class and transfer the MING-solubilized protein into
the GNG detergent immediately before setting up the crystal trays, for
instance, during size exclusion chromatography (SEC).

2.1.3 Nonionic amphipols (NAPol)

It is crucial to retain membrane proteins extracted from lipid bilayers in a
functional form throughout the purification process when the molecular
mechanism of the target protein needs to be elucidated using X-ray crystal-
lography. However, detergents can impact the activity of solubilized
membrane proteins by forming protein-free micelles in the solution [50].
Free micelles can affect the stability of extracted proteins by disrupting
protein-protein interactions and thus influencing the structural determination
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efforts by phase separation during crystallization. Nonionic amphipols
(NAPoI) are a new class of amphipols that stabilizes membrane proteins in
the aqueous solution by forming small globular particles made of two glucose
molecules and one undecyl chain with a diameter of about 6nm [27]
(Fig. 1C). The amphipathic nature of amphipols enables them to stabilize
membrane proteins while preserving the native state of membrane proteins,
demonstrating a gentler alternative to detergents. Membrane proteins are usu-
ally transferred to NAPol after initial extraction and solubilization using con-
ventional detergents. In a study elucidating the function of GPCRs, Granier’s
lab demonstrated that GPCRs reconstituted in NAPols are highly functional
and show the same activity as in living cells [51]. Similarly, NAPol proved to
be essential for determining the structure of the TOM complex, the central
entry gate for precursor proteins into mitochondria [46]. NAPol has proved
to be highly beneficial in stabilizing protein complexes and solving their struc-
tures using cryo-electron microscopy (cryo-EM) [47,48].

2.1.4 Calixarene

Calixarene is a new class of detergents based on the calix[4]arene scaffold, in
which three negatively charged methylene-carboxylate groups are attached
to one side of the scaffold, and the other side harbors a single hydrophobic
chain, 1-12 carbon chain long (Fig. 1D) [28]. Depending on the length of
the hydrophobic tail, the CMC:s of these detergents vary from 1.5mM (3C)
to 0.05mM (12C). Similar to other detergents, calixarene maintains the
membrane proteins in solution by forming micellar structures; however,
in some cases, it further improves the stability of purified membrane proteins
by establishing a series of salt bridges with positively charged residues located
on the intracellular loops of these proteins [28]. Potassium chloride cotran-
sporter KCC2 [49] and influenza viral envelope matrix protein 2 (M2) [52]
are a few examples that were successfully purified and solubilized in the
functional form using this new class of detergents.

2.1.5 Fluorinated surfactants

Fluorinated surfactants are another class of surfactants specifically designed to
improve the stability of extracted membrane proteins rather than de novo
solubilizing membrane proteins from lipid bilayers. Fluorinated surfactants
possess a similar structure to classical detergents, except that they carry a seg-
ment of fluorine in their hydrophobic tails (Fig. 1E) [29,53]. The fluorinated
chain makes the hydrophobic tail lipophobic and therefore impermeable to
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the lipid bilayer and unable to solubilize membrane proteins [53]. As a result,
fluorinated surfactants are not very common among membrane protein bio-
chemists and are considered nonconventional surfactants. However, given
that fluorinated surfactants are less efficient than detergents in breaking
protein-protein and protein-lipid interactions, they are more capable of
maintaining the essential lipids bound to the membrane proteins and, there-
fore, more likely to maintain the solubility and activity of purified mem-
brane proteins, as has been shown for bacteriorhodopsin and cytochrome
bef complex [54] and ryanodine receptor [55].

2.1.6 Commercial detergent screen kits

Identifying the most stabilizing detergents for solubilization and crystalliza-
tion purposes can be laborious, time-consuming, and costly. Therefore, to
facilitate this process, commercial detergent screens have been developed.
Hampton Research Detergent Screen is a Deep Well block composed of 96
mild detergent reagents ready to use in solubilization or crystallization efforts
(https://hamptonresearch.com/product-Detergent-Screen-723.html).  These
detergents represent some of the most promising classes of detergents extracted
from the literature and past membrane protein work. They can be supplemen-
ted into the protein solution to explore the impact of individual detergents on
the solubility of protein of interest during the purification process or used as an
additive just before setting up crystal trays. Using these commercially available
detergent screens, we have identified some detergents vital for obtaining the first
high-resolution crystal structures of the small multidrug resistance (SMR)) trans-
porters [56,57].

2.2 Membrane mimetics

As discussed earlier, detergents can have deleterious effects on the stability and
activity of solubilized membrane proteins. Therefore, detergent alternatives
have gained significant attention during the past 2 decades. Membrane mim-
icking systems, such as nanodiscs, styrene-maleic acid copolymer lipid parti-
cles (SMALPs), and the saposin-lipoprotein nanoparticle system (Salipro),
have been developed to minimize or eliminate the need to use detergents
for purification and solubilization purposes and, therefore, to better preserve
the integrity and function of target membrane proteins. Numerous reports
currently demonstrate the success of membrane mimicking systems in struc-
tural and functional studies of membrane proteins using nuclear magnetic res-
onance (NMR), cryo-EM, surface plasmon resonance (SPR), small-angle
X-ray scattering (SAXS), and X-ray crystallography [58,59].
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2.2.1 Nanodiscs

One of these artificial lipid environments that have proved to be an efficient
tool in structural and functional studies of membrane proteins is the nano-
disc. Nanodiscs are discoidal patches of lipid bilayers surrounded by two
molecules of amphipathic (having both hydrophilic and hydrophobic
regions) helical scaffold proteins, the so-called MSP [60]. Nanodiscs provide
a more native-like environment, which can improve the stability and func-
tion of the reconstituted protein [61]. Nanodisc assembly occurs instinc-
tively when detergent-solubilized membrane protein is mixed with lipid
bilayers and MSP scaffold protein, and the solubilizing detergent is gradually
removed during dialysis or using biobeads [62,63]. The ratio between lipids,
MSP, and membrane protein is determined empirically and is highly impor-
tant for monodisperse and functional nanodisc formation.

Nanodiscs have gained more momentum in the lipidic cubic phase
(LCP) and cryo-EM than in X-ray crystallography. The first solved structure
of a membrane protein embedded into a nanodisc was the TM protein
bacteriorhodopsin [58]. Bacteriorhodopsin was first solubilized using
n-dodecyl-pf-p-maltoside (DDM) and then reconstituted into MSP1 and
MSP1E3D1 (a variant of MSP1 that contains three additional helices and
is suitable for generating larger nanodiscs) nanodiscs and employed for crys-
tallization. Surprisingly, traditional crystallography did not generate any
crystals from bacteriorhodopsin-embedded nanodiscs unless an LCP mono-
olein (1-oleoyl-rac-glycerol) environment was used; this maneuver yielded
high-resolution (1.8-2.0 A) diffracting crystals [58]. Another example is the
cryo-EM structure of a multidrug-resistant efflux protein AdeB from Acine-
tobacter baumannii [64]. Similar to bacteriorhodopsin, AdeB was initially sol-
ubilized in DDM and subsequently reconstituted into MSP1E3D1
nanodiscs. The structure was solved to 2.98A resolution and unraveled
the binding site for several drugs as substrates for this transporter [64].

2.2.2 Styrene maleic acid copolymer lipid particles (SMALPs)

We discussed the importance of nanodiscs in structural studies of membrane
proteins; however, the main drawback of using nanodiscs is their inefficacy
in extracting membrane proteins from lipid bilayers. Therefore, the need to
use traditional methods using detergents for the initial stages of extraction
and solubilization remains in place [59,65]. To overcome this issue,
detergent-free approaches have been developed. SMALPs are synthetic
polymers composed of styrene (hydrophobic) and maleic acid (hydrophilic).
The amphipathic features of SMALPs enable them to solubilize membrane
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proteins by encapsulating them with a patch of the surrounding lipid bilayer.
The use of this platform can significantly aftect the stability and functionality
of solubilized membrane proteins because some of the associated lipids
essential for the activity of these proteins remain bound throughout the puri-
fication process [66,67|. One of the early works on structural studies of
membrane proteins using SMALP was performed on Escherichia coli second-
ary transporter AcrB [65]. AcrB was extracted and solubilized using SMALP,
negative-stained, and visualized under an electron microscope. Although a
low-resolution (>15 A) structure was obtained, the entire solubilization and
data collection were carried out in less than 1 week, which was significantly
faster than that of similar structures obtained using X-ray crystallography at
that time. In a recent work, the structure of the same protein, AcrB, was
determined at 3.2A resolution using cryo-EM [68]. This new structure
revealed the presence of patches of the lipid bilayer within the AcrB TM
domain, likely essential for the function of this multidrug transporter.
The crystal structure of AcrB extracted in the presence of detergents was
devoid of these lipid patches, demonstrating the importance of detergent-
free systems in preserving the native structure of proteins [68].

2.2.3 Saposin-lipoprotein nanopatticle system (Salipro)

A more recently developed artificial membrane-like environment for struc-
tural and functional studies of membrane proteins is the saposin-lipoprotein
nanoparticle system, Salipro [69]. Salipro is comparable to nanodiscs in sev-
eral different aspects. Salipro, similar to nanodiscs, is composed of lipid
patches surrounded by a scaffold protein, which in this case is saposin
A instead of apolipoprotein A-1. Saposin A is a known lipid membrane
modulator with lipid-binding characteristics [69]. The presence of six
invariable cysteine residues that make disulfide bridges in the structure of
saposin A makes it an unusually stable protein [70]. The self-assembly of
Salipro discs occurs when the detergent-solubilized membrane protein is
combined with lipids and saposin A in an empirically determined ratio,
and the detergent is removed over a relatively short period of time. The
number of saposin A molecules that encapsulate the lipid core can vary based
on the size of the membrane protein. This enables saposin A to be highly
flexible and form stable and homogeneous Salipro discs based on the size
of the incorporated membrane protein [69]. This property of Salipro nano-
particles presents a significant advantage over nanodiscs, which have a fixed
diameter based on the length of the scaffolding apolipoprotein belt. The

membrane protein incorporated into Salipro disc nanoparticles maintains
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its solubility, monodispersity, and oligomeric state and remains stable over a
wide range of temperatures (0-95°C) [69]. Although Salipro, similar to
nanodiscs and SMALPs, is mainly designed for the structural determination
of membrane proteins using Cryo-EM, it can also be used for the biochemical
and biophysical characterization of these macromolecules an the aqueous solu-
tion, providing complementary tools for structural studies using X-ray

crystallography.

3. Increasing the solubility and stability of proteins
3.1 Crystallization chaperones

Generating diffraction-quality crystals remains a major challenge in obtain-
ing high-resolution structural information on target proteins. Incorporating
fusion partners into the target protein has proved to be an efficient tool for
improving the solubility and stability of proteins and therefore increasing the
crystallization likelihood. One of the earliest fusion proteins employed for
this purpose is the maltose-binding protein (MBP) [71]. The PDB database
shows that MBP is the most successful fusion protein for crystallizing soluble
proteins. MBP is the periplasmic portion of the ATP-binding cassette (ABC)
maltose/maltodextrin transporter. The MBP tag is mostly cleaved through
specific proteolytic sites engineered in the linker region between the tag and
the protein of interest. However, during tag removal, several difficulties
might originate, such as a decrease in the yield of the target protein, precip-
itation of the target protein, or production of an inactive protein. One pos-
sible solution to these problems is to retain the tag during the crystallization
process. Nonetheless, multidomain proteins are typically less prone to form
well-ordered, diffracting crystals, perhaps because of conformational hetero-
geneity originated by flexible linker regions [72]. Recently, it has been
shown that generating a rigid construct with an MBP tag is a promising strat-
egy for crystallizing alpha-helical proteins [73]. In this approach, MBP is
added to the N-terminus of the target protein in such a way that the last helix
of MBP and the first helix of the target protein form a continuous helix
(Fig. 2A). This approach has been more successful by adding alanine linkers,
which induce alpha-helical propensity between MBP and the target protein.
MBP fusion protein structures deposited in PDB depict that although most
of these structures comprise short interdomain linkers, some are crystallized
using long linkers. In several other cases, a mutated version of MBP has been
shown to facilitate crystal formation by lowering the surface entropy. Fur-
thermore, overlapping the fused and unfused structures demonstrates that
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A

Fig. 2 Crystallization chaperones developed for structural and functional studies of
proteins: (A) crystal structure of hNLRP12-PYD (pink) bound to maltose-binding
protein (gray) (PDB code 5H7N). The linker between the two fusion partners is
shown in green. (B) Crystal structure of the human p2-adrenergic G protein-coupled
receptor (purple) bound to T4 lysozyme (green cyan) (PDB code 2RH1). (C) Crystal
structure of potassium channel KcsA (yellow) solved in the presence of Fab (pink)
(PDB code 1K4C). (D) Crystal structure of angiotensin Il type 1 receptor (wheat)
stabilized using nanobody S118 (dark green) (PDB code 6DO1). (E) Crystal structure of
the Gdx-Clo (dark blue) in the presence of the monobody (orange) (PDB code
6WK8). Protein macromolecules are shown in cylindrical shapes to make an easier
distinction between the proteins and crystallization chaperones.

MBP does not contribute to the structural modifications of the target pro-
tein. Additionally, a mammalianized version of MBP (mMBP) was recently
employed to produce highly posttranslationally modified eukaryotic pro-
teins that are transiently expressed in mammalian cells. mMBP harbors
mutations that improve both MBP solubility and affinity purification as well
as enhance the crystallizability of MBP fusion proteins [74].

In the case of membrane proteins, crystallization chaperones have proved
to be exceedingly efficient in i) improving the stability of membrane
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proteins and ii) expanding the crystallization surface area and subsequently
enhancing the likelihood of crystallizing these proteins [75,76]. Membrane
proteins are inherently dynamic, which enables them to fulfill their biolog-
ical roles [77]. This flexibility, however, can increase conformational het-
erogeneity and prevent crystal contact formation. Even formed crystals
might represent crystallography defects or diffract poorly. Crystallography
chaperones can overcome this obstacle by locking the target protein into
a fixed conformation, lowering conformational entropy and hence trigger-
ing uniform packing. In addition, crystallization chaperones further promote
crystallization by masking highly unstable or flexible protein regions [75].
More importantly, chaperone fused to the membrane protein expands the
hydrophilic surface area necessary for crystal contact formation. Membrane
proteins are mainly composed of hydrophobic residues embedded in the
lipid bilayer or detergent micelles upon solubilization, with a few hydro-
philic loops present in the solvent, accessible for crystal contact formation.
The small hydrophilic surface area available for crystal contact formation is
one of the main reasons for the low crystallization rate of membrane
proteins.

One of the successtul examples of crystallography chaperones is T4 lyso-
zyme. The application of T4 lysozyme as a crystallography chaperone is
based on the idea that fusing an easy crystallizing partner to the target protein
can facilitate the crystallization of the target protein. T4 lysozyme has been
successfully used to solve the crystal structure of several GPCRs, including
Bs-adrenergic receptor (fAR) [78], CXCR4 chemokine receptor [79], his-
tamine H1 receptor [80], and dopamine D3 receptor [81]. In all these cases,
T4 lysozyme was covalently linked to the protein by replacing an entire
cytoplasmic loop (Fig. 2B). Although this strategy was crucial for the struc-
ture determination of these membrane proteins, in some cases, it impeded
the functionality of the protein [82], raising the concern that introducing
these changes might negatively impact the protein structure. In addition,
the process of constructing T4 lysozyme fusion can be costly and laborious
because the placement of T4 lysozyme on the target protein is important for
a protein’s solubility and functionality. This can only be determined empir-
ically by generating numerous constructs and investigating the overexpres-
sion and thermal stability of each recombinant protein separately. Thus, the
popularity of T4 lysozyme as a crystallization chaperone has drastically
declined over the past decade.

Monoclonal antibodies specific to the target membrane protein have also
been used as crystallization chaperones. Compared to the traditional
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antibody generation process in which antibodies are directly collected from
plasma upon immunization, in the case of monoclonal antibodies, cells that
produce antibodies and lymphocytes are harvested from the spleen or lymph
nodes. They have an extended life expectancy through fusion with cancer-
ous B-cells or myelomas. In this way, the resulting hybridoma cells are
immortal and able to produce large amounts of monoclonal antibodies
for many generations. Purified monoclonal antibodies are subjected to pro-
teolysis to remove the fragment crystallizable region (Fc) and retain the
antigen-binding fragment (Fab). Monoclonal antibodies can recognize a
specific epitope on the target protein with extremely high affinity in the
range of 20—200pM (with an average of 66 pM) [83]. Using this rigorous
process, monoclonal antibodies were efficient for stabilizing and solving
the crystal structures of numerous proteins, including cytochrome
¢ oxidase from Paracoccus denitrificans [84], K* channel KcsA [85], the CIC
chloride channel [86], nitric oxide reductase [87], the SecYE protein-
conducting channel [88], and so on (Fig. 2C). However, raising monoclonal
antibodies specific to the understudy membrane protein can be time-
consuming and expensive and may not be successful for every membrane
protein.

A nanobody is an alternative crystallization chaperone to antibodies,
which has proved to be beneficial in crystallizing membrane proteins, par-
ticularly GPCRs [89]. Nanobodies are single variable domains of camelid
antibodies, which form the entire antigen-binding surface (Fig. 2D). Com-
pared to conventional antibodies that are composed of two heavy chains and
two light chains with both heavy and light chains contributing to form the
antigen-binding surface, camelid antibodies are composed only of heavy
chains forming a unique variable fragment, termed VHH or Nb. Nanobo-
dies are composed of nine antiparallel B-strands connected by short loops
(Fig. 2D). The antigen-binding interface of the nanobody consists of three
loops designated as complementarity determining regions (CDRs). Out of
these three loops, CDR 3, which is the longest loop and plays the most crit-
ical role in antigen recognition, has been the subject of most randomization
[90]. Randomization of CDRs enables nanobodies to conform to the epi-
tope site on the surface of the target protein. Several different nanobody
libraries have been developed to facilitate the screening and increase the
number of binders. While previous generations of nanobodies were raised
by immunization of camelids [91], new platforms are based on a fully syn-
thetic library displayed on the yeast surface [90,92] or ribosome display [93].
The use of a fully synthetic library not only lowers the cost of nanobody
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generation and saves time substantially but also, importantly, addresses the
immunological tolerance to self-antigens in the host [90]. Many of the med-
ically important targets represent a high sequence similarity with their camel
homologs; therefore, because of immunity to self-antigens, generating effi-
cient antibodies is very challenging and, in many cases, impossible [94].

Enriching the target protein against the naive library is performed during
two rounds of magnetically activated cell sorting (MACS). MACS is a low-
cost, highly efficient cell separation technique based on cell surface antigens.
During each round of enrichment, the target protein is labeled with a dis-
tinct fluorophore, exposed to the nanobody expressing yeast library, fol-
lowed by removing the excess of the target protein. High-affinity binders
are isolated using antifluorophore magnetic microbeads. Before each selec-
tion round, it is crucial to ensure depleting the library from nonspecific
nanobodies, which might bind to reagents, such as magnetic beads or fluo-
rescent tags. The two commonly used fluorescent tags are Alexa Fluor 647
and fluorescein isothiocyanate (FITC). Using a distinct tag during each
round of selection prevents enriching the fluorescent tags [90]. In the
end, active clones are separated by fluorescence-activated cell sorting
(FACS), which involves expressing the enriched library, staining with
fluorescent-tagged protein, and sorting the cells based on the fluorescence
of the tag attached to the antigen. The nanobody platform has aided the
structure determination of several membrane proteins, including angioten-
sin IT (Angll) type 1 receptor (AT1R) [94], KDEL receptor from Golgi [95],
ABC exporter TM287/288 [96], mycobacterial ABC exporter IrtAB [97],
and SARS-CoV-2 receptor-binding domain [98].

Monobodies present another distinct class of crystallization chaperones.
They are synthetic binding proteins based on the human fibronectin type 111
domain (FN3), composed of a scaftfold of seven antiparallel p-strands con-
nected by three loops on each side of the protein (Fig. 2E) [99]. The general
architecture of this scaffold is conserved among monobodies; however, the
loops [99,100] or a combination of loops and B-sheets [101] are diversified to
create new binders. Monobodies resemble antibodies by creating a binding
surface for other proteins; however, they offer unique advantages over anti-
bodies. Monobodies are small, monomeric proteins with about 100 residues
and ~10kDa, whereas antibodies are much larger, usually ~50kDa. The
small size of monobodies makes them ideal crystallization chaperones for
small membrane proteins and structural studies of membrane proteins by
NMR. An excellent example of small membrane proteins is the SMR family
that formed high-resolution diffracting crystals only in the presence of a
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monobody (Fig. 2E) [56,102]. Furthermore, compared to antibodies, which
require an oxidizing environment to form disulfide bonds and retain activ-
ity, monobodies do not form disulfide bonds and therefore can remain active
under reducing conditions. This makes overexpression of monobodies in
E. coli a feasible task [99]. Monobodies have played a significant role in
expanding our understanding of the molecular mechanism of membrane
proteins, particularly the mechanisms that regulate molecular recognition
[103]. Monobodies tend to mimic the natural ligands and bind to the func-
tional site on the target protein. The flexibility of the loops on the mono-
body scaffold enables them to enter and occupy the binding site, thereby
providing a platform to compare the properties of the functional site in
the presence of the natural ligand versus monobody [103]. In this regard,
the crystal structure of two bacterial homologs of a dual topology fluoride
ion channel (Fluc) was solved in the presence of three different monobodies
[104]. The presence of monobodies was crucial for obtaining high-
resolution diffracting crystals to unveil the unique two-pore architecture
of these proteins while providing clear evidence of the dual-topology con-
formation within members of the Fluc family [104].

The selection process for high-affinity binders involves several rounds of
sorting in which the biotinylated target protein is exposed to the phage dis-
play library carrying ~2 x 10” clones. The target protein bound to its high-
affinity binder is captured using streptavidin-coated magnetic beads, and
nonspecific clones are washed away. The target protein bound to the mono-
body is released from the beads by cleaving the biotinylation linker using
dithiothreitol or other reducing agents [105]. The recovered phage particles
are amplified by infecting E. coli cells and using them during the next round
of sorting. The desired phage clones with the highest affinities are sequenced
and cloned in expression vectors for overexpression and purification.

In all these platforms, fusing a second soluble protein, which specifically
binds the target membrane protein, crystallization chaperone, is the main
key for expanding the surface area required to form crystal contacts, masking
the disordered regions and subsequently increasing the likelihood of crystal-
lizing the TM region. Similarly, one can use other intrinsic domains sur-
rounding the TM region, mainly soluble domains such as cytoplasmic
and extracellular domains, as pseudocrystallization chaperones to facilitate
the crystallization of this region of the membrane protein of interest. Solving
the crystal structure of the membrane-embedded domain of histidine kinase
NarQ provides an interesting example of the efficacy of a pseudocrystalliza-
tion chaperone. NarQQ is a nitrate/nitrite sensor kinase composed of seven
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domains: the periplasmic sensor domain, TM domain, HAMP domain, sig-
naling helix, GAF-like domain, DHp domain, and kinase CA domain [106].
In the absence of sensor and HAMP domains, the TM domain crystallized
after 3months and diffracted to 2.3 A resolution [107]. It was observed from
the structure that residues adjacent to the truncation site are largely disor-
dered. Strikingly, the full-length protein composed of sensor-TM-HAMP
crystallized faster, under 2weeks, and diffracted to a higher resolution of
1.9 A with well-ordered TM helices and loops [106]. Although the binding
site in both proteins was fully ordered, the full-length structure was more
beneficial in understanding the signaling process.

3.2 Thermostabilizing mutations

An alternative strategy to crystallization chaperones is the systematic muta-
genesis of proteins to make them thermostable and, therefore, more amena-
ble to crystallization [108]. There are numerous examples of stabilizing and
crystallizing soluble proteins using this technique [109-113]. In this tech-
nique, known as surface entropy reduction (SER), multiple residues on
the protein’s surface are engineered to lower the conformational entropy
and increase its propensity to crystallization [114]. The SERp server
(http://services.mbi.ucla.edu/SER /) has been designed to identify such res-
idues [115]. Compared to soluble proteins, membrane proteins are inher-
ently more flexible and unstable, and generating diffracting crystals of
these proteins poses a greater challenge. Therefore, generating the thermo-
stable versions of these proteins appears to be essential for efficient
crystallization.

Introducing a single-point mutation or a combination of single-point
mutations in the structure of membrane proteins can cause an increase in
the membrane protein rigidity, a decrease in conformational exchange, a
reduction in site-specific tensions, and an increase in the number of ordered
water molecules and therefore can result in an improvement in the thermo-
stability of membrane proteins and subsequently an increase in the crystal-
lization probability of target protein [116]. One of the main advantages of
this strategy over the crystallization chaperones is the tendency of thermo-
stabilized proteins to crystallize with different ligands. For example, the
cocrystal structure of thermostabilized b1-adrenergic receptor (b1AR) with
12 different ligands has been solved, facilitating the detailed understanding of
ligand binding and receptor activation [117—120]. On the other hand, the
laborious and high cost of generating thermostabilized proteins makes this
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strategy less appealing to membrane protein crystallographers. Typically,
each residue in the protein structure is mutated to alanine, whereas natural
alanine is mutated into leucine, and most stabilizing mutants are combined
together to identify a particular conformation, which increases the thermo-
stability of the target protein and favors its crystallization [121].

The crystal structures of adenosine Asa receptor (AxaR) [122], neuro-
tensin receptor (NTSR1) [123], chemokine receptor (CCRS5) [124], free
fatty acid receptor (FEA1R) [125], corticotrophin release factor receptor
(CRF1R) [126], and metabotropic glutamate receptor (mGlub) [127]
represent only a few examples of GPCRs, whose structures have been deter-
mined using this technique. For a complete list of thermostabilized GPCRs,
please refer to [128] (or https://gpcrdb.org/construct/mutations). Although
GPCRs are the main class of membrane proteins, which have been the sub-
ject of thermostabilization by mutagenesis, this technique is equally applica-
ble to other classes of membrane proteins. This methodology has been
essential for obtaining the high-resolution crystal structures of dopamine
transporter [129], AMPA receptor ion channel [130], and multidrug trans-
porter LmrP [131].

4. Assessing the homogeneity and purity of protein
samples

The success of protein crystallization efforts is highly dependent on the level
of protein purity and homogeneity. There are various methods to assess the
quality of protein samples that are extensively used in protein production
and crystallization pipelines.

4.1 UV-vis and fluorescence spectroscopy

This technique is not only used for the quantitative measurement of protein
concentration but also used to detect nonprotein contaminates and protein
aggregates. Amino acids such as tryptophan and tyrosine have an absorption
maximum at 280nm because of their aromatic nature, which can be
exploited for measuring protein concentration using their extinction coef-
ficients. In contrast, nucleic acids have absorption signatures at around
260nm. A high 260/280nm absorbance (>0.57) indicates the DNA/
RNA contamination of protein samples. Large aggregates and particles in
protein samples can also be detected through UV-vis spectroscopy (if their
hydrodynamic radius is >200nm). The samples without aggregates or large
particles do not have any absorption beyond 320 nm, whereas the presence
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of the aggregates leads to scattering of light. Besides UV spectroscopy, fluo-
rescence spectroscopy is also used to evaluate the degree of aggregation in a
protein sample. Through excitation at 280 nm, the emission signal can be
monitored at 280 and 340 nm, correlated with light scattering and intrinsic
protein fluorescence, respectively. The ratio of the intensities at 280 and
340nm (lgo/ z40) corresponds to the degree of aggregation of the sample.
The ILgo/I340 1s close to zero in the aggregation-free sample [132,133].

4.2 Size exclusion chromatography

SEC is another technique commonly used to assess the quality and homo-
geneity of protein samples. It is usually the last step of the protein purification
process, which separates molecules according to their hydrodynamic size,
often defined by their hydrodynamic radius. An SEC column is composed
of a porous matrix of spherical particles (beads) that do not possess reactivity
and adsorptive properties. In this technique, molecules larger than the pore
size do not diffuse into the beads, so they elute early, and molecules that can
penetrate the pores experience various migration times based on their size
and thereby elute at different retention times. SEC is also useful for separat-
ing difterent oligomeric forms of a protein as well as large aggregates, which
might interfere with the crystal formation. These species can be detected
easily using traditional UV detectors [132]. It is crucial to remember that
SEC can dilute a protein sample approximately tenfold and therefore alter
the equilibration between various oligomerization states of a protein sample.
In addition, although SEC possesses a porous matrix with no reactivity and
absorptivity, in some cases, the protein might interact with the column
matrix. Therefore, the size calculated based on running standard samples
might not reflect the true size of the protein [134].

4.3 Dynamic light scattering

Dynamic light scattering (DLS) is a rapid and convenient technique to inves-
tigate the monodispersity of a protein sample and evaluate the presence of
higher-order oligomers and soluble aggregates. DLS determines the size dis-
tribution of the particles, including proteins, polymers, micelles, vesicles,
and so on, by measuring their Brownian motion. This technique measures
the macromolecule’s fluctuations in scattered light intensity as a result of dif-
fusing particles. DLS shows the particle population at different diameters. If
the system 1s monodispersed, only one population exists, whereas a polydis-
persed system would demonstrate multiple particle populations. The
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advantage of DLS is that it can be performed at various temperatures and
times to assess protein stability and can be performed using various buffers
during the optimization steps and sample preparation. The method requires
a very small amount of protein sample (0.5-2mL, 0.3-50mgmL ") [19].
DLS can also be coupled with SEC to understand the size distribution of
protein samples [132,135,136].

4.4 Size exclusion chromatography with multiangle light
scattering (SEC-MALS)

Determining the oligomeric state of proteins is essential for structural studies.
In some cases, the goal is to produce the monomeric form of a protein, and
in some others, the oligomeric state is desirable because certain proteins are
typically active in their oligomeric forms. On the other hand, nonnative
oligomers can be detrimental to structural determination by X-ray crystal-
lography. In addition, nonnative oligomers can lead to inaccuracies in bind-
ing measurements using functional assays such as isothermal titration
calorimetry (ITC) and SPR. In these cases, SEC with multiangle light scat-
tering (SEC-MALS) can be a useful technique to determine the exact
molecular mass of proteins and separate various oligomeric states. This pro-
vides a significant advantage over SEC. The size estimation by SEC can be
inaccurate because the retention time in this technique mainly relies on the
hydrodynamic radius of macromolecules instead of their molecular mass.
Also, as mentioned earlier, proteins and other macromolecules might inter-
act with the matrix of the SEC column, or they can adopt various confor-
mations making the measurement of their absolute size and molar mass by
running standard proteins arduous. An alternative technique is to combine
SEC with MALS and differential refractive index (dRI) detectors. In
SEC-MALS, the SEC column is employed only to resolve different species
in solution as they enter the MALS. The dRI detector calculates the con-
centration using changes in the refractive index because of the analyte. At
the same time, the MALS detector can measure the proportion of light scat-
tered by an analyte at multiple angles relative to the incident laser beam. This
feature enables the measurement of molecular mass independent of elution
time [132,137].

5. New crystallization methods

Protein crystallization is a multiparameter process. It is divided into three
steps that begin with nucleation, then the crystal growth stage, and last, ces-
sation of growth. These steps determine the number, size, and quality of
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obtained crystals. For a protein to precipitate from the solution, the system
should be driven into a supersaturated state. The attainment of the supersat-
uration level and the rate of supersaturation can be explored on the basis of
various crystallization techniques. For soluble proteins, there are four major
approaches for obtaining supersaturation: vapor diffusion, batch, dialysis,
and free interface diftusion (FID) [138]. In the case of membrane proteins,
crystallization can be performed using LCP and bilayered bicelle crystalliza-
tion methods. Each technique influences protein crystallization differently,
even though the final chemical composition of the crystal system might be
the same. The lack of generalized methods for high-quality crystal produc-
tion is still a major bottleneck. The development of methods to control pro-
tein nucleation and crystal growth might significantly help to reduce this
hurdle in the crystallization process. Now, we will discuss the most recently
developed strategies to improve the crystallization process.

5.1 Automation of crystallization

Crystallization screening is the most time- and sample-consuming process in
macromolecular crystallography. Because of numerous parameters to be
tested, from precipitant, temperature, and pH to protein concentration,
the crystallization trial is unlimited. Moreover, in some cases, crystallization
is incorrectly considered an art rather than a science because of lower repro-
ducibility and difficulty in obtaining well-diffracting crystals. Over the past
decade, several automated platforms for high-throughput crystallization
screening were developed to reduce manual work and increase reproduc-
ibility with a lower failure rate [139—141]. These developments include
the steps from crystallization setup to drop observation. One such fully auto-
mated system is the protein crystallization and monitoring system (PXS),
which has made an outstanding contribution to achieving high-throughput
protein crystallization screening [ 139]. So far, the most commonly used crys-
tallization method is vapor diftusion owing to its small sample volume
requirement to optimize crystallization screening and easy harvesting of
crystals. The drop size can vary from 50 to 1000 nL with varying parameters
to set up the plates [142]. There are two types of automation robots used for
setting up vapor diffusion experiments. Both robots can set up drops by mix-
ing protein and precipitant volumes, but one can also transfer mother liquor
from deep-well blocks to the plate. This avoids the extra step of setting pre-
filled plates by hand or another robot [143]. Similar automated systems are
available for the batch crystallization process, where the protein and precip-
itant are dispensed simultaneously, either with or without oil [144]. Unlike
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vapor diffusion, this method provides slow equilibration of the drop. How-
ever, there is no endpoint in this experiment, and the drop continues to
evaporate until it dries out. This method helps to understand the phase dia-
gram of a protein in depth. Because of their unique setup, dialysis and the
interface diffusion method cannot be automated.

LCP and bicelle crystallization are preferred methods for crystallizing
membrane proteins, which otherwise cannot crystallize in an aqueous phase
[145]. In the standard LCP technique, membrane protein is transferred into
the LCP by mixing the protein solution with lipids such as monoacylglycer-
ols (MAGs) in an optimum ratio that might vary with the protein sample.
Because of their lower chemical stability, MAGs affect crystal growth and
nucleation. Recently, various research groups have been designing and syn-
thesizing new lipids to support crystallization by forming LCP [146-149].
Because LCP is a semisolid material with high viscosity, a specialized
small-diameter syringe system is used to dispense the sample in a crystalliza-
tion plate [19]. Unlike soluble proteins, there are specialized automatic dis-
pensers such as Gryphon LCP (Art Robbins), NTX (Formulatix), and
Mosquito LCP (TTP LabTech) that rapidly and accurately dispense LCP
to a 96-well plate. Once LCP is dispensed, the aqueous solution is added
over eight wells at a time, leading to approximately 10s exposure of these
drops before being covered by the aqueous phase. To improve this, Oryx
LCP (Douglas Instruments) can be used, which dispenses one LCP bolus
and then the aqueous solution over it at a time within 1s. This system
can also be used for the bicelle crystallization method setup. There are a
few other improvised systems, such as NT8 and ProCrys Meso Plus
(Zinner Analytic), with built-in humidifiers to avoid evaporation.

With improvements in data collection and processing at beamlines, there
has been a huge demand to develop a fully automated crystallization setup
for the structure determination process. Recently, a new database system,
PXS2, was developed to integrate the crystallization setup database with a
database for the diffraction data collection on the photon factory (PF) syn-
chrotron beamlines [150]. This system will also enable in situ data collection
along with a minimized sample volume up to 0.1 mL and improved resolu-
tion of captured images. This upgraded system will significantly improve the
MX efficiency in structural biology research.

5.2 On-chip crystal growth

Microfluidic devices, because of low sample consumption, finely control
mass transport properties, with a large surface-area-to-volume ratio, and
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have emerged as a viable technology for protein crystallization and in situ
X-ray diffraction experiments [151]. Miniaturization of experiments at a
small scale also facilitates good control over crystallization parameters such
as temperature, concentration gradients, and convection [152,153]. These
devices are also suitable for studying protein phase diagrams and understand-
ing the crystallization process in depth by using protein samples of only a few
nanoliters to microliters [153,154].

Various innovative approaches are reported that enable these devices to
investigate soluble [155,156] and membrane protein crystallization
[157,158]. In general, there are three types of microfluidic approaches
employed to identify optimum conditions for protein crystallization:
(1) valve-based systems, (ii) droplet-based systems, and (iii) well-based sys-
tems. Primarily, vapor diffusion, microbatch, and free interface methods
have been used for crystallization setup on microfluidic devices. A review
explained the implementation of traditional crystallization methods (micro-
batch, vapor diffusion, and FID) in microfluidic devices by using the three
approaches mentioned earlier [159]. To perform vapor diffusion, both
valve- and droplet-based approaches can be used. The first approach relies
on a formulator module to create a mixture of protein and precipitant and on
a two-phase injector to generate small droplets encapsulated in an immisci-
ble carrier fluid [160]. The second droplet-based approach generates alter-
nating protein trial droplets and salt droplets. A fluorinated carrier fluid
transports and separates the droplets. Batch crystallization is performed sim-
ilar to the droplet-based approach, as explained above, using a fluorinated
carrier fluid. All components pass through different aqueous channels to
meet at a junction and form a nanoliter volume droplet [161]. Because
the carrier fluid is separated for all the aqueous solutions, no evaporation
or loss of chemicals occurs, unlike the conventional crystallization method.
In the case of FID, a valve-based formulator was developed to carefully
manipulate the diffusion of fluids in nanoliter volumes [155]. Diffusion times
between the sample and precipitant can be varied by changing the connect-
ing channel length, which enables rational crystallization screening using
on-chip FID [162].

Another crystallization method that has been explored is dialysis, which
enables precise control over crystallization conditions by using a semiperme-
able membrane with a molecular weight cutoff (MW CO) smaller than the
size of the protein of interest. There are different approaches to combining
membranes and microfluidics. The most commonly used method is the
direct integration of membranes into microfluidic devices by gluing or
clamping. Microfluidic dialysis setups have been used for SAXS and
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fluorescence recovery after photobleaching (FRAP) [163,164]. Structural
changes in protein dynamics can be studied by combining microfluidic dial-
ysis with a SAXS/UV exposure cells, and all this is possible by using a small
amount of protein sample [163]. Recently, reusable microfluidic dialysis
setups for in situ serial X-ray crystallography experiments have been devel-
oped. These microfluidic chips were also used for screening crystallization
conditions to investigate temperature-precipitant concentration phase dia-
grams [165]. Such experiments open the possibilities of on-chip serial crys-
tallography experiments under dynamically controllable sample conditions.

So far, the well-based microfluidic approach is one of the most adapted
platforms for on-chip crystallization. The most recent development is the
use of a triple-gradient generator device to screen the crystallization condi-
tions for three different proteins [166]. There are other microfluidic
approaches, such as a capillary-based microfluidic device that not only
enables soaking of crystals at room temperature and in situ data collection
but also allows stable sample shipping to synchrotrons [167]. This work
paves the way for room-temperature microfluidics-based sample delivery
methods to facilitate the automated workflow of high-throughput
protein-crystallography-based screening of compounds for drug discovery.
Various groups have attempted room-temperature serial crystallography and
in situ data collection using a microfluidic device [168—172]. Lower mosai-
city and good isomorphism in crystallographic data have also been observed
by using microfluidic devices. Moreover, triggering events (such as light,
temperature, etc.) can be easily enabled by fluidic control to investigate pro-
tein dynamics that would otherwise be inaccessible or difficult to study
[170]. To mitigate radiation damage, complete crystallographic data using
a microfluidic device have been collected under cryogenic temperature
using lysozyme protein crystals [173], thus providing a solution for data col-
lection of complex proteins under cryogenic conditions instead of room
temperature.

For membrane protein crystallization, there are additional factors such as
the presence of detergents or viscous LCP that can be challenging to form
on-chip in a small volume. Because of this, the microfluidic system has been
limited to detergent-based membrane protein crystallization [157,174].
A hybrid droplet-based approach that uses nanoliter plugs to minimize sam-
ple consumption has been utilized in crystallization trials of a porin from
Rhodobacter capsulatus. In situ data collection was performed using the same
approach giving high-quality crystallographic data [157]. A microfluidic
device to investigate the phase behavior of sarco(endo)plasmic reticulum
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Ca™" adenosine triphosphatase (SERCA) has also been attempted previ-
ously, which showed the feasibility of membrane protein crystallization
using microfluidic technology [174]. Droplet-based microfluidic systems
have been suitable for handling viscous solutions such as LCP. This system
was used to dispense nanoliter volume LCP droplets and later merged them
with aqueous droplets to perform crystallization trials on bacteriorhodopsin
(Halobacterium salinarum) [175]. They also developed a cyclodextrin-based
host-guest chemistry approach in a microfluidic device. This simplified
the process of protein concentration by removing free detergent micelles
and thus affecting the packing of protein-detergent complexes. A time-
controlled removal of loosely bound detergent molecules could also be
enabled by this approach. Another microfluidic system with pneumatic
valves was also used to form LCP on-chip with a droplet volume below
20nL [176]. Implementation of current microfluidic devices is still limited
to soluble proteins and should be further focused on studying membrane
proteins. An improved imaging system, optimized modifications in terms
of detergents, and a reliable database system can increase the number of
solved membrane protein structures [159].

Microfluidic devices have emerged as a powerful tool in protein crystal-
lization. The use of microchips has facilitated low sample and reagent con-
sumption with a high density of experiments. This technology has
revolutionized membrane protein crystallization by miniaturizing screening
trials, a high operational speed, and good reproducibility. A step further was
given by generating microchips with new materials such as a copolymer of
cyclic olefin for in situ data collection from crystals obtained by counterdif-
fusion [177]. Furthermore, other advances in microfluidics are expected to
mitigate radiation damage of protein crystals under the beam from a deeper
understanding of the chemistry inside irradiated crystals [178].

6. New crystallization additives

Nucleation is the first step of the crystallization process that can be homo-
geneous or heterogeneous. A homogeneous process is a random process
where multiple nuclei are formed with a simultaneous assembly of several
protein molecules at a high supersaturation level. The energy barrier is
low in this state, facilitating critical nuclei formation. If there is excessive
supersaturation, it leads to unfavorable structural defects and excessive
nucleation. To avoid this, heterogeneous nucleation is promoted to perform
crystallization in a controlled manner.
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The major challenge of protein crystallization is often the inability to obtain
crystals. Even if crystals are obtained, other obstacles such as poor diffraction and
reproducibility issues might occur. Various methods have been proposed to
overcome this problem by controlling protein crystallization parameters (such
as temperature, pH, concentration gradient, etc.), utilizing microgravity or
electric field environments, or even developing advanced microfluidics plat-
forms, as discussed previously [179]. Even though these methods have been
an enormous success, they have some limitations. Thus, various nucleants came
into existence, which induces heterogeneous nucleation and improves crystal
diffraction quality in a very controlled manner [180]. Since then, there has been
amassive debate on multiple substances treated as “universal” nucleants for pro-
tein nucleation. Some of these agents include minerals, microcrystals for seed-
ing, natural nucleants (e.g., horsehair, human hair, cellulose), porous substances
(e.g., silicon), and even charged surfaces (e.g., mica) [179].

6.1 Porous nucleants

Various porous nucleants have been developed, such as mesoporous bioactive
gel glass, carbon-nanotube-based materials, and nanoporous gold nucleants.
The most successful heterogeneous porous nucleant has been bioglass, also
known as “Naomi’s Nucleant” sold by Molecular Dimensions. Bioglass
has a disordered pore distribution (2-10nm) that promotes the nucleation
of various difficult-to-crystallize proteins [181]. In principle, protein mole-
cules would be trapped in pores, thereby encouraging them to form aggre-
gates in crystalline order. Bioglass has been effective over a range of
physical parameters such as different pH values, temperature, and varying iso-
electric points of protein. Because of its flexibility, numerous target proteins
have been crystallized, including a membrane protein [182]. Even though itis
more convenient to use bioglass than silicon, its surface chemistry is not easy to
control. Thus, carbon-nanotube-based nucleants with controlled pore distri-
bution were developed [183]. Low-density or nonporous substances such as
polystyrene divinylbenzene microspheres (SDB) are also eftective nucleants
[184]. They employ adsorption and desorption theory, where protein is first
adsorbed at a high concentration and then desorbed at a low concentration.
A higher-concentration region is favorable to nucleation, and a lower-
concentration region allows crystal nuclei stability leading to the growth of
high-quality protein crystals. The discovery of such effective porous materials
has led to structural studies of various proteins by inducing nucleation. This
has also set a trend for developing new nucleants for protein crystallization.
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6.2 Molecularly imprinted polymers (MIPs)

Molecularly imprinted polymers (MIPs) are another such nucleants that pro-
duce molecularly selective sites via the polymerization of a functional mono-
mer and a template biomolecule. There is an interaction between the
functional monomer and template molecule via hydrogen bonding and
weak Van der Waals forces. Once polymerized, the template molecule is
trapped inside the polymer. The highly selective cavities remain after the
removal of the template molecule. These cavities can remember the cognate
template molecule and rebind to a noncognate molecule of a similar shape
and size [185,186]. MIPs have been successfully used as a nonprotein nucle-
ant in protein crystallization. They are very effective in increasing crystal hits
and improving crystal quality. The first water-based MIP (HydroMIP), also
known as ‘smart material’, was developed by Naomi Chayen in 2011 [187].
The most commonly used MIPs are acrylamide (AA), N-hydroxymethyl
acrylamide (NHMA), and N-isopropyl acrylamide (NiPAm). To prepare
MIPs, a functional monomer (i.e., AA) and a crosslinker (i.e., IN,NO-
methylenebisacrylamide) are dissolved in deionized water to form a pre-MIP
solution. The solution is then polymerized by adding ammonium persulphate
(APS) and N,N,N, N-tetramethylethyldiamine (TEMED) at room tempera-
ture. Last, formed gels are crushed, and the template protein molecule is
removed, forming cavities. These cavities form a protein-rich phase when pro-
tein molecules migrate toward their surface. This overcomes the energy barrier
for the first crystal nuclei formation step. The cavity surface is used as a support
for protein crystal growth.

Various proteins such as lysozyme, catalase, hemoglobin, trypsin, alpha
crustacyanin, and human macrophage migration inhibitory factor (MIF)
have been tested for nucleation using MIPs [187,188]. Nucleation is induced
by cognate MIP and also via other similar noncognate MIPs under metasta-
ble conditions. By using MIPs, the diffraction quality of the crystals can be
improved with low protein consumption. MIPs can also be used in high-
throughput automated crystallization trials and give high reproducibility
[189]. To further improve the crystal quality, zwitterionic additives have
been immobilized in MIPs that gave higher hits and well-diffracting single
crystals of concanavalin A protein in a short time [190].

6.3 Crystallophore (Tb-Xo4)

Apart from getting high-quality protein crystals, solving the phase problem is
another major issue in crystallography. For more than a decade, lanthanide
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complexes have been widely used to resolve the phase problem because of
their large anomalous contribution of lanthanide ions [191]. These com-
plexes can be inserted into protein crystals by (i) substituting Ca®" in
calcium-binding proteins [192], (ii) by covalent grafting of a lanthanide
binding tag [193], and (iii) cocrystallization of lanthanide complexes with
the protein [194]. Previously, several such complexes such as macrocyclic
(DOTA, DO3A, and HPDO3A), polydentate (DTPA-BMA), or tris-
dipicolinate lanthanide complexes have been used for the structural deter-
mination of new proteins [195,196].

Recently, a new terbium (III) complex (cationic) has been developed
that has all the properties such as nucleating, phasing, and luminescence
to overcome major issues of macromolecular crystallography. Engilberge
et al. named this type of complex as crystallophore (Xo4), which has been
used for the structural determination of various proteins with known and
unknown structures (such as lysozyme, thaumatin, malate dehydrogenase,
and pb9 from the T5 phage tail) [197]. It has been proposed that nucleating
properties of Tb-Xo04 could be because of SER or by a slight modification of
the surface topology favoring a contact between protein molecules. This
complex is highly stable under crystallization conditions and acts as a good
phasing agent enabling the protein structure determination using single-
wavelength anomalous diffraction (SAD) or multiwavelength anomalous
diffraction (MAD) methods. The addition of this crystallophore also
improved the diffraction quality and gave greater data completeness, as
observed previously for an adhesion protein PitA [198]. The use of heavy
atoms to solve phasing problems has recently become popular, and a new
Gd(III) clathrochelate, a metal cage complex, has been designed by Casta-
nieda et al. [199]. Tb-Xo4 has huge potential in facilitating the structural elu-
cidation of new proteins with its capabilities to overcome issues such as
phasing and crystal nucleation. In the future, it will be interesting to see this
crystallophore’s compatibility in phasing tools with serial crystallography.

6.4 Other nucleants

Natural nucleants such as hair are preferred because of their biocompatibility
and easy availability. Mineral substances have also shown superior results.
Previously, nucleation of four different proteins and crystal growth were
observed using different mineral samples as nucleants [200]. However, they
altered the crystal morphology and unit cell symmetry [201]. Porous sub-
stances such as silicon have also demonstrated crystal formation in the



Advances in X-ray crystallography methods 337

metastable zone for various proteins. The silicon pore size is similar to pro-
tein’s molecular size in the crystalline form. Thus, these pores might trap
protein molecules to induce crystal nucleation [202].

7. Advances in instrument and data-processing software
7.1 Automations in screening crystallization conditions

Following advances in X-ray radiation sources, technologies related to
mounting and storing crystals, postdiftfraction data processing programs,
and obtaining phases are booming. One of these advances is automating
the crystallization process from preparing conditions to sample dispensing.
The focus of automation technologies for protein crystallization majored
in two independent approaches: the robotic systems equipped with micro-
dispensing heads and microfluidic chips with parallel valves [203]. Phoenix
(Art Robbins Instruments, Inc.), Mosquito (TTP Labtech, Ltd.), Oryx
Nano (Douglas Instruments, Ltd.), and NT8 (Formulatrix, Inc.) are some
examples of the automated robots that can dispense and mix protein and
crystallization solutions to the smallest volumes (nanoliter scales). High reli-
ability, high throughput, low sample usage, and complete automation are
prominent advantages of using these robots [204]|. Microfluidic devices have
also been developed in various designs to handle a small amount of liquids for
different crystallization setups. In one of the designs, groups of microvalves
were incorporated on a chip to combine the mixtures of proteins and crys-
tallization solutions rapidly in a formulation chip or generate volume-
defined microchambers for mixing nanoliter scales of proteins through an
array of pneumatic valves [205].

7.2 Detecting protein crystals using an automated

plate imager

The new instrumental advancement allows crystallization plates to be stored
in a RockImager (Formulatrix, Bedford, MA, USA) for automated storage
and imaging. In this approach, one can monitor the crystal growth while
maintaining the plates at a constant temperature according to a schedule
determined by the user. Periodic imaging of individual drops on each plate
is performed to monitor the crystallization process. The RockImager system
can store 1000 plates at once and image them according to the schedule. The
images of drops, conditions for each drop, and the user experimental notes
are all available on a server database pertinent to the imaging system. Using
the RockMaker software, the users can monitor and score the drops from 0
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to 9, starting from the clear drop and dust to crystals and marking the ones
containing crystals as interesting drops. RockImager is also capable of distin-
guishing between protein and salt crystals. Tryptophan shows a high quan-
tum yield when it gets excited at around 290 nm, which makes it useful as a
fluorescent probe. On average, 1.09% of the residues in proteins constitute
tryptophan, which provides a sufficient fluorescence signal for UV imaging.
A protein crystal can be easily distinguished in UV images even when the
crystals are buried under heavy precipitation. It must be noted that this tech-
nique has several limitations that have been reviewed thoroughly elsewhere
[206,207].

7.3 Advances in synchrotron radiation instrumentation

Most X-ray crystal structures deposited in the PDB have been collected
using synchrotrons because of the transition to high-brightness, third-
generation synchrotron radiation sources. The European Synchrotron
Radiation Facility (ESRF) was one of the earliest generations of these syn-
chrotrons. Shortly afterward, Advanced Photon Source (APS) in USA and
Spring 8 in Japan (Super Photon Ring 8GeV) launched their activities. The
highly intense X-ray beams in ESRF, APS, and Spring 8 are achieved using
X-ray undulators. Another essential feature of these undulators is a tunable
X-ray wavelength that alters the magnet gap. New generations of synchro-
trons offer much smaller, focused beams that allow the measurement of
X-ray diffraction data for microcrystal samples [208]. Additionally, other
experiments, such as optimized anomalous dispersion measurement or phas-
ing, data collection for large unit cells, and high-resolution measurements,
are now amenable through a much smaller number of crystals and much
shorter recording times. Furthermore, robotics has become quite a standard
method for handling samples, and in most synchrotron locations, one only
needs to ship the crystals using a dry-shipper to the site, and all the handling
can be performed remotely.

The detectors for synchrotron X-ray diffraction have also been advanced
from photographic film to TV systems, imaging plates, charge-coupled devices
(CCD:s), and pixel detectors. These advancements have led to faster data col-
lection at synchrotrons than home source X-ray generators [209-211].

7.4 In situ X-ray screening and data collection

As mentioned earlier, one of the methods to distinguish protein versus salt
crystals is to use UV fluorescence and second-order harmonic generation
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techniques [206]. However, X-ray screening not only identifies protein ver-
sus salt crystals but also provides data collection-related information, includ-
ing space group, unit cell, and diffraction quality. Therefore, in situ
screening speeds up the crystallization screening pipeline to determine the
diffraction-based optimal conditions and ligand binding state. This can be
highly beneficial for drug discovery applications [212,213]. Also, in exper-
iments such as serial crystallography, where many crystals are required, har-
vesting that many crystals become almost impossible, and an in situ
experiment is a major tool [214]. In situ data collection is executed mostly
at room temperature. The room-temperature data collection allows time-
resolved experiments for probing chemical reactions in the crystals. The dis-
advantage of this method is that the data collection at room temperature
increases the mosaicity of crystals during the data collection. New advances
in in situ sample preparation, such as utilizing thin-film samples, enable the
flash-cooling of in situ samples and data collection under cryogenic
conditions [215].

7.5 Insitu data collection using X-ray free-electron laser (XFEL)

The cryocooling of samples decreases the rate of secondary damage stem-
ming from the ionizing radiation. However, it has been shown that
X-ray damage can also be omitted by employing very short X-ray pulses
comprising fewer than 100-fs intervals. The “diffraction-before-
destruction” principle enables the collection of diffraction data from very
small protein crystals before they deteriorate through extremely bright
and short X-ray pulses [216]. Several X-ray free-electron laser (XFEL)
sources have been established around the world, such as the linac coherent
light source (LCLS) in Menlo Park, USA, Spring-8 Angstrom Coherent
Laser (SACLA) in Harima, Japan, PAL-XFEL in Pohang, South Korea,
the European XFEL in Hamburg, Germany, and SwissFEL in Villigen,
Switzerland. These sources can generate coherent X-rays with energies
up to ~13keV (25keV for some sources) and a peak brilliance of about
9-10 orders of magnitude stronger than a third-generation synchrotron [217].

XFEL provides an excellent platform for time-resolved experiments
[218] to elucidate the mechanism of proteins and enzymes in subpicosecond
time scales. Recently, Nogly et al. visualized the early step of photoisome-
rization of retinal in bacteriorhodopsin using a pump-probe technique.
Their study initiated the excitation of BR microcrystals through optical laser
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pulses (pump), and the microcrystals were injected across the femtosecond
X-ray pulses (probe). They elucidated the microenvironment of proteins
that drives the photoisomerization of retinal during and after the excitation
of the chromophore [219].

7.6 The computational tools available in protein
crystallography

Since the early days of protein crystallography, the instruments for X-ray
data collection and the software employed in data processing have under-
gone tremendous improvements. The data collection process has been pro-
grammed into an automatic process, whereas the accuracy of these processes
depends upon the quality of the integration and scaling software. Three soft-
ware packages are mainly employed for processing the diffraction data:
iMosflm (part of the CCP4 suite), HKL2000, and HKL3000 (comprising
the integration program Denzo as well as merging and scaling the program
Scalepack) and the XDS suite (containing programs for both scaling and
integration) [220].

DIALS is another software for data processing for synchrotrons and
XFELs; however, it does not perform scaling or merging tasks. The soft-
ware’s automated data collection pipelines enable the user to acquire an opti-
mal data collection strategy, collect high-quality data, and complete the
dataset for each crystal. To process the more complex datasets, graphical user
interfaces (GUIs) allow manual processing. All recent interfaces provide a
general workflow of reading diffraction images, finding spots for indexing,
indexing the spots, refining the crystal and detector parameters, integrating
the diffraction maxima, and scaling, merging, or exporting the reflection
files [221]. Two major protein crystallography software for data quality
assessment, model and ligand building, phasing, refinements, and so on
are Collaborative Computational Project Number 4 (CCP4) and Python-
based Hierarchical Environment for Integrated Crystallography (Phenix)
[222], which are extensively used in solving X-ray and cryo-EM protein
structures. In addition, various model viewers such as Coot [219], PyMol,
and UCSF Chimera [223] have been developed for visualizing protein struc-
tures and generating high-quality graphics.

8. Conclusions and future perspectives

The emergence of new technologies such as XFEL, neutron diffraction, and
Micro-ED is expanding the toolkit necessary for obtaining the
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high-resolution structure of target proteins. Although XFEL requires nano-
size protein crystals to be continuously delivered at room temperature, neu-
tron diffraction uses perdeuterated millimeter-sized crystals, and Micro-ED
requires micrometer-sized crystals under cryogenic conditions. This diversity
in techniques encourages the demand for a better understanding and repro-
ducibility of the biomolecular crystallization process. Meanwhile, new tech-
nological advances are introduced to meet the requirement of this diversity of
crystal sizes for various diffraction techniques. However, with the advent of
pulsed neutron sources such as ESS, the need for large crystals might reduce as
the labeling methods for sample preparation are improving [224]. Devices
capable of producing short pulses of X-rays are developed, which are far
brighter than the radiation pulses generated by current synchrotrons. This will
further revolutionize the field of structural biology, where one could get away
with very small-size crystals. Other technological advances include cryo-
electron tomography (cryo-ET), which enables the investigation of the
molecular architecture of protein complexes within the native cell. These
assist scientists in understanding fundamental key cell processes and building
the image ofinner cell structures. During the past decade, microfluidic devices
(microchips) have also emerged as a powerful tool in protein crystallization.
They enable the miniaturization of crystallization experiments using sample
volumes much smaller than the sample volume necessary for current robotic
systems. It is anticipated that microfluidic devices will play a central role in
protein crystallization studies ranging from screening and crystal improve-
ment to in situ data collection in the near future.
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