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Obtaining well diffracting crystals of membrane proteins is often challenging,

but chances can be improved by crystallizing them in lipidic conditions that

mimic their natural membrane environments. One approach is the high lipid–

detergent (HiLiDe) method, which works by mixing the target protein with high

concentrations of lipid and detergent prior to crystallization. Although this

approach is convenient and flexible, understanding the effects of systematically

varying lipid/detergent ratios and a characterization of the lipid phases that form

during crystallization would be useful. Here, a HiLiDe phase diagram is

reported for the model membrane protein MhsT, which tracks the precipitation

and crystallization zones as a function of lipid and detergent concentrations, and

is augmented with data on crystal sizes and diffraction properties. Additionally,

the crystallization of SERCA1a solubilized directly with native lipids is

characterized as a function of detergent concentration. Finally, HiLiDe

crystallization drops are analysed with transmission electron microscopy, which

among other features reveals liposomes, stacked lamellae that may represent

crystal precursors, and mature crystals with clearly discernible packing

arrangements. The results emphasize the significance of optimizing lipid/

detergent ratios over broad ranges and provide insights into the mechanism of

HiLiDe crystallization.

1. Introduction

Membrane proteins (MPs) carry out a multitude of essential

cellular functions (Wallin & von Heijne, 1998), and many

drugs and new drug strategies target MPs (Uhlén et al., 2015).

Therefore, MP structural biology is an important field of

research. X-ray crystallography has been the main driver of

MP structural biology and remains an essential and highly

developed tool, although single-particle cryo-EM has become

a powerful alternative (Cheng, 2018). The major bottleneck in

MP X-ray crystallography is obtaining well diffracting crystals.

Detergent-solubilized MPs can be crystallized in much the

same way as soluble proteins, often yielding ‘type II’ crystals

(Michel, 1983). However, masking of the transmembrane

region by the detergent belt greatly decreases the surface area

available for forming well ordered protein–protein crystal

contacts in this way. An alternative approach is to crystallize

MPs in lipid or lipid–detergent bilayers that support lateral

interactions between transmembrane regions and thereby

enable a ‘type I’ packing arrangement that resembles stacked

two-dimensional crystals (Michel, 1983). Obtaining type I

crystals has been central to structure determination of ion

pumps of the P-type ATPase family (Sørensen et al., 2006) and

G-protein coupled receptors, which for years were among the
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most ardently pursued crystallization targets (Ghosh et al.,

2015). Type I crystals can be produced using in particular the

lipid cubic phase (Caffrey, 2015), sponge phase (Wadsten et al.,

2006), bicelle (Faham & Bowie, 2002) or high lipid–detergent

(HiLiDe) methods (Gourdon et al., 2011). Cubic and sponge

phases are lipid bilayer matrices (typically formed by mono-

olein) with three-dimensional surface continuity. Crystal-

lization is initiated by incorporating the MP into these phases

and then introducing crystallants. This induces local phase

transitions, resulting in the formation of stacked lamellae in

which the protein accumulates and generates crystal nuclei

(Caffrey, 2015; Zabara et al., 2017). A bicelle is a lipid-bilayer

disc that is capped around the edge by a ring of detergents or

shorter-chain lipids. Bicelles can transition into a variety of

phases depending on, for example, temperature and their

composition and concentration (Katsaras et al., 2005). Crystals

of bicelle-incorporated proteins probably form upon phase

transition into perforated lamellae, but the mechanistic details

of the crystallization process remain unclear (Faham et al.,

2005; Faham & Bowie, 2002).

The HiLiDe method emerged from the observation that

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) and

Na+,K+-ATPase form type I crystals when solubilized in

detergent from their native membranes to produce samples

that were used directly for crystallization by regular vapour-

diffusion screens (Gourdon et al., 2011; Sørensen et al., 2006).

The general principle of the method is to mimic such condi-

tions by relipidation of purified detergent-solubilized MPs

prior to crystallization. Normally, a small-matrix approach is

used that varies lipid and detergent ratios to the protein as

principal parameters in crystallization screens. Major advan-

tages of the HiLiDe method include that (i) a relipidated

detergent-solubilized sample is easy to handle compared with

cubic and sponge phases, (ii) the method is not limited to

particular lipids or detergents, and (iii) it is fully compatible

with regular vapour-diffusion methods. It has now proven

efficient for several different combinations of MPs, lipids and

detergents (Althoff et al., 2014; Birch et al., 2018; Lee et al.,

2014; Yoder et al., 2018). However, the HiLiDe method has so

far been an empirical ‘black box’ method based on screening.

Not much is known about the lipid–detergent phases forming

in the system or the crystallization mechanisms, although

crystals probably grow as stacked bilayers of lipid and deter-

gent, as judged by their type I packing and measurements of

their lipid and detergent contents (Sørensen et al., 2006). A

more systematic analysis and better understanding of how

protein/lipid/detergent (p/l/d) ratios affect HiLiDe crystal-

lization and correlate with lipid phases will help rationalize the

method and ease its future application.

Here, we provide an extensive case report and character-

ization of the HiLiDe crystallization of a generic MP, namely

the multiple hydrophobic amino acid substrate transporter,

MhsT, from Bacillus halodurans, testing the effects of varying

the lipid and detergent concentrations. In addition, we have

studied the crystallization of rabbit SERCA1a co-purified with

high amounts of native lipids as a function of detergent

concentration, and we present negative-stain transmission

electron microscopy (NS-TEM) images of representative

samples from the MhsT and SERCA1a crystallization trials.

2. Materials and methods

2.1. Protein expression and purification

MhsT expression in Lactoccocus lactis was carried out as

described previously (Malinauskaite et al., 2014; Monné et al.,

2005). The expressed protein was solubilized and purified

from membranes in n-dodecyl-�-d-maltoside (DDM,

Anatrace Sol-Grade) using Ni+ affinity chromatography. The

protein was further purified using size-exclusion chromato-

graphy (SEC) on a TSKgel 3000 column at room temperature.

The SEC buffer was composed of 10 mM Tris–HCl pH 7, 10%

glycerol, 0.35 mM DDM and 50 mM l-tryptophan. For each

run, 2.5 mg of protein was applied, and the concentration of

the pooled peak fractions was �1 mg ml�1. Using a 50 kDa

cut-off spin column (Vivaspin), the purified protein was

concentrated tenfold (to �10 mg ml�1). By consistently

concentrating all batches like this, we ensured that they all had

similar protein/detergent ratio and protein concentration as a

point of reference.

Sarcoplasmic reticulum (SR) microsomes, containing

SERCA1a within its native lipid environment, were isolated

and purified from rabbit fast-twitch skeletal muscle tissue

using established procedures (Andersen & Møller, 1985).

SERCA1a was induced to adopt the [Ca2]E1–AlF4
�–ADP

form by resuspending the microsomes in 100 mM MOPS–

KOH pH 6.8 [MOPS is 3-(N-morpholino)propanesulfonic

acid], 80 mM KCl, 20%(v/v) glycerol, 3 mM MgCl2, 10 mM

CaCl2, 1 mM adenosine diphosphate (ADP), 0.333 mM AlCl3,

5 mM NaF and 5 mM �-mercaptoethanol (BME), similarly to

earlier procedures (Sørensen et al., 2004). The samples used

for crystallization were prepared in a variety of protein (with

native lipids) to detergent ratios (p/d) by solubilizing micro-

somes containing [Ca2]E1–AlF4
�–ADP SERCA1a using 15–

55 mM (5 mM increments) octaethyleneglycol dodecylether

(C12E8, Nikko Chemicals Co. Ltd). This was followed by

ultracentrifugation for 35 min at 104 000 g (rav) in a Beckman

Coulter TLA 110 fixed-angle rotor and then recovery of the

supernatants. The final protein concentration was determined

by A280 measurements and was in the range of 5.9–

11.6 mg ml�1. Lipid concentrations were not determined in

this study but are expected to increase with detergent and

have been analysed previously (Sørensen et al., 2006).

2.2. Crystallization

For relipidation of MhsT, the HiLiDe protocol described by

Gourdon et al. (2011) was followed. Briefly, lipid solubilized in

ClCH3 was dispensed and dried in tubes and then incubated

with protein and detergent in the amounts needed to achieve

the desired p/l/d ratios. The lipid used was 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, Avanti Polar Lipids) and

the detergent used was DDM added from a 2.3 mM stock

solution. Right before the MhsT crystallization trials were set

up, n-nonyl-�-d-glucoside (NG, Anatrace Sol-Grade) was
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added as a second detergent. The concentration of this

detergent was not varied but kept fixed at a final concentration

of 26 mM (four times the critical micelle concentration) for all

experiments. Thus, when variation in detergent concentration

of MhsT samples is mentioned from here on out, it refers to

changes in the concentration of DDM. The reason for the

inclusion of NG as an additive is that it has previously been

observed to favour crystallization and diffraction properties

(Malinauskaite et al., 2014). Crystallization of MhsT samples

with a range of different p/l/d ratios (w/w/w) was carried out

by hanging-drop vapour diffusion, in an approach similar to

that described by Malinauskaite et al. (2014). Specifically, the

drops had a volume of 1.8 ml and a sample/crystallization

buffer ratio of 1/1(v/v), and the crystallization buffer was

composed of 13, 14, 16 or 19%(w/w) polyethylene glycol

(PEG) 400, 0.1 M Tris–HCl pH 7, 0.3 or 0.4 M NaCl and

5%(w/w) trimethylamine N-oxide. The drops were pipetted

onto coverslips, which were suspended over wells in crystal-

lization plates, and sealed with immersion oil (Sigma–

Aldrich). Each well contained a reservoir solution of the

crystallization buffer plus 5%(v/v) glycerol in a final volume of

500 ml. The plates were incubated at 20�C. The crystals

appeared after two days and reached their full size after

typically four days. Scoring of the results was carried out five

days after the plates had been set up. For the MhsT diffraction

experiments, crystals were harvested at 4�C, flash cooled in

liquid nitrogen, and tested at the I24 beamline at Diamond

Light Source or the P14 beamline operated by EMBL

Hamburg at the PETRA III storage ring (DESY, Hamburg)

synchrotron facility.

Samples of SERCA1a in the [Ca2]E1–AlF4
�–ADP form

were obtained in various protein concentrations and p/d ratios

by adding different amounts of detergent, and then subjected

to hanging-drop crystallization experiments using a previously

published protocol (Sørensen et al., 2004). Specifically, we

deployed 4 ml drops with a protein/crystallization buffer ratio

of 1/1(v/v), where the composition of the buffer was 8%(w/v)

PEG 6000, 200 mM NaOAc, 10%(v/v) glycerol, 6%(v/v) tert-

butanol and 10 mM BME in 100 mM MOPS–KOH pH 6.8.

Immersion oil was used as sealant, and the plates were incu-

bated at 20�C. Crystals appeared within two days, reaching

their maximum size after four to five days. The plates were

imaged six days after setup. For the SERCA1a diffraction

experiments, crystals were incubated overnight at 4�C, before
being flash cooled in liquid nitrogen. The samples were tested

at the P14 beamline operated by EMBL Hamburg at the

PETRA III storage ring.

In both the MhsT and SERCA1a crystallization experi-

ments, we deposited four drops per coverslip, which gave

almost exactly the same results in terms of presence/absence

of crystals.

2.3. Negative-stain transmission electron microscopy

For NS-TEM, copper grids were prepared as described by

Booth et al. (2011). Hanging drops from crystallization

experiments incubated for five days (or more) were trans-

ferred from the coverslip to the grid by careful pipetting.

Control samples were made by conducting a blank SEC run

without protein and then collecting fractions, concentrating

them and relipidating them in exactly the same way as carried

out for the protein samples. After the sample had been pipet-

ted onto the grid, the drop was left to incubate for 30 s. The

excess material was then wicked away by blotting from the

side with filter paper. Immediately afterwards, the sample was

stained with 3 ml 0.75% uranyl formate for 30 s and blotted in

the same way. This was then repeated two more times, but

using an absorption time of 15 s. The samples were imaged at

room temperature using an FEI Tecnai G2 spirit 120 kV

transmission electron microscope equipped with an LaB6

cathode and a Tietz TVIPS TemCam F416 CMOS camera. For

each imaged grid, several grid squares were analysed.

3. Results

3.1. HiLiDe crystallization of MhsT

MhsT was chosen as a well studied model protein for

making a HiLiDe crystallization phase diagram. MhsT crys-

tallizes with a generically used detergent (DDM) and lipid

(DOPC), and a 2.1 Å structure has previously been deter-

mined based on HiLiDe type I crystals (Malinauskaite et al.,

2014). A phase diagram was constructed by observing the

crystallization behaviour of MhsT for 36 different p/l/d ratios

with constant protein ratio, scoring for crystals and precipitate

using optical microscopy (there were no clear drops, i.e.

inactive experiments). The different ratios tried ranged from

3/0.4/0 to 3/2/0.24 with lipid steps of 0.2 and detergent steps of

0.06. In addition, the 3/0.2/0, 3/0.5/0 and 3/2.25/0.06 conditions

were spot tested. Crystallization conditions were varied in the

range of 13–19% PEG 400 and 0.3–0.4 M NaCl (covering the

range of small batch-to-batch variations). Varying PEG and

salt concentrations had only minor effects within the ranges

tested here, and no significant shifts of the diagram were

observed (see Table S1 in the supporting information).

Fig. 1 presents the phase diagram for MhsTwith indications

of the maximum sizes of the obtained crystals. It shows that

the amounts of added lipid and detergent greatly affect the

HiLiDe crystallization behaviour of MhsT. Crystals were

obtained without adding extra detergent, implying that the

concentrated protein sample contained sufficient amounts of

detergent to enable relipidation. Furthermore, high detergent-

to-lipid ratios were found to be prohibitive. Thus, no crystals

appeared when even small amounts of extra detergent were

added at lipid values of 0.4 and 0.5, or when moderate

amounts were added at lipid values of 0.6 or 0.8 (Fig. 1,

Table S1). Notably, the crystal size varied significantly across

the diagram, with intermediate to moderately high amounts of

added lipid being most favourable. The largest crystals were

150 mm in the longest dimension and appeared in conditions

also containing intermediate amounts of added detergent,

specifically at a p/l/d ratio of 3/0.12/1.6 (Fig. 1).

3.2. Detergent-controlled crystal growth of SERCA1a

SERCA1a crystallizes well with native lipids, and several

structures have been determined previously (Bublitz et al.,
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2013; Sørensen et al., 2004, 2018; Winther et al., 2013). It was

therefore chosen as a model protein for HiLiDe crystallization

of proteins purified with native lipids, focusing here on the

relation of the (1) concentration of solubilized protein, (2)

sample crystallization and (3) crystal size as a function of the

protein/detergent ratio that defines the solubilization of the

native membrane material. The amount of detergent required

to fully solubilize the protein/lipid mixture of SERCA1a and

SR membranes can be evaluated qualitatively by observing

the solution progressing from cloudy to clear. For the C12E8

detergent used, this occurs at �1.5 times the protein concen-

tration of the SR membrane (w/w) (Sørensen et al., 2006).

Hence, we investigated crystallization of the [Ca2]E1–AlF4
�–

ADP form at different p/d ratios ranging from 1/0.5 to 1/2.0

[Figs. 2(a) and 2(b)]. The protein concentration in the super-

natant was �6 mg ml�1 for the 1/0.5 and 1/0.7 conditions,

8.9 mg ml�1 for the 1/0.9 condition, and 11.2 to 11.6 mg ml�1

for the 1/1.1 and higher ratios. When using the lower p/d ratios

of 1/0.5 and 1/0.7, large pellets appeared at the bottom of the

tube after centrifugation, confirming that the amount of

detergent was indeed limiting solubilization at the applied

ratios for SERCA1a. Crystals appeared at all tested p/d ratios,

except 1/1.8 and 1/2.0. The largest crystals appeared at 1/1.6,

i.e. at the upper border of permissive detergent concentrations

[Figs. 2(a) and 2(b)].

3.3. Crystal-diffraction tests

For testing diffraction properties (as the direct measure of

crystal quality), X-ray data were collected on MhsT crystals

from six conditions of the phase diagram, representing low,

intermediate or high concentrations of lipid and detergent in

different combinations. The resolution potential of the crystals

was first estimated by simply noting the highest resolution to

which diffraction spots could be observed in the images

[Fig. 1(a)]. We then attempted to process the diffraction data

sets in order to ascertain the crystal form and obtain improved

estimates of resolution potential. This was possible in three

cases, representing p/l/d ratios of 3/0.8/0.12, 3/1.6/0.12 and 3/

2.25/0.06, while it could not be carried out for the other tested

crystals due to problems with streaky diffraction spots, high

anisotropy and relatively poor resolution, pointing to poor

crystal packing. The observed crystal forms represent varia-

tions also seen for different substrate complexes of MhsT

(Focht et al., 2021), adopting P2 or P21 space groups with

related crystal-packing arrangements. For the 3/0.8/0.12

condition [showing diffraction spots extending to 2.8 Å reso-

lution; Fig. 1(a) label c], a single data set was processed in P21
to 4.2 Å resolution with 80.2% completeness. For the 3/1.6/

0.12 condition [showing diffraction spots extending to 2.2 Å

resolution; Fig. 1(a) label h], 215 images in 11 mini data sets

displaying P21 symmetry were scaled together (serial crystal-

lography approach) (Shahsavar et al., 2021), yielding a 2.8 Å

data set with 21.8% completeness. This was deemed sufficient

to assess the diffraction quality. Finally, for the 3/2.25/0.06

condition [showing diffraction spots extending to 2.1 Å reso-

lution; Fig. 1(a) label l], a single complete data set was

processed in P2 to 2.4 Å resolution (Table S2). The unit-cell

parameters are very similar to what has previously been

observed for various MhsT:amino acid complexes (Focht et al.,

2021). The resolution limit of MhsT crystals correlates to

some extent with crystal size (Fig. 1). However, according to

our earlier experiences with MhsT crystals, it also depends on
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Figure 1
HiLiDe crystallization of MhsT. (a) Crystallization phase diagram. The curve shows the boundary between the precipitation and crystallization zones as
a function of the amounts of lipid (x axis) and detergent (y axis) that were added to a fixed amount of protein in the HiLiDe relipidation procedure (p/l/d
ratio = 3/x/y). Dashes indicate that there are no data points above this part of the curve. Relative crystal sizes are indicated in the diagram, and letters
refer to (b). Crystals subjected to X-ray diffraction tests are coloured – green refers to cases where data sets could be processed and blue refers to cases
where diffraction quality was too poor to enable processing (see the main text). Resolution annotations refer to the highest resolution at which
diffraction spots could be observed (allowing comparison of resolution potential of all tested crystals, whether or not data sets could be processed). (b)
Representative crystal images. The l/d ratios used to obtain the crystals shown here are given in (a).
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space group and other factors to be optimized, such as post-

crystallization dehydration and cryo-protection, which were

not screened for in this study.

We also tested diffraction of SERCA1a crystals repre-

senting p/d ratios of 0.5–1.6 [Fig. 2(c)]. In total, 18 data sets

were obtained, which could all be processed, and yielded

maximum resolutions from 6.5 to 2.9 Å (cut-off criteria:

Rp.i.m. � 0.6, I/�I � 2.0, CC1/2 � 0.3, data statistics not shown).

As for MhsT, the resolution limit depends on factors other

than just crystal size, and accordingly we observe substantial

overlap over the tested p/d range. However, notably, the two

best diffracting crystals were from the highest permissible

detergent concentration, which also yields the largest crystals

[Fig. 2(c)].

3.4. NS-TEM imaging of lipid phases

Having observed a strong effect of varying the p/l/d ratio on

the HiLiDe crystallization behaviour of MhsT, we next used

NS-TEM to image lipid–detergent phases, testing both control

samples without protein (see Section 2.3) and crystallization

drops representing p/l/d ratios from within and outside the

crystallization zone. The control samples were made with l/d

ratios of 0.4/0.12, 0.8/0.12 or 1/0 and were found to display

many large modular multilamellar structures, the maximum

dimensions of which increased with increasing lipid content up

to at least 1.5 mm [Figs. 3(a) and 3(b)]. These structures are

highly reminiscent of previously imaged dioleoyl

phosphatidylethanolamine liposomal formulations (Maslov et

al., 2010). In addition, some smaller individual liposomes were

also observed. Drops from MhsT crystallization plates were

imaged for p/l/d ratios 3/0.4/0.12 and 3/0.6/0.12 in the preci-

pitation zone of the phase diagram, as well as 3/0.8/0.12 and 3/

1.0/0 in the crystallization zone (Fig. 3). In the drops from the

precipitation zone, we observed tightly packed elongated

structures with widths of �3.5–5 nm [Fig. 3(c)], which look

similar to previously imaged cylindrical surfactant micelles

(Fogang et al., 2018). We also observed structures with similar

thickness but somewhat different organization, which prob-

ably likewise represent cylindrical micelles [Fig. 3(d)]. In

drops from the crystallization zone, liposomes were present
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Figure 2
HiLiDe crystallization of SERCA1a. (a) Crystallization behaviour as a function of the amount of detergent used for solubilizing the protein from native
membranes. The amount of detergent added to the protein is given on the axis, and the resulting protein concentration and relative sizes of the crystals
are indicated. (b) Representative crystal images. The p/d ratios used to obtain the crystals shown here are given in (a). The scale bar in ‘e’ applies to all
the images. (c) X-ray diffraction tests. Data sets were collected on two or three crystals for each tested p/d ratio, and the maximum resolutions of the
processed data sets were plotted (blue, the crystals showing highest resolution; orange, the crystals showing lowest resolution; grey, the crystals showing
intermediate resolution in cases where three were tested).
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[Fig. 3(e)]. We furthermore observed spherical or discoidal

particles with a diameter of 16 nm or more [Fig. 3( f)]. Given

their size, they probably represent small liposomes and/or

bicelles rather than detergent micelles. We also frequently

observed larger structures with a tangled worm-like appear-

ance, but it is unclear what type of phase they represent

[Fig. 3(g)]. Finally, crystals and potential crystal precursors

were imaged from the 3/1/0 condition, as detailed in

Section 3.5.

Concerning SERCA1a solubilized with native lipids, crys-

tallization drops were imaged for a wide range of p/d ratios (1/

0.5, 1/0.9, 1/1.1, 1/1.4, 1/1.6, 1/2.0). We commonly observed

unilamellar and oligolamellar liposomes [Fig. 3(h)], though

there appeared to be fewer of them at p/d ratios of 1/1.3 and 1/

1.4, where the amount of detergent was insufficient for full

solubilization of the SR microsomes. We also observed

fingerprint-like patterns [Fig. 3(i)], which resemble previously

published images of surfactant micelles (Wei et al., 2016; Yan

et al., 2014). However, no intact crystals were observed.

None of the lipid structures described above for MhsT and

SERCA1a were observed in control samples of lysozyme or

the sugar transporter STP6, crystallized without addition of

lipids (see Fig. S2 in the supporting information).

3.5. NS-TEM imaging of MhsT crystals

Observations of the staining procedure by optical micro-

scopy showed that the uranyl formate stain caused most MhsT

crystals to shatter immediately, but a few stayed intact and

could be imaged [Fig. 4(a)]. The images are good enough that

we can make out individual protein molecules. They are

arranged in an orthogonal grid pattern with spacings of

�45 � 52 Å, as evaluated by averaging distances over several

molecules [Fig. 4(a)]. This is in good agreement with published

MhsT structures; e.g. PDB ID 4us3 (Malinauskaite et al., 2014)

presents an orthogonal grid pattern in the ab plane with

spacings between individual protein molecules of 44 Å along

the a axis and 50 Å along the b axis [Fig. 4(b)].

We also observed structures composed of stacks of lamellae

oriented edge-up and showing thicknesses of �50–70 Å,

consistent with DOPC bilayers (Attwood et al., 2013)

[Fig. 4(c)]. While there is clearly some order in these struc-

tures, they do not appear to represent fully formed crystals.

Firstly, individual protein molecules could not be discerned

within the lamellae. Secondly, the lamellae are not always

entirely straight, but rather curved in places. Thirdly, the

distances measured between centres of neighbouring lamellae

vary and can be up to�75 Å, which is considerably larger than

the distances between proteins in neighbouring layers of the

crystal [compare Figs. 4(a) and 4(c)]. Finally, a comparison of

the fast Fourier transforms of the images supports the notion

that the lamellar structure has a less complex organization

than the fully formed crystal (Fig. S1). We therefore find it

reasonable to hypothesize that the lamellar structure repre-

sents a crystal precursor.
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Figure 3
NS-TEM images of lipid–detergent phases formed in protein-free control samples and crystallization drops. For reference, the samples are plotted on the
crystallization phase diagrams on the right. (a) A protein-free control sample with l/d ratio corresponding to the precipitation zone of MhsT, showing
modular multilamellar liposomal structure. (b) Similar to (a), but with p/l/d ratio corresponding to the crystallization zone of MhsT. (c), (d) An MhsT
sample from the precipitation zone showing putative cylindrical micelles. (e) An MhsT sample from the crystallization zone showing liposomes. ( f ) An
MhsT sample from the crystallization zone showing small spherical particles and/or discs. (g) An MhsT sample from the crystallization zone showing
structures with a tangled worm-like appearance. (h) A SERCA1a crystallization drop showing liposomes. (i) A SERCA1a crystallization drop showing
fingerprint-like putative micelles. The scale bars are 100 nm (white) or 50 nm (black).
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Interestingly, we also observed a hybrid structure

containing at least three morphologically distinct zones

marked 1, 2 and 3 in Fig. 4(d). Zone 1 is characterized by

tightly packed stacks of thin and straight lamellae. The inter-

lamellar distances are similar to the protein–protein distances

observed in the crystal. Specifically, we estimated them to be

�45–50 Å, but the rather poor image quality precludes highly

precise measurements [Fig. 4(d)]. We could not discern indi-

vidual protein molecules in the lamellae but this possibly also

relates to image quality. Zone 2 is reminiscent of the lamellae

shown in Fig. 4(c) and contacts zone 1 at an angle of �45�

[Fig. 4(d)]. Zone 3 is an appendage emanating from or leading

into zone 2, but the image quality was unfortunately not good

enough to assess its structure [Fig. 4(d)].

4. Discussion

We have studied HiLiDe crystallization of two proteins: MhsT,

a model for proteins purified in detergent and reconstituted

with exogenous lipids, and SERCA1a, a model for proteins

solubilized directly with native lipids. The dependency of

crystallization on lipid and detergent concentrations was

characterized, and crystallization drops were imaged using

NS-TEM, which has yielded novel insights into the lipid–

detergent phases that form.

For MhsT, crystals appeared only within a specific, albeit

quite broad, range of l/d ratios. Furthermore, the crystal size

and diffraction potential varied significantly within that range.

Our data therefore strongly underline the importance of

optimizing lipid and detergent concentrations in HiLiDe

crystallization over broad ranges. Accordingly, these para-

meters must also be carefully controlled. Factors that can

affect how much lipid and detergent is present in the sample

prior to relipidation include the amount of washing buffer

used in the purification step and the degree of up-concentra-

tion after SEC. Furthermore, it is important that the concen-

tration of the stock solution of the lipid used for relipidation is

known. Lipid stocks are typically made by dissolving lipid

powder in chloroform, and their concentration can therefore

change significantly over time due to evaporation. In order to

limit this, the stock solutions should, while opened, be kept on

ice and handled quickly.

Following the rationales of the phase diagram for MhsT

crystallization, we have also investigated an inhibitor complex

of MhsT that we had earlier failed to crystallize. Exploring

further than the 3/0.4 p/l ratio usually used to also include 3/0.8
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Figure 4
NS-TEM images of an MhsT crystal and putative precursors. (a) Images of an MhsT crystal recorded at different magnification levels. The inserted box is
three protein spacings long in each direction. (b) Crystal packing of a previously determined MhsT structure (PDB ID 4us3). A single molecule is shown
along with the unit cell (top). Three-by-three molecules in the ab plane, coloured differently for different membrane layers, are also shown (bottom). The
box around them has the same dimensions as the box in (a). (c) Images of a lamellar structure (that may be a crystal precursor) recorded at different
magnification levels. Scale and orientation are the same as in (a). (d) Images of a hybrid structure recorded at different magnification levels. The numbers
mark three morphologically different zones, and the dashed box on the left corresponds to the region shown on the right.
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and 3/1, we were able to obtain well diffracting microcrystals

of the inhibitor complex and collect a data set by serial

synchrotron crystallography (to be published).

Crystallization of SERCA1a likewise depends strongly on

lipid and detergent concentrations. A study has previously

been reported on crystallization of partially delipidated and

then relipidated SERCA, where it was found that minimal

amounts of both lipid and detergent were required to obtain

crystals, and that a low l/d ratio resulted in small cylindrical

crystals, while high l/d resulted in broader but thinner plate-

like crystals with different lamellar spacing (Cheong et al.,

1996; Stokes & Green, 1990). In the present work, we studied

the formation of relatively bulky crystals grown from

SERCA1a purified with natural lipids and found that adding

more detergent caused the crystal size to increase until a point

where no crystals appeared at all. We rationalize this as

follows: adding less detergent increases the size of the mixed

micelles and results in a lower concentration of protein/lipid,

as less material is solubilized, which results in smaller crystal

sizes. Conversely, adding more detergent solubilizes more

protein and at the same time reduces the nucleation rate so

that fewer larger crystals form, until, ultimately, nucleation

does not happen at all and no crystals form. Diffraction tests

of the SERCA crystals did not show dramatic differences in

diffraction properties, but the best resolution was also

observed for the crystals grown at the highest permissive

detergent concentration.

Using NS-TEM, we have characterized the lipid–detergent

phases formed during HiLiDe crystallization. For MhsT,

control samples without protein were found to form massive

multilamellar liposomal structures, regardless of whether they

had l/d ratios corresponding to the precipitation zone or the

crystallization zone of the phase diagram. For MhsT crystal-

lization drops, samples from the precipitation zone of the

phase diagram showed putative cylindrical micelles, while

samples from the crystallization zone showed smaller unila-

mellar liposomes, and possibly discs. In addition, structures

appearing as worm-like tangles were observed in the crystal-

lization zone, but it is unclear what type of phase they

represent. Notably, liposomes were also observed in the

SERCA1a crystallization drops. In addition to bicelles,

lamellae and liquid crystals, bicellar mixtures can also transi-

tion into unilamellar and multilamellar liposomes (Katsaras et

al., 2005), suggesting that there might be a mechanistic overlap

between the phase transitions occurring during bicelle and

HiLiDe crystallization, or more specifically that successful

HiLiDe crystallization conditions fulfil bicellar conditions.

However, in order to more fully understand which phases

form during HiLiDe crystallization, and any potential

mechanistic similarities to bicelle crystallization, the results

reported here should be expanded upon using additional

methods. Relevant methods include cryo-EM, which better

preserves native structure than NS-TEM, as well as small-

angle scattering and NMR, which are commonly used to study

lipid–detergent phase transitions on different length scales.

We also imaged MhsT crystals, and it has been shown before

that TEM can be used to characterize protein crystallization

(Sherman et al., 1981; Van Driessche et al., 2018; Dux et al.,

1987; Stokes & Green, 1990), but except for some early studies

on SERCA (Dux et al., 1987; Stokes & Green, 1990), we are

not aware of other cases where NS-TEM has been successfully

used to visualize packing arrangements of three-dimensional

MP crystals. As expected, the observed packing is consistent

with known MhsT X-ray crystal structures. Images were also

obtained of a lamellar structure, which shows some order,

although less than the protein crystal, suggesting that it may be

a crystal precursor. If this is the case, some compaction of the

lamellae must take place upon crystallization, since the

interlamellar distances are considerably larger than the

protein–protein distances in the crystal. In line with this, an

analysis of co-crystallized lipid molecules in SERCA crystal

structures suggested that the lipid bilayer in which the purified

protein is embedded does indeed become thinner upon crys-

tallization (Drachmann et al., 2014; Sonntag et al., 2011). Most

probably, compaction of the lamellae is driven/stabilized by

the specific protein–protein contacts established upon crys-

tallization. Interestingly, we also observed a hybrid structure

where thin and thick lamellae co-exist along with a potential

third phase that could not be clearly visualized. This structure

probably showcases protein crystallization in the process of

driving local structural changes in the supporting lipid matrix,

and/or structural changes in the lipid matrix facilitating

protein crystallization. We did not obtain NS-TEM images of

our SERCA crystals, but images of sufficient quality revealing

crystal-packing arrangements have been reported previously

for a different type of thin plate-like SERCA crystals (Stokes

& Green, 1990). However, it was not an aim in that study to

explore the HiLiDe crystallization process, and accordingly no

images of lipid–detergent phases or putative crystal precursors

were presented. Characterization of crystals using NS-TEM

could potentially be explored further in future studies of other

(membrane) proteins. However, the uranyl-staining procedure

can be a limiting factor for crystal integrity, as the stain is

highly acidic and may furthermore interact and interfere with

the protein molecules in the crystal. Indeed, we did observe

that many of the MhsT crystals shattered upon addition of the

stain. In addition, the crystals are dried in the final step of the

procedure, which will also cause damage.

In conclusion, we have provided systematic studies on

HiLiDe crystallization of two model proteins, which demon-

strate the significance of carefully screening broad ranges of

lipid/detergent and/or protein/detergent ratios. For novel

HiLiDe crystallization studies, we therefore suggest that

optimizing these parameters in early stages may aid in

obtaining larger and better diffracting crystals. Finally, we

have made inroads into understanding which lipid–detergent

phases form during crystallization and how the crystals

develop.
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