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Abstract

Crystallization in lipidic mesophases (in meso) has been successfully used to obtain a number of
high-resolution membrane protein structures including challenging members of the human G
protein-coupled receptor (GPCR) family. Crystallogenesis in arguably the most successful
mesophase, lipidic cubic phase (LCP), critically depends on the ability of protein to diffuse in the
LCP matrix and to form specific protein-protein contacts to support crystal nucleation and growth.
The ability of an integral membrane protein to diffuse in LCP is strongly affected by the protein
aggregation state, the structural parameters of LCP, and the chemical environment. In order to
satisfy both requirements of diffusion and specific interactions, one must balance multiple
parameters, such as identity of LCP host lipid, composition of precipitant solution, identity of
ligand, and protein modifications. Screening within such multi-dimensional crystallization space
presents a significant bottleneck in obtaining initial crystal leads. To reduce this combinatorial
challenge, we developed a pre-crystallization screening assay to measure the diffusion
characteristics of a protein target in LCP. Utilizing the Fluorescence Recovery After
Photobleaching (FRAP) technique in an automated and high throughput manner, we were able to
map conditions that support adequate diffusion in LCP using a minimal amount of protein. Data
collection and processing protocols were validated using two model GPCR targets: the ,-
adrenergic receptor and the Ay adenosine receptor.

1. Introduction

Membrane proteins perform variety of essential functions in cell biology, such as ion and
nutrient transport, signal transduction, energy conversion, and enzymatic catalysis.
Malfunctions of membrane proteins in humans often lead to serious disorders and health
issues. Moreover, these proteins are frequently exploited by pathogenic organisms to
facilitate cell entry. Despite the significance of membrane proteins to cell physiology and
human health, a fundamental understanding of structure-function relationships in this class
of proteins is lagging behind their soluble counterparts in the proteome.! The primary reason
for the deficit in membrane protein structural information relates to the inherent difficulty in
obtaining diffraction quality crystals of amphipathic macromolecules. Crystallization in
lipidic mesophases (in meso)2=3 has proven to be a promising alternative to conventional
crystallization techniques which occur in detergent solutions (in surfo). In meso
crystallization has been used to obtain high-resolution structures of microbial rhodopsins, =2
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outer membrane proteins, 1011 photosynthetic proteins!?=14 and G protein-coupled
receptors (GPCR).15~20 This technique takes advantage of a membrane-like environment to
stabilize proteins, and typically results in crystals with better packing and lower solvent
content compared to in surfo crystallization.?!

Obtaining initial crystal leads for membrane proteins is difficult due to the vast size and
multidimensionality of the crystallization space coupled with limited feedback during
crystallization trials. This issue is compounded in the case of in meso crystallization, which
adds extra dimensions related to composition of the host lipidic mesophase. Some proteins
can be easily crystallized in many different conditions; however, more challenging targets
require comprehensive screening of the crystallization and ligand space, as well as extensive
protein engineering. Thus, there is a pressing need for pre-crystallization assays capable of
reducing the number of variables through intermediate stage predictors of crystallizability.
Such assays are beginning to emerge and have shown great utility in improving the odds of
success for a given crystallization project.22723 Previously, we introduced an LCP-FRAP
assay to measure the mobility of membrane proteins in LCP, and demonstrated that
crystallization conditions for bacteriorhodopsin and po-adrenergic receptor correlate well
with higher mobile fractions and faster diffusion rates.2 One drawback of the initial
implementation of LCP-FRAP is low throughput. Due to the relatively slow diffusion of
membrane proteins in LCP, recording a full FRAP curve requires 20 — 30 minutes of data
collection, which initially limited the number of conditions that could practically be
screened.

Here we present a modified protocol, termed High Throughput LCP-FRAP (HT LCP-
FRAP), which allowed measurement of the mobile fraction of a labeled protein under 96
different screening conditions within only 2 hours. This represented more than an order of
magnitude increase in efficiency relative to the original method, and greatly improved the
utility of the FRAP technique as a pre-crystallization assay platform. Data collection and
processing procedures have been fully automated and validated using two previously
characterized GPCR targets: B,-adrenergic receptor (BoAR) and Ay adenosine receptor
(A2aAR).15: 17 The utility of HT LCP-FRAP for guiding crystallization trials was
demonstrated by obtaining novel crystal hits for these proteins.

2. Experimental Section

2.1 Protein expression, purification and labeling

Two model proteins used in this study, BoAR and AppAR, were engineered to increase their
stability and facilitate crystallization, as described.15: 17 Briefly, the AR construct
contained a stabilizing mutation E122W,25 removal of one N-linked glycosylation site
through mutagenesis (N187E), a C-terminal truncation at residue 348, and replacement of
the third intracellular loop (residues 231 to 262) by residues 2—-161 of cysteine-free T4
lysozyme (C54T, C97A).26 The A,aAR construct contained a C-terminal truncation at
residue 316 and T4 lysozyme fusion (replacing residues 208 to 221 with residues 2-161 of
cysteine-free T4 lysozyme). Both constructs contained an N-terminal FLAG tag and a C-
terminal 6xHis tag (B2AR) or 10xHis tag (AxaAAR) for identification and affinity purification
purposes, respectively. Both proteins were expressed in Spodoptera frugiperda (Sf9) insect
cells using a modified Bac-to-Bac expression system6=17 (Invitrogen) and the purification
was adapted from published protocols.1®: 17 After extensive membrane washes, the purified
membranes were treated with 2 mg/mL iodoacetamide (Sigma) in the presence of ligand: 1
mM timolol for B,AR and 4 mM theophylline for A;pAR, and protease inhibitor cocktail
(Roche). The target proteins were solubilized from the membranes with 0.5 %w/v n-
dodecyl-p-D-maltopyranoside (DDM, Anatrace), 0.1 %wi/v cholesteryl hemisuccinate (CHS,
Sigma), 50 mM HEPES pH 7.5, and 150 mM (B2AR) or 800 mM (A2aAR) NaCl.
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Unsolubilized material was removed by centrifugation at 150,000 x g for 45 minutes, and
the clear supernatant was incubated with TALON IMAC resin (Clontech) overnight at 4 °C.

Both proteins were labeled with Cy3-mono NHS ester (GE healthcare). This fluorophore
was selected for its good solubility, the low environmental dependence of its fluorescence
properties, and its relatively good stability under ambient light during sample preparation,
while still being easily bleachable by laser. The pH of the buffer system used for labeling
was adjusted to 7.2 to preferentially label the N-terminal amino group instead of the primary
amino group of the receptor lysine residues, thereby minimizing modifications to the protein
core. Adventitious labeling of free-amine containing lipids co-purified with the proteins may
occur when using an amino-reactive dye and result in elevated background signals from
lipid diffusion in the FRAP assay.24 Methods to correct this effect are discussed in the
Results and Discussions section.

Protein labeling was performed by adding 5-10 pL of 5 mg/mL Cy3-mono NHS ester stock
in DMF (Sigma) to ~500 pg of protein bound to 1 mL of TALON resin in 5 mL buffer at pH
7.2. After incubation for 3 hours at 4 °C in the dark, un-reacted dye was removed by
extensive washes using a gravity column (Bio-Rad). The wash buffer (0.1 %w/v DDM, 0.02
% w/v CHS, 50 mM HEPES pH 7.5, 150 mM ($,AR) or 800 mM (A2aAR) NaCl, 10 %v/v
glycerol (A2aAR only) and 8 mM ATP (Sigma)) contained high-affinity ligand to be
exchanged for the LCP-FRAP assay: 0.5 mM carazolol (B2AR inverse agonist) for BoAR,
and 100 uM ZM241385 (A,aAR antagonist) or 100 uM LUF5833 (A4 AR agonist)?? for
AoaAR. Target proteins were eluted using 5 column volumes of wash buffer with an
increased imidazole concentration of 200 mM. After desalting the purified receptor to
reduce the imidazole concentration, proteins were incubated with 100 uL of Ni IMAC (GE
healthcare) resin for 6 hours to overnight in the presence of PNGase F (NEB) to
deglycosylate the protein. PNGase F and remaining impurities were removed using 10-15
column volumes of wash buffer (0.05%w/v DDM, 0.01 %w/v CHS, 50 mM HEPES pH 7.5,
150 mM (B2AR) or 800 mM (A2aAR) NaCl, 10 %v/v glycerol (A2aAR only), 50 mM
imidazole and ligand of interest). Receptors were subsequently eluted in a minimal volume
of the same buffer supplemented with 200 mM imidazole. Bo,AR/carazolol was concentrated
to 20 mg/mL in a 100 kDa cut-off concentrator (Vivascience) and immediately used for
LCP-FRAP sample preparation. AoaAR/ZM241385 and A,paAR/LUF5833 were
concentrated to 20 mg/mL, flash-frozen in liquid nitrogen and stored in —80 °C until further
use. All protein samples were evaluated for purity, monodispersity, and labeling efficiency
by analytical size-exclusion chromatography (aSEC) prior to LCP-FRAP sample
preparation. In the case of all receptor samples studied here, the aSEC results indicated a
single monomer peak and a typical protein labeling ratio of 0.1-0.5%.

2.2 LCP-FRAP sample preparation

Labeled protein was reconstituted in LCP by mixing protein solution with molten monoolein
(Nu Chek Prep) in 2/3 v/v ratio using a mechanical syringe mixer.28—30 L CP-FRAP samples
were prepared in 96-well glass sandwich plates (Paul Marienfeld GmbH, Germany) with 60
um thick spacers (3M 9492MP) using an in meso crystallization robot2?: 31 by delivering 50
nL boluses of the protein-laden LCP and overlaying them with 0.8 pL of screening
solutions. After setting up and sealing wells with a glass coverslip, plates were wrapped with
foil and incubated at 20 °C overnight (~12 hours) to equilibrate LCP drops with screening
solutions before conducting FRAP measurements.

2.3 LCP-FRAP protocols

2.3.1 Instrument setup—All FRAP experiments were performed using a custom-built
LCP-FRAP station consisting of a Zeiss Axiolmager Al fluorescent microscope with HBO
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100 epi-illumination and 5x, 10x, 20x and 40x objectives; fluorescence filter sets for
Bimane, Fluorescein, Rhodamine 6G and Cy3 dyes; a Micropoint dye cell laser with tunable
wavelength and an adjustable microscope attachment (Photonic Instruments); a cooled (=30
°C) CCD (1392 x 1040 pixels, 6.45 um/pixel) 14 bit monochrome FireWire camera
CoolSnap HQ2 (Photometrics); an automated XYZ microscope stage MS-2000 (Applied
Scientific Instrumentation); an automatic shutter and a filter wheel with an Optiscan 11
controller (Prior). The hardware was controlled from a computer by the ImagePro Advanced
Microscopy Suite (Media Cybernetics).

2.3.2 High through put LCP-FRAP data collection and analysis—HT LCP-FRAP
data acquisition and image analysis were fully automated using the programming
capabilities of the ImagePro software. A typical procedure consisted of the following steps.
1) Drop location: The sample plate was mounted on the XY Z stage and the microscope was
manually focused on the well Al. The plate was then scanned using the 5x objective to
determine locations and shapes of all LCP drops, which were approximated as ellipses. 2)
Focusing step: The objective was switched to 10x, and an automatic focusing was performed
for 6 wells: Al, A6, A12, H12, H7 and H1. At each of these wells initial crude focusing by
maximizing contrast at a sample edge was followed by bleaching a spot in the sample and
performing a fine focusing on the bleached spot. Z-height values for the rest of the wells
were obtained by interpolation. A six-point focusing was implemented instead of a three-
point in order to increase the accuracy and to account for small-scale warping in the sample
plate. Typical focusing accuracy achieved by this procedure was within 10-20 um. 3)
Bleaching step: Each sample was bleached sequentially at a user-defined location (typically
~100 pm from the LCP drop edge)by firing 15-20 laser pulses at a 25 Hz pulse rate.
Fluorescence images before and immediately after bleaching were recorded and saved for
further analysis. 4) Recovery step: After a user-defined incubation time (an adjustable
parameter, typically 30 min after bleaching the first sample) the plate was scanned to record
the end-state fluorescence recovery images for each sample. 5) HT LCP-FRAP data
processing step: Recorded images were processed automatically to locate the bleached spot
and to integrate the intensity within the spot before bleaching, immediately after bleaching
and after recovery. The integrated intensities were corrected for non-laser induced
photobleaching and fluctuations of the illuminating light by normalizing to the average
intensity of 4 reference spots selected at least 50 um away from the laser bleached spot. The
mobile fraction, M, was calculated as follows:

M=(Liecov — Ipleach)/ (Ipre—bleach — Tpleach) (Eq.1)

Typically, the whole HT LCP-FRAP data collection and analysis procedure required
approximately 2 hours per 96-well plate.

2.4 Full LCP-FRAP data collection and analysis

Full time-course fluorescence recovery data were collected on selected samples to
characterize the protein diffusion properties in more detail. Data acquisition and analysis of
the full LCP-FRAP curves was performed as previously described.24 Fluorescence recovery
curves after correction and normalization were fit with one or two component diffusion to
obtain the mobile fraction, M, and the characteristic diffusion time, T, of the labeled
molecules. The two component diffusion equation was used to obtain diffusion parameters
for the slow moving proteins in the presence of fast diffusing lipids. The one component
equation was used when no protein diffusion was detected. The radius of the bleached spot,
R, was determined by fitting the radially integrated intensity of the bleached spot by a
Gaussian. The diffusion coefficient, D, was calculated as: D = R%/4T.
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All non-linear curve fittings were accomplished using Prism (GraphPad Software).

2.5 Using Thin Layer Chromatography to determine detergent concentrations in protein

samples

Detergent concentration in protein solution was measured by thin-layer chromatography
(TLC).32 A 10 cm x 10 cm High Performance Thin-Layer Chromatography plate (HPTLC
Silica gel, EMD Chemicals Inc.) was used to separate detergents (DDM and CHS) from
protein and other solution components present in protein samples. The TLC plate was pre-
run in solvent (chloroform: methanol: water, 65:25:4, v/v/v) to remove contaminants and
impurities. After drying, 1 uL each of the following were spotted 1 cm above the bottom of
the plate: detergent standards of various concentration (5 %, 2 %, 1 %,0.2 %, 0.05 %w/v
DDM), elution buffer, and protein samples. The loaded TLC plate was then inserted into a
closed vessel containing solvent and chromatography was conducted until the solvent front
reached approximately 1 inch from the top of the plate. The plate was then air-dried and
spots were visualized by staining with iodine vapor.

3. Results and Discussions

3.1 Development of HT LCP-FRAP data collection protocol

The original idea behind development of a pre-crystallization assay measuring protein
mobility in LCP was based on a presupposition that a sufficient long-range translational
diffusion of protein molecules is required in order to induce crystal nucleation and maintain
crystal growth. Unlike in aqueous solutions, where protein molecules of any size undergo
Brownian motions, translational diffusion of large proteins or protein oligomeric aggregates
embedded in lipid bilayer of LCP is restricted. A fast non-specific aggregation of protein
molecules, which is equivalent to a heavy precipitation in aqueous solutions, is not visually
observable in LCP because of the limitation on the size of protein aggregates that can move
through the narrow passages of LCP. The spatial constraints of the LCP effectively restrict
the size of protein aggregates well below 100 nm, preventing their detection by light
microscopy. Previously, we have shown that protein mobility in LCP strongly depends on
the particular protein construct as well as on the composition of screening solutions
equilibrated with LCP, and furthermore, that crystallization conditions correlate well with
conditions supporting higher mobile fractions and faster diffusion rates of protein molecules.
24 These results prompted us to develop an assay for screening a range of precipitants, in
order to eliminate conditions non-conducive to protein diffusion from subsequent
crystallization trials, thus increasing the chance of obtaining initial crystal hits. However,
since recording full recovery curves for a large number of samples was time-consuming and
impractical, we modified the protocol so that only initial and final recovered states are
measured, allowing for a parallel-processing of up to 96 samples. The new protocol
consisted of taking a pre-bleached image, bleaching a spot and recording a post-bleached
image for each sample in a 96-well plate sequentially. Then after an incubation of typically
30 min, images of a recovered state were taken for each sample. The procedure, which also
included drop locations and focusing steps, as well as data processing was fully automated,
and allowed obtaining mobile fractions from96 samples within about 2 hours.

3.2 Design of screens

As opposed to a limited readout associated with standard crystallization trials, the HT LCP-
FRAP assay provided a spectrum of values for protein diffusion parameters, which were not
highly sensitive to exact concentrations of screening components. Therefore, the aim behind
designing screens for HT LCP-FRAP was to test a variety of precipitants at few
concentration levels and then utilize the diffusion readout to determine the optimal range for
crystallization.
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xu et al.

Page 6

Practically, the initial screens for HT LCP-FRAP were created either randomly from a range
of common precipitants or more rationally using previous knowledge about the protein. In
this work, we took advantage of the knowledge that crystallization conditions for all
previously obtained structures of GPCRs with fused T4 lysozyme (T4L) were composed of a
buffer, PEG 400 and a salt.15: 1718, 20, 24 \we decided to maintain thePEG400 concentration
constant at 30 %v/v, since the primary effect of PEG400 is to swell the LCP matrix and
allow for better diffusion of the bulky T4L-fused receptors,10 and focus on exploring
different pH values and salts. Therefore, a series of 96-well screens were made, each at
different pH values (6, 7 and 8for B,AR and 6, 7 for ApaAAR), containing 100 mM buffer, 30
%v/v PEG400, and 48 different salts from the Salt Stock Option kit (Hampton Research;
sodium fluoride was removed and succinic acid was replaced with tacsimate pH 7.0) at two
concentrations: 0.1 M (rows A-D) and 0.4 M (rows E-H), and a receptor ligand of interest.

3.3 Validation of HT LCP-FRAP protocol

In order to assess the reliability and consistency of the HT LCP-FRAP assay, we selected
one condition maintaining good diffusion of B,AR/carazolol in LCP: 0.1 M HEPES pH 7.5,
30 %v/v PEG 400 and 0.2 M sodium citrate (positive control), and one condition completely
abolishing long-range translational protein diffusion: 0.5 M NaCl (negative control). Two
sample plates containing each of these conditions repeated 96 times were run through the
automated HT LCP-FRAP data collection and processing (Fig. 1a and Table 1). The
obtained mobile fractions were very consistent throughout the sets with the average of 50.2
+ 4.4 % for the positive control and 13.3+ 2.8 % for the negative control. Three more plates
with positive controls were prepared and measured by HT LCP-FRAP, using the same
protein stock but independently prepared LCP samples. Results indicated a good
reproducibility between plates, with the average mobile fractions of 51.7 + 4.9 %, 49.4 + 4.5
% and 50.5 + 5.0 % for the three experiments. The negative control samples produced about
10 % recovery, all of which can be attributed to fast moving molecules (see Fig. 1b), most
likely representing labeled lipids co-purified with the protein, as previously demonstrated.24
Once reliably determined, this negative-control number can be subtracted from recovery
data obtained at different conditions to correct for diffusion of non-protein molecules. It
should be noted, however, that due to variations in protein purification from batch to batch,
and in particular with different protein constructs, the lipid content may vary substantially
resulting in different levels of diffusion background. It is recommended to set up positive
and negative control experiments for each new protein batch to define the baseline before
testing different screening conditions. In this example we used 0.5 M NaCl as a negative
control, which shrank the LCP water channel diameter33—34 thereby restricting the motion of
the T4L-fused receptors. For other proteins, different conditions able to serve as negative
controls may be required. Possible venues for disrupting protein mobility in LCP include
using buffers with pH range outside of protein stability, destabilizing protein by depleting
ligand, or denaturing protein by heating protein-laden LCP to 80 °C before setting up the
sample plate.23

3.4 Effects of protein and detergent concentration

Typically, crystallization trials are performed at a protein concentration of 10-20 mg/mL.5:
11, 13 Diffraction quality crystals for structure determination of GPCRs are obtained using
protein concentrations as high as 50-70 mg/mL.15: 17718, 20 High protein concentration
affects protein-protein interactions, and thus as a result may affect protein diffusion in LCP.
For pre-crystallization assays, however, it is desirable to reduce protein concentration to
minimize consumption of the valuable sample. Therefore, we decided to test the effect of
protein concentration on the mobile fraction measured by HT LCP-FRAP using AoaAR/
ZM241385 at 1 and 50 mg/mL. Since detergent concentrates with the protein, to evaluate
the effect of detergent concentration independent of the protein concentration, in addition to
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the 50 mg/mL protein sample, we prepared two 1 mg/mL samples at 0.1 %w/v DDM (2-fold
as used during protein purification) and at 2 %w/v DDM (equivalent to DDM concentration
in 50 mg/mL protein sample). All three samples were screened by HT LCP-FRAP against
positive (0.1 M MES pH 6.0, 30 %v/v PEG 400, 0.4 M sodium malonate, 50 uM
ZM241385) and negative (0.8 M NaCl) controls, each measured 48 times in a 96-well plate
(Table 1). Although the effect of protein concentration on mobile fraction was found to be
negligible, elevated detergent concentration increased the mobile fraction of protein by
about 10 %. This behavior is in accordance with the swelling effect that detergent exerts on
LCP35-36 which results in decreased lipid curvature and an increase in the water channel
diameter, thus relieving constraints on diffusion and inducing a higher protein mobile
fraction.

The HT LCP-FRAP protocol provided only total recovered fraction in a bleached spot after
a certain incubation time. However, a full analysis of the diffusion properties of protein
molecules can be performed by recording a complete recovery curve. Data acquisition and
processing of full LCP-FRAP curves have been automated. Full recovery curves can be
fitted with one (lipid only) or two (lipid and protein) components diffusion equations to
obtain mobile fractions and diffusion rates of each component.24 Fitting with the two
component diffusion was more robust when at least one of the parameters was fixed, such as
the mobile fraction of lipids, which could be obtained from the negative control
measurements. Full LCP-FRAP data for two 1 mg/mL AppaAR/ZM241385 samples at 0.1 %
and 2 %w/v DDM concentrations and their fits are shown in Fig. 2. Consistent with the HT
LCP-FRAP results, the sample containing 2 %w/vDDM gave as lightly higher protein
mobile fraction, but virtually the same diffusion rates.

Based on these experiments, we concluded that HT LCP-FRAP assays can be performed at a
protein concentration of as low as 1 mg/mL, in which detergent content could optionally be
adjusted to better mimic conditions achieved during crystallization trials. According to our
observations, even without adjusting the detergent concentration, the HT LCP-FRAP assay
performed at 1 mg/mL protein concentration captures the same trends as the assay
performed at protein concentrations used in crystallization trials. It is possible, however, that
other membrane proteins display stronger dependency of diffusion on concentration than
those that we studied in this work. In order to save valuable protein material, our
recommendation is to conduct initial assays at ~1 mg/mL protein concentration. When
suitable conditions supporting high protein mobility are found, the assays at these conditions
can be repeated at the protein concentration used in crystallization trials (10-50 mg/mL) to
verify dependence of protein diffusion on concentration.

3.5 Protein stability in LCP

Protein stability and its ability to diffuse in LCP are related to each other. Destabilized
proteins usually unfold or aggregate, which results in loss of their mobility. Another reason
for a decrease in mobile fraction is depletion of mobile protein consumed by crystal growth.
Thus, monitoring protein mobile fractions over a period of time at different conditions by
HT LCP-FRAP provided insights in protein stability and gave indications of how long one
can expect crystal growth to continue. Two conditions resulting in high initial mobile
fractions for BpAR/carazolol were selected for these experiments and have been followed by
HT LCP-FRAP over the course of seven days (Fig. 3a). Decay of the mobile fraction over
time was fit to an exponential function, giving a characteristic decay time of 4.3 days for the
condition containing sodium sulfate and 36days for the condition containing sodium citrate.
Initial crystals leading to the first structure of BpAR/carazolol were obtained in the presence
of sodium sulfate. It is interesting to note, however, that although the HT LCP-FRAP
experiments were performed at a sodium sulfate concentration (0.4 M) outside of the
concentration range inducing crystal growth (0.1-0.3 M) and consequently no crystals were
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observed in the samples, the time frame during which B,AR/carazolol remains mobile
coincides with the time frame of crystal growth (up to 6 days). This means that the short
time window for crystal growth can be explained by relatively low protein stability with
respect to aggregation in the presence of sodium sulfate. On the other hand, sodium citrate
keeps the protein in a mobile state for a much longer time, suggesting that adding it to
crystallization screens may improve crystal growth, which was explored in the case of
AopAR-T4L/LUF5833 as explained later.

3.6 Effects of precipitant screens

3.6.1 Effect of salts—After establishing and validating the HT LCP-FRAP protocol, we
assayed samples of BoAR/carazolol and A;pAR/ZM241385 in LCP against a set of 96-well
screens described in section 3.2. Typical results are shown in Fig. 4. Mobile fractions ranged
from8 t052% for ,AR and 14to 55% for AypARdepending on salt identity and
concentration. The fraction of labeled lipid, as determined from negative control samples
was 13 % for B,AR and 20 % for A;pAR. Accordingly, we set a threshold level 15 % above
the lipid background to evaluate the effect of different salts. Among 48 salts, 15 (B,AR) and
9 (AoAAR) salts maintained mobile fractions above the threshold level. For B,AR these salts
are: ammonium phosphate, lithium acetate, lithium citrate, lithium sulfate, potassium citrate,
potassium phosphate, potassium/sodium tartrate, sodium citrate, sodium formate, sodium
phosphate, sodium malonate, sodium sulfate, sodium tartrate, sodium thiocyanate and
tacsimate (a collection of organic salts, pH 7, Hampton Research). For AopAR, the best salts
are: ammonium tartrate, lithium citrate, magnesium acetate, nickel chloride, potassium
citrate, sodium citrate, sodium malonate, sodium tartrate and tacsimate.

Analysis of these data revealed a dominance of organic salts with monovalent cations for
both proteins used in this study, as well as sulfate and phosphate anions in case of B,AR.
Small organic acids have been previously praised for their success in stabilization and
crystallization of macromolecules.3” Monovalent cations have been shown to play a role as
allosteric modulators in ApaAR.38 Finally, sulfate was used for crystallization of AR/
carazolol and A,pAR/ZM241385 in LCP, and many sulfate ions are observed in
crystallographic structures of both proteins.1: 17

Most salts promoted better diffusion at higher concentration, however, there were a few
exceptions where a higher protein mobile fraction was observed at 0.1 M salt concentration
(see supplementary fig. 1 for details).

3.6.2 Effect of pH—Comparative analysis of HT LCP-FRAP data obtained at different pH
levels revealed that within the tested range the effect of pH on diffusion behavior of B,AR or
AoaAR is minimal; pointing to the same sets of salts that induce protein mobility regardless
of pH. To quantify the effect of pH, we calculated the average mobile fractions produced by
the four best salts at each tested pH for BoAR or AopAR and plotted them in Fig. 3b. The
plot suggested a small trend of better mobility for B,AR at pH 6 and 7 as compared to pH 8,
consistent with observations of better crystals obtained at pH between 6.5 and 7.15-16
Further, a more pronounced effect for ApaAR was seen, revealing a difference of about 10
% between mobile fractions obtained at pH 6 and 7, which is consistent with previous
knowledge that lower pH has a stabilizing effect onA,aAR.17 We emphasize that the choice
of tested pH range in our experiments was based on known crystallization conditions for the
two well-characterized receptors, however, and that testing an expanded pH range for HT
LCP-FRAP screens may be required for a novel membrane protein target or a different
protein construct.
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3.7 Correlation between mobile fraction and crystal hits

Initial results on the diffusion properties of BoAR/carazolol in LCP in the vicinity of known
crystallization space indicated a strong correlation between high protein mobility and
crystallization.24 Development of the HT LCP-FRAP allowed screening a broader swathe of
crystallization space, enabling us to extend this correlation to a broader range of salts
typically used in crystallization screens. For this purpose we set up LCP samples loaded
with 20 mg/mL of Cy3 labeled B,AR/carazolol against pH 8 96-well screen described in
section 3.2 in duplicate, and collected HT LCP-FRAP data after 12 hours of incubation. The
same trials were imaged in the Cy3 fluorescence channel on the LCP-FRAP station using an
automated imaging option integrated in the data acquisition script after five days of
incubation to check for crystal growth. Protein labeling substantially enhanced crystal
detection, as most of the crystal hits contained showers of tiny crystals invisible under bright
field illumination.39—40 Crystal hits were scored on a scale of 0 to 4, where 0 corresponds to
no crystals, 1 — showers of tiny crystals < 1 um, 2 — microcrystals (between 1 and 5 um), 3 -
microcrystals (between 5 and 10 um), and 4 — relatively large crystals > 10 pum.

The crystal scores were plotted against the mobile fractions, and the threshold for the mobile
fractions was set at 28 % based on the negative control data (Fig. 5). A good correlation
between crystal formation and protein mobility was evident from the data. Protein diffusion
was observed in 23 conditions (15 unique salts), while the crystals formed in 21 conditions
(14 unique salts). Six conditions showed protein diffusion with no crystals, which would be
expected, as good mobility alone does not guarantee crystal formation. Four conditions
produced crystals but with no diffusion, perhaps, due to the rapid onset of crystallogenesis
combined with the overlap of the bleaching spot with multiple microcrystalline objects
which would give an artificially low value for the protein mobile fraction. Careful inspection
of images taken during HT LCP-FRAP measurements to identify such events should lower
the chances of rejecting promising conditions. Overall the HT LCP-FRAP pre-screening was
able to enrich the success rate of these screens from 21 crystal hits of 96 conditions to 17
crystal hits of 23 conditions. Without protein labeling, however, only 4 conditions could be
reliably identified, 3 of which have been previously known (lithium sulfate, sodium sulfate,
sodium formate).

The same correlation profile was found for A;pAR/ZM?241385. Unlike the B,AR, the HT
LCP-FRAP experiment for A;pAR was carried out with low-concentration protein samples
(1 mg/mL), while the crystallization trials were set up with highly concentrated protein
samples (~50 mg/mL) using the same pH 6 HT LCP-FRAP salt screen. Among the 96 salt
conditions, 14 (10 unique salts) produced crystal hits. Nine of these salts are organic (citrate,
tartrate, malonate, formate), and one is sulfate. Seven of them are among the top ten
conditions with the highest mobile fraction in the corresponding HT LCP-FRAP experiment
performed with 1 mg/mL protein samples, suggesting a reliable correlation.

3.8 From HTLCP-FRAP to crystallization hits

Given a growing number of examples demonstrating an agreement between conditions
maintaining protein mobility and conditions inducing crystal nucleation and growth for
model proteins, we decided to explore the ability of HT LCP-FRAP to guide crystallization
trials for a more challenging target: A)aAR-T4L bound to an agonist LUF5833.27 Initial
crystallization screening around the successful conditions for A,aAR/ZM241385 did not
produce any crystal hits.

First, we performed control measurements with 1 mg/mL of labeled A;pAR/LUF5833
protein using the same positive and negative screens as for A)pAR/ZM?241385 except that
LUF5833 was supplemented to the screens instead of ZM241385. Although the average
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mobile fraction from 48 positive screen conditions was 36 % (+ 4 %) (Table 1), which is 23
% lower than in the case of A)pAR/ZM?241385, we were still able to distinguish the mobile
fraction of protein molecules from the fraction caused by lipids (14.5 £ 3.2 %) in this
sample. Next, with the same protein sample, we performed the HT LCP-FRAP experiment
using a 96 salt screen with MES pH 6 buffer. We found 10 unique salt conditions that
promoted high protein diffusion with mobile fraction above the 28 % threshold (Fig. 6a and
Supplementary fig. 1c). These salts included mostly organic salts: tartrate, citrate, malonate
and monovalent cations: ammonium, potassium and sodium. Four of these salt conditions
have been previously identified as successful crystallants for A;pAR/ZM241385. However,
an initial effort of searching for A,AAR/LUF5833 crystal hits by grid optimization of these
conditions failed, perhaps due to the more dynamic nature of A;aAR bound to an agonist.
Therefore, we proposed that a combination of two or more salts might be able to better
modulate the protein-protein and protein-cubic phase interaction and facilitate
crystallogenesis. Thus, we prepared new screens using pH 6 sodium citrate buffer instead of
MES, inspired by the results that sodium citrate was one of the salts promoting protein
mobility. Sixteen salts with concentrations between 40 and 400 mM were used in these
screens: half of them were among the top ten promising salt candidates (mobile fraction > 28
%, except for nickel chloride and sodium citrate) according to the HT LCP-FRAP results
(Fig. 6a), the other half contained combinations of the most promising anions and cations.
Crystallization trials with these screens successfully yielded initial crystal hits for AyjpAR/
LUF5833 (Fig. 6b) in a number of salts including four that induced high protein mobility in
HT LCP-FRAP assays, highlighting the great potential in using this assay for guiding
crystallization trials. The initial crystals of Ay AR/LUF5833 diffracted to ~5 A and the
crystal optimization process is currently underway. In addition, application of HT LCP-
FRAP led to rapid identification of initial crystallization hits for the dopamine D3 and the
CXCR4 chemokine G protein-coupled receptors, structures of which have recently been
published.18: 20

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Validation of HT LCP-FRAP and full LCP-FRAP protocols. (a) Fluorescence recovery data
obtained for BoAR in 96 identical positive control conditions (0.1 M HEPES pH 7.5, 30 %v/
v PEG 400, 0.2 M Na citrate) and 96 identical negative control conditions (0.5 M NaCl).
Data were collected following the HT LCP-FRAP protocol. (b) Time-course fluorescence
recovery curve recorded from individual positive and negative control wells.
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Figure 2.

An example of a full LCP-FRAP curve data fitting. (a) Full LCP-FRAP curves recorded for
ArpAR/ZM?241385 in positive control (0.1 M MES pH 6.0, 30 %v/v PEG 400, 0.4 M Na
malonate, 50 pM ZM241385) and negative control (0.8 M NaCl) conditions at different
detergent concentrations. Solid and dashed lines represent results of non-linear curve fitting
for positive and negative control data respectively. Open symbols are residuals of
corresponding fits. Data fitting and calculations of residuals were performed using
GraphPad. (b) Fitting results and calculations of lipid and protein diffusion rates. One
component FRAP equation was used for fitting data obtained in negative control conditions
accounting for diffusion of labeled lipids. Two component FRAP equation was used for
fitting the recovery curves corresponding to the positive control conditions by fixing the
lipid mobile fractions to values obtained from the negative control data. The diffusion
coefficients were calculated as D=R%/4T, where the radius of the bleached spot R=9.1 um.
M1: the mobile fraction for lipids. T1: the characteristic diffusion time for lipids. M2: the
mobile fraction for protein. T2: the characteristic diffusion time for protein.
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Figure 3.

Dependencies of the protein mobile fraction on incubation time and pH. (a) Time-
dependency of3,AR diffusion and stability in LCP. Fluorescence recovery was measured for
the same drops at several time points within one week. The protein mobile fraction slowly
decreased over one week in Na citrate condition (circles) and quickly decreased until
completely stopped in Na sulfate condition (triangles).(b) pH effect on protein mobility for
BoAR(circles) and ApaAR (triangles). In both cases, the averaged mobile fraction from the 4
best salts inducing high protein mobility was calculated and compared at different pHs.
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Figure 4.

HT LCP-FRAP experiments for B,AR/carazolol and AppAR/ZM241385. (a) Fluorescence
recovery for BoAR/carazolol in Tris pH 7 plate containing 96 salt conditions. (b)
Fluorescence recovery for AppAR/ZM241385 in MES pH 6 plate. In each plate, 48 different
salts from Salt Stock Option kit (Hampton Research) were arranged from Al to D12 and E1
to H12 in a 96-well plate. Salt concentrations in rows A—D are 0.1 M, E —H are 0.4 M.
Experiments were repeated at least four times for each screening plate and the averaged data
was used to generate this plot.
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Figure 5.

Correlation between mobile fraction and crystal hits for fpAR/carazolol. Crystal hits
observed from HTLCP-FRAP experiments (Tris pH 8 plate) were scored according to
crystal quality (O — no crystals, 1 — showers of tiny crystals <1 um, 2 — microcrystals
(between 1 and 5 pm), 3 — microcrystals (between 5 and 10 um), and 4 — relatively large
crystals > 10 um). Crystal scores were plotted as a function of protein mobile fraction in
corresponding screen conditions.
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Figure 6.

Mobile fractions and crystal hits for AppAR/LUF5833. (a) Results of HT LCP-FRAP
experiments. The following promising salts were selected for crystallization trials: (1)

Natartrate

Page 18

ammonium phosphate, (2) ammonium sulfate, (3) ammonium tartrate, (4) K citrate, (5) K
phosphate, (6) Na malonate, (7) Na sulfate, (8) tacsimate. Crystal hits were observed from

screens designed by combining Na citrate pH 6 buffer with the above eight salts and

combinations of promising anions and cations at a wide range of concentration gradient. (b)

Examples of crystal hits obtained in ammonium tartrate, tacsimate, K phosphate and

Natartrate. Images were taken using crossed polarizers.
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