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Universal platform for the generation of
thermostabilized GPCRs that crystallize in LCP

Jendrik Schéppe®'?, Janosch Ehrenmann®"3, Yann Waltenspiihl®' and Andreas Pliickthun®'™

Structural studies of G-protein-coupled receptors (GPCRs) are often limited by difficulties in obtaining well-diffracting
crystals suitable for high-resolution structure determination. During the past decade, crystallization in lipidic cubic phase
(LCP) has become the most successful and widely used technique for obtaining such crystals. Despite often intense
efforts, many GPCRs remain refractory to crystallization, even if receptors can be purified in sufficient amounts. To
address this issue, we have developed a highly efficient screening and stabilization strategy for GPCRs, based on a
fluorescence thermal stability assay readout, which seems to correlate particularly well with those GPCR constructs that
remain native during incorporation into the LCP. Detailed protocols are provided for rapid and cost-efficient mutant and
construct generation using sequence- and ligation-independent cloning, high-throughput magnetic bead-based protein
purification from small-scale expressions in mammalian cells, the screening and optimal combination of mutations for
increased receptor thermostability and the rapid identification of suitable chimeric fusion protein constructs for successful
crystallization in LCP. We exemplify the method on three receptors from two different classes: the neurokinin 1 receptor,
the oxytocin receptor and the parathyroid hormone 1 receptor.

Introduction

G-protein-coupled receptors (GPCRs) are a diverse family of integral membrane proteins that share a
conserved membrane-embedded structure of seven transmembrane a-helices. GPCRs play a pivotal
role in intercellular signalling and regulate diverse physiological processes; thus, they represent key
drug targets"”. As a result of enormous efforts across academia and industry, the past two decades
have provided unprecedented insights into the molecular details of the structure and function of
GPCRs through the determination of high-resolution structures’™’. At the time of writing, 93 unique
receptor crystal structures have been deposited in the Protein Data Bank. However, major hurdles at
all stages of the structure determination process remain, and thus obstacles to structural studies of
many receptors of interest continue to hamper the field. Many GPCRs cannot be heterologously
expressed in sufficient quantity and quality and do not display sufficient stability once removed from
their native lipid bilayer during the purification stage®’. Even if the aforementioned obstacles can be
successfully overcome, the dynamic nature of GPCRs'’ and their limited hydrophilic regions available
to form potential crystal contacts represent another major obstacle in obtaining protein crystals of
diffraction quality.

The successful determination of GPCR structures during the past years has been made possible by
the inclusion of several key technologies into the field of GPCR structural biology: (1) protein
engineering approaches including the truncation of flexible termini'', insertion of stable, hydrophilic
fusion proteins'>"?, directed evolution towards increased expression levels and stability'*™"”
and introduction of thermostabilizing mutations derived from exhaustive alanine (Ala) scan-
ning®'®'?, (2) screening of available ligands and identification of those that maximally
stabilize a given receptor’’~**, or even the de novo development of tool compounds to stabilize a
receptor of interest”**, and (3) miniaturization and automation of crystallization in lipidic cubic
phase (LCP)>%.

However, many of these technological advances depend on and are limited by factors that are
unique to every receptor of interest. The throughput and screening possibilities can be severely
limited by the time and costs it takes to generate constructs, insufficient expression levels, the lack of
radiolabeled ligands (e.g., for thermostabilization of GPCRs by Ala scanning using the reported
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Fig. 1 | Flowchart illustrating the main steps to obtain optimally thermostabilized GPCR mutants tailored for
successful crystallization in LCP. Results from the CPM-based thermostability assay were found to correlate
particularly well with efficient receptor reconstitution into the monoolein bilayer and subsequent crystal formation;
Therefore, these results guide the selection of single mutants, mutant combinations and fusion constructs. After
the iterative microscale screening rounds in HEK293T cells, only highly promising candidates are progressed to
time- and resource-intensive large-scale protein expression in insect cells and purification efforts that are necessary
for structure determination.

methods™), absence of stabilizing ligands, or, if several of these points could be successfully
addressed, failure in crystallization trials.

To overcome these complex bottlenecks in the most challenging receptors, typically strategies for
improving functional expression®” and further thermostabilization will have to be combined. We
report here the development of a modular platform that allows for the rapid and cost-effective
generation and screening of stabilized GPCR mutants and potential crystallization constructs. Our
pipeline consists of optimized sequence- and ligation-independent cloning (SLIC), the high-
throughput expression and microscale purification of GPCRs for fluorescence-based stability
screening, the tailored thermostabilization of GPCRs for successful reconstitution into LCP and the
accelerated identification of chimeric fusion constructs suitable to obtain high-resolution structures
from crystals grown in LCP (Fig. 1). The application of the provided methodology and workflow to
GPCRs of class A and B has allowed us to determine several high-resolution crystal structures of these
receptors, exemplified by the neurokinin 1 receptor (NK;R)™, oxytocin receptor (OTR)’' and
parathyroid hormone 1 receptor (PTHIR)™.

Development of the protocol

Thermostability of GPCRs in the CPM assay and consequences for crystallization in LCP

The fluorescence-based thermal stability assay applied in our study was initially reported in 2008 as
a method to assess the thermal stability of purified, detergent-solubilized membrane proteins™.
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Fig. 2 | Effects of different antagonists on SEC elution profiles, the thermal stability in the CPM assay, and the
mobile fraction in FRAP experiments, exemplified by theophylline- and ZM241385-bound A,AR (A,AR-bRIL-AC,
Protein Data Bank ID: 4EIY). a, Representative analytical SEC profiles of A,aR, purified from the same batch of Sf9
insect cell membranes in 0.05%,/0.01% (wt/vol) DDM/CHS, in the presence of either theophylline or ZM241385.
Analytical SEC was performed on an Agilent 1100 HPLC system using a Sepax Nanofilm SEC-250 column.
b, Representative CPM-based thermostability measurements of 1.0 pg of purified A,aR in 20 pl of buffer from the
same purifications as in a, measured in the presence of theophylline or ZM241385. Samples were equilibrated for
5 min at 25 °C followed by a 2 °C/min thermal ramp from 25 °C to 95 °C. The apparent T,, of A;aR depends on the
bound antagonist; A,aR:theophylline, apparent T, 57.6 °C (indicated by blue arrow); A,aAR:ZM241385, apparent T,
61.8 °C (indicated by red arrow). Note that the y-axis is min-max normalized. ¢, Raw data plot of thermal stability
measurement of A;AR:ZM241385 with CPM. Y, corresponds to the CPM fluorescence baseline and Y. to the
fluorescence signal at the plateau, indicated as dashed black lines. AY = Y., — Yo represents the maximal
attainable CPM fluorescence amplitude in the given measurement and is indicated as a black arrow. This measure
reflects the amount of protein that can interact with CPM, and thus translates to expression and purification yield.
All thermostability measurements were performed on an Agilent Mx3005p gPCR thermal cycler. d, Representative
LCP-FRAP experiments for A,4R:ZM241385 and A,aR:theophylline. Bar graph representation of the mobile fraction
of A,AR:ZM241385 (red bars) and A,aR:itheophylline (blue bars) in 96 different screening conditions. AjaR:
ZM241385 displays an overall substantially higher mobile fraction than A,sR:theophylline in all of the tested
conditions. Purified receptor was fluorescently labeled using Cy3 NHS ester, reconstituted into LCP, overlaid with
precipitant solution and equilibrated for 12 h. LCP-FRAP was measured using a Formulatrix FRAP Benchtop device.
RFU, relative fluorescence units.

In short, the thiol-reactive fluorophore N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]mal-
eimide (CPM)** was used with the intention to probe the accessibility of native cysteine residues
preferably located in helix-helix interfaces. When the protein unfolds in response to a temperature
gradient, these cysteine residues would become accessible to covalent modification, whereupon
intrinsic CPM fluorescence increases and a detectable signal is generated. Protein stability can thus be
assessed by the apparent melting temperature in a thermal unfolding experiment. It was later shown,
however, that the assay also works in the absence of any cysteines’’, suggesting that the fluorescence
increase is at least partly caused by binding of the fluorophore to hydrophobic patches or crevices that
become exposed upon partial protein unfolding.

While establishing the purification and crystallization in LCP of the adenosine A,, receptor
(A2aR) as a model system for other GPCRs, we recognized that, although analytical size-exclusion
chromatography (aSEC) profiles and the overall yield of A,sR purified in the presence of two
different antagonists (theophylline and ZM241385, a synthetic adenosine analog) were identical
(Fig. 2a), only ZM241385-bound A, 4R yielded crystals in the LCP. Subjecting the purified receptor
samples to the CPM assay revealed that ZM241385-bound A,,R displayed a substantially higher
apparent melting temperature (T,,) of 61.8 °C than the theophylline-bound A,,R (57.6 °C) (Fig. 2b).
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Fig. 3 | CPM-based thermostabilization of NK;R-y04 in an antagonist-bound conformation. a, AT,,, derived from the
apparent CPM melting temperature of the four single-point mutants (gray bars) and the double (blue bar), triple
(green bar) and the quadruple mutant NK;R-S (orange bar) as compared with the receptor variant NK;R-yO4.
b, Comparison of the CPM-derived thermostability of NK;R-yO4 (black curve) and the quadruple mutant NK;R-S
(orange curve). The apparent T,, is indicated by a dashed black and orange arrow, respectively. ¢, Average apparent
T of NKiR-y04 (52.4 °C, n = 12 independent expressions, purifications and measurements) and NK;R-S (59.4 °C,
n = 8 independent expressions, purifications and measurements) with standard deviations represented by error bars.
NK;R-yO4 and all mutants were expressed and purified by anti-FLAG antibody-containing magnetic beads
as described in the Procedure. During solubilization and purification of the receptor, the small-molecule antagonist
CP-99,994 was added to all buffers at saturating concentrations. All thermostability measurements were performed
on an Agilent Mx3005p gPCR thermal cycler.

Importantly, the observed difference in apparent melting temperature (AT,,) also correlated with
differences in the measured mobility of A,4R in fluorescence recovery after photobleaching (FRAP)
experiments performed with fluorescently labeled receptor reconstituted into LCP (LCP-FRAP)™:
while ZM241385-bound A,,R displayed mobility representing diffusion in the LCP matrix
(a prerequisite for crystal formation), in multiple conditions, theophylline-bound A,,R showed no
diffusion in any of the tested conditions (Fig. 2d). We hypothesized that the theophylline-bound
AxR may have become aggregated in the LCP matrix owing to insufficient stability.

Furthermore, the analysis of published, unique GPCR crystal structures for which a CPM-derived
T has been reported'>*****"°* indicates that a large majority (>90%) of GPCRs that were
successfully crystallized in LCP displayed a T, > 60 °C (similar to ZM241385-bound A,4R), and the
remaining receptors exhibit at least a T,;, > 58 °C. Taken together, these data suggested to us that a
CPM-derived T, of ideally 260 °C might be an indicative parameter to predict whether a given
receptor will successfully reconstitute into the lipid bilayer during formation of the LCP (a critical
prerequisite for obtaining protein crystals®’).

Our research on yeast-evolved variants of the human NK;R (variant NK;R-y04) and PTHIR
(variant PT-y03)'” showed that, despite increased expression and purification yields of these mutants,
their CPM-derived apparent melting temperatures were still in the low 50 °C range (Fig. 3). Con-
sequently, and regardless of great efforts in crystallization construct design, purification optimization
and crystallization trials in LCP, we never observed crystals or mobility in LCP-FRAP experiments of
theses receptors.

We therefore hypothesized that increasing the CPM-T,, of these receptors to 260 °C would
yield variants that are specifically thermostabilized for reconstitution into LCP and ultimately would
yield structures of our target proteins. Consequently, we posited that measuring the T,, by a
CPM-based assay would guide us to such variants. To achieve this targeted stabilization, we devised a
comprehensive high-throughput platform from construct generation to microscale expression and
purification, which harnesses the fluorescence-based CPM assay as a particularly relevant readout and
selection criterion.

Sequence- and ligation-independent cloning

For high-level protein expression of GPCRs, we constructed the expression vector pcDNA5_SLIC
(Fig. 4a) and devised a modular and flexible SLIC-based mutant and construct generation toolbox
(Fig. 4b).
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Fig. 4 | Modular SLIC-based cloning and construct generation toolbox. a, For the generation of the high-copy expression vector pcDNA5_NK;R-y04
(bottom), the sacB counter-selection cassette is excised from the cloning vector pcDNA5_SLIC using the restriction enzymes Hindlll and Notl and

subsequently replaced by the NK;

R-y04 gene using SLIC. Specifications: CMV promoter, Kozak consensus sequence (Kozak), melittin signal sequence

(Melittin ss), FLAG epitope (FLAG), Hiso-tag (His10), TEV protease cleavage site (TEV), levansucrase-encoding counter selection cassette (SacB),
bovine growth hormone polyadenylation signal (BGH pA), ampicillin resistance gene (Ampicillin-R), pBR322 origin of replication (pBR322 ori).
b, lllustration of the design of specific primer pairs used in the PCR-based insert fragment generation for SLIC. Vector primers (top) anneal on the

GPCR insert (highlighted in blue

) and carry overhangs homologous to the target vector. SLIC mutagenesis primers (middle) introduce a specific

mutation (highlighted in green) in the overlapping homologous region of an N- and a C-terminal GPCR fragment. Fusion protein assembly primers
(bottom) anneal on the GPCR and carry overhangs homologous to the fusion protein (highlighted in orange).

SLIC is a highly versatile cloning method®* (Fig. 4), based on in vitro homologous recombination
and in vivo single-strand annealing repair after transformation of Escherichia coli cells with the
annealed DNA fragments®”. The method was conceived to circumvent the sequence restrictions of
traditional cloning methods such as restriction-enzyme-based cloning®. Thus, SLIC offers the
advantage that any vector can be used and the introduction of additional base pairs in the insert gene
by restriction enzyme recognition sites can be avoided.

Briefly, SLIC consists of five steps:

(i)  initial linearization of the vector backbone by restriction enzyme digest

(ii) generation of insert fragments with homologous overhangs by PCR

(iii) incubation of both vector and insert fragments with T4 DNA polymerase in the absence of dNTPs
to generate single-stranded overhangs via the T4 DNA polymerase’s 3’-5" exonuclease activity

(iv) in vitro annealing of the generated vector and insert fragments

(v)  transformation of E. coli cells with the annealed fragments

Compared with traditional cloning methods, SLIC further allows the efficient assembly of multiple
DNA fragments in a single reaction with high fidelity, thus greatly facilitating the generation of
multifusion proteins. Because of the high fidelity and great versatility of SLIC, we established an
optimized protocol for our construct generation workflow and furthermore adapted the method as an
attractive alternative to existing site-directed mutagenesis protocols.

The SLIC-based mutagenesis approach described here has two major advantages over QuikChange
mutagenesis (Agilent) or equivalent protocols that are typically used for site-directed mutagenesis:
(i) the vector does not undergo PCR amplification, therefore avoiding the need for recloning of the
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mutated gene in a second step to ensure plasmid integrity; (ii) the insert fragment generation by PCR
is compatible with very low template DNA concentrations, making an additional step of enzymatic
template digestion after PCR unnecessary.

Although the protocol provided here describes the introduction of single-point mutations in the
coding sequence of the human NK;R, it is universally applicable to all SLIC-based cloning projects.
The vector carries a sacB gene, which can be counter-selected in the presence of high sucrose
concentrations®’, thereby ensuring high-efficiency insertion of the gene of interest (GOI). Briefly,
periplasmic SacB converts sucrose to levan, which is toxic to E. coli, and thus replacement of sacB
allows colonies to grow.

For users unfamiliar with the SLIC procedure, it is highly recommended to start with a smaller
subset of mutants (e.g., two to three) to get familiar with the protocol.

Small-scale high-throughput expression of GPCRs

The most widely used expression system for the production of GPCRs for structural studies are
Spodoptera frugiperda (Sf) insect cells®®. However, the need for baculovirus generation and ampli-
fication severely limits the throughput and increases the lead times required from initial cloning steps
to protein production (~4 weeks). Thus, expression of GPCRs in Sf9 insect cells represents a major
bottleneck for any screening approach. To allow the anticipated high throughput needed to perform
the screening of up to 400 different receptor mutants or constructs, we established receptor
expression by transient transfection of HEK293T cells. In this way, the receptors can be expressed at
reasonably high levels, so that expression of multiple mutants can be performed on an unprecedented
small scale (1-2 million HEK293T cells) in parallel. Furthermore, the expressed receptor variants can
readily be solubilized by mild detergents (e.g., n-dodecyl-f-p-maltopyranoside/cholesteryl hemi-
succinate (DDM/CHS)) from the plasma membrane of HEK293T cells without mechanical cell
disruption. After the receptor of interest (e.g., NK;R-y04, that had previously been evolved in yeast'”)
is cloned into pcDNA5_SLIC and HEK293T cells are transiently transfected with the plasmid,
NK;R-y04 (in this example) is produced in a form that carries an N-terminal melittin signal
sequence, followed by a FLAG epitope, a His;, tag and a tobacco etch virus (TEV) protease cleavage
site in front of the actual receptor open reading frame. This expression format allows freedom with
regard to the purification method and has been shown to work for a large variety of different GPCRs.

Microscale purification of GPCRs

The purification of GPCRs remains another major bottleneck, so far hindering the necessary
throughput for simultaneously screening and characterizing many different possible receptor mutants
or constructs. Independent of the chosen expression system, the receptor purification procedure
usually involves chromatography-based separation, during which the detergent-solubilized protein is
isolated and purified for subsequent downstream applications. These labor-intensive and time-
consuming steps require relatively large amounts of starting material and only allow the parallel
purification of a small number of different protein samples; additionally, a 2 d minimum time frame
for any purification is required in our experience.

To address these issues, we have developed a method that drastically increases the achievable
throughput, while reducing the required time for purification. In the manual format described in the
Procedure, the method allows for the parallel purification of up to 30 receptors (or mutants) within
<8 h with final protein yields of ~0.5-2 pug.

This unprecedented throughput for membrane protein purification is achieved by employing
magnetic beads” functionalized with the anti-FLAG M2 monoclonal antibody’’ for the isolation,
separation and purification of FLAG epitope-fused receptor constructs. After whole-cell solubiliza-
tion, the sample is incubated with the magnetic beads, and thus FLAG-tagged receptor is captured
from the suspension with high specificity and affinity.

Subsequent washing steps to achieve high purity of the sample are performed by collecting the
beads with a magnetic separator, allowing for rapid separation from the solubilization and wash
buffer solutions. Mild elution of the receptor from the antibody is achieved in very low volumes by
competition with an excess of free 3x FLAG peptide, resulting in sufficiently high concentrations of
receptor. The microscale purification results in protein samples of high purity, comparable to
chromatography-based large-scale purified receptor as evidenced by the identical CPM-derived
melting curves obtained for NK;R-S_1207 (Fig. 5¢,d). To date, we have successfully employed the
microscale purification method for several different wild-type and yeast-evolved GPCRs.
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Fig. 5 | CPM-based screening of fusion proteins and insertion positions to replace the ICL3 of NK;R-S for crystallization in LCP. a, AT, of tested
chimeric fusion constructs compared with the thermostabilized, nonfused mutant NK;R-S. b, Difference in expression and purification yield of the same
fusion constructs compared with NK;R-S from the signal amplitude in the CPM assay. The expression and purification yield, expressed as AY (Fig. 2c),
of each construct is compared with that of NK;R-S (set to 100%, dashed line). Fusion constructs marked with an asterisk, showing both favorable AT,
and AY, were selected for large-scale expression in Sf9 insect cells and subsequent crystallization trials in LCP. ¢, Comparison of CPM-derived
thermostability of construct NKyR-S_1207 purified from HEK293T cells and from large-scale expression and purification from Sf9 insect cells. The great
similarity is apparent. The purification from HEK293T cells was performed as described in the Procedure. Large-scale purification from Sf9 insect cells
was performed as previously described®®. d, Representative aSEC profile and sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel of
construct NK;R-S_1207 bound to CP-99,994 purified from Sf9 insect cells. All thermostability measurements shown were performed in the presence
of 50 uM CP-99,994 on an Agilent Mx3005p gPCR thermal cycler.

CPM-based thermostabilization: antagonist-bound NK;R-y04
The yeast-evolved human NK;R variant NK;R-y04 (ref. 7y was initially selected to test our
hypothesis regarding the possibility to use the CPM assay as a measure for the tailored thermo-
stabilization of GPCRs. For this purpose, we generated 178 single-point mutants of NK;R-y04 using
SLIC-based mutagenesis and construct generation approach described below. To limit the number of
mutants, and hypothesizing from previous directed evolution data on different receptors that most of
the stability of the receptor is conferred by interactions within the heptahelical transmembrane
bundle, we focused mutagenesis on positions predicted to be located in transmembrane a-helices and
changed each amino acid to alanine (Ala) (or leucine (Leu) if the position already was an Ala).

Mutation to Ala is widely performed in screening approaches to determine the contribution of a
specific residue to the stability (or function) of a protein since Ala is chemically inert, will not
introduce a clashing side chain, and has a high helical propensity. With emphasis on the thermo-
stabilization through Ala screening of membrane proteins that are helical bundles, the underlying
assumption is that exchanging a bulky side chain with an Ala might enable closer interaction between
two helices, thereby increasing stability. On the other hand, positions within the helix that are already
occupied with Ala might profit from exchange to Leu. With its hydrophobic y-branched side chain, it
is very compatible with helix packing, Leu might fill in a hydrophobic pocket in the interface to an
adjacent helix, thereby strengthening the interaction and thermostability.

Thus, at each mutated position, the contribution of the wild-type amino acid side chain to protein
stability is probed by removing all atoms past the B-carbon, without interfering with secondary
structure preferences’'’>. Each mutant was expressed, purified in the presence of the small molecule
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antagonist CP-99,994, and subjected to the CPM assay to determine its T;,. For each batch of
measurements, NK;R-y04 was included as a control to allow determination of the relative AT, of
each mutant. From this initial round of screening, we found that ~10% of the mutations were
thermostabilizing with an increase of relative AT, 2-3 °C in the CPM assay (a subset is shown as gray
bars in Fig. 3a). Therefore, to reach a T, of ~60 °C, it was necessary to combine several thermo-
stabilizing mutations.

Care should be taken to analyze each beneficial single-point mutation identified during initial
screening with regard to its influence on purification yield as well as its location in the possible
tertiary structure (i.e., helical interfaces). For example, during stabilization of NK1R-y04, identified
mutations were mapped onto the solved structure of the related orexin 2 receptor’”. Using this
strategy, beneficial mutations that are directly opposing each other in a helix-helix interface can be
identified. Subsequently, only one of both should be used for further combinatorial studies to avoid
steric interference, as the beneficial effect may have been limited to either mutation being in the wt
context.

The results of the initial screening might vary widely in number of mutants and detected AT,
values. Therefore, to limit the number of combinatorial constructs but ensure proper screening and
success in thermostabilization, a cutoff value based on relative AT,,, should be chosen (here >2 °C,
typically rendering ~10% of the mutants above the cutoff).

However, for selecting those mutants to progress to the first round of combining mutations
(termed 2x mutants’), we did not solely rely on the measured AT, value, but also considered
the signal amplitude of the assay, AY, as an indicator of functional expression and purification yield
(Fig. 2¢). As previously described”®, the most rapid method for effectively combining stabilizing
mutations is to use the most stable mutant as a basis and then to add each of the other identified
stabilizing mutations to it, assuming a certain degree of additivity of the mutations. For this purpose,
we created a series of double mutants using the already available SLIC mutagenesis primers together
with the DNA of the most stable mutant as a PCR template.

The ATy, values were determined from the expressed and purified double mutants, with the most
promising double mutant displaying a T, increase of 4.9 °C, which is almost additive of the single
mutants (Fig. 3a, blue bar), when compared with NK;R-y04. This double mutant then served as the
basis for the generation of triple mutants. Yet, single mutations that did not show a thermostabilizing
effect in the double mutant experiments were not further progressed, because they might be mutually
exclusive, as certain mutations might be stabilizing slightly different receptor conformations. Since we
had initially hypothesized and thus defined a ‘target’ T,, of ~60 °C for successful reconstitution into
LCP, we proceeded to construct and screen a set of quadruple mutants to achieve this goal. The most
stable quadruple mutant we were able to identify (termed NK;R-S) was 7 °C more stable in the CPM
assay than the initial mutant NK;R-y04, and showed a CPM-derived T, of 59.4 °C (Fig. 3a—c).

CPM-based screening of chimeric fusion protein constructs for crystallization in LCP

The use of stable, hydrophilic fusion protein partners to create crystal contacts has been pivotal
for almost all high-resolution GPCR structures obtained from crystals grown in LCP". Originally
intended to promote crystal contacts in the water channels of the LCP, it was soon appreciated
that optimally inserted fusion proteins can enhance receptor stability further'”, while poorly
designed fusion constructs would do the opposite'™”*. However, the increasing number of possible
fusion partners as well as the empirical determination of suitable fusion insertion positions
remains a difficult optimization problem. Therefore, we have adapted the CPM-based high-
throughput screening methodology also to allow the assessment of (i) suitable fusion proteins for a
given receptor and (ii) optimal fusion protein insertion positions, especially as replacement of
intracellular loops.

For GPCRs, the most successful approach has been the introduction of fusion partners between
the C-terminal end of helix 5 and the N-terminus of helix 6 to replace the third intracellular loop
(ICL3), which is highly variable in length and often found to be flexible’”’®. While in the early years
of GPCR structure determination, studies primarily relied on T4 lysozyme (T4L) as a fusion protein,
it was discovered that many GPCRs were not compatible with T4L insertion as evidenced by dele-
terious effects on expression or stability of chimeric constructs'’. Thus, several alternative fusion
partners such as apocytochrome bsgRIL (bRIL), flavodoxin (Flav), mini T4 lysozyme (mT4L),
rubredoxin and the catalytic domain of Pyrococcus abyssi glycogen synthase (PGS)”” were identified
and subsequently successfully employed in structural studies of various receptors'”’*7%,
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In the absence of structural data of a receptor, the positioning of the fusion protein
between the C-terminus of helix 5 and the N-terminus of helix 6 has to be determined empirically.
Consequently, to identify a successful chimeric crystallization construct of a given receptor,
usually many constructs with different receptor junction interfaces and various fusion domains have
to be cloned, expressed and screened in crystallization trials, which is extremely time consuming
and costly.

Assuming that nonoptimal junction positioning or fusion protein incompatibility with the
receptor would manifest itself as a decrease in apparent Ty, due to strain or distortion of the receptor
helical core and that it might also result in decreased expression levels, we sought to employ our
CPM-based screening platform also for the rapid generation and prescreening of chimeric crystal-
lization constructs. We thus generated a panel of 23 potential crystallization constructs based on the
thermostabilized receptor mutant NK;R-S, using five different fusion proteins (bRIL, T4L, mT4L,
PGS, Flav) at various insertion positions to replace ICL3 via the modular SLIC-based cloning
methodology (Fig. 3b). After transient expression and microscale purification, we assessed each
construct with regard to its T, and signal amplitude AY in the CPM assay (Fig. 5a,b). The CPM-
based screening resulted in the identification of several fusion positions of bRIL and PGS that resulted
in a >2 °C increase in T, together with retained or even slightly increased AY. These results suggested
to us that these combinations of NK;R-S, fusion protein and junction position can be considered as
favorable, thus presenting attractive leads for initial crystallization trials. Furthermore, the obtained
screening results clearly indicated that neither T4L nor mT4L were compatible at any tested fusion
position, as evidenced by a marked decrease in the determined T, and AY of all constructs carrying
these insertions.

Based on the rapidly obtained prescreening results, we advanced the five top-performing fusion
constructs (marked with an X in Fig. 5a,b) to large-scale expression in Sf9 insect cells for crystal-
lization trials in LCP.

Expression in insect cells relies on the infection of the cells with recombinant baculovirus that
carries the DNA for the GOL Generation and amplification of baculovirus typically takes ~3-4 weeks
and involves many laborious steps. However, baculovirus can then be prepared in large amounts and
subsequently only needs to be added to the cells for highly efficient liter-scale expression cultures
without the need for costly transfection reagents. Therefore, it is a cost-effective method to prepare
milligram amounts of recombinant protein once a suitable construct has been identified. While large-
scale expression in HEK is relatively quick, since the cells only need to be transfected, it is extremely
expensive due to high consumption of costly reagents.

The PGS-fusion construct NK;R-S_1207 bound to CP-99,994 could be readily purified by
immobilized metal ion affinity chromatography, and showed a single, monomeric peak on aSEC
(Fig. 5d) and equal thermostability in the CPM assay when compared with the same construct
purified on a microscale from HEK293T cells (Fig. 5c¢).

Application of CPM-based thermostabilized and screened GPCRs

In agreement with our initial hypothesis that the CPM-based thermostabilization of a GPCR should
result in a mutant suitable for reconstitution into LCP, NK;R-S_1207 readily crystallized in LCP in
a multitude of initially tested crystallization conditions. As a result, the receptor construct
NK;R-S_1207, engineered through CPM-based thermostabilization and fusion screening, allowed the
determination of a high-resolution crystal structure of the human NK;R in complex with the small-
molecule antagonist CP-99,994 (ref. 30y, Remarkably, purification and crystallization trials of
NK;R-S_1207 in complex with further developed and clinically used NK;R antagonists were also
successful and resulted in two additional high-resolution crystal structures®. These results are
intriguing since they suggest that, although the CPM-based thermostabilization and screening was
performed with a particular ligand (CP-99,994), the resulting stabilized mutant of the receptor still
allows the binding and co-crystallization with different ligands, thus allowing the determination of
several co-structures of one receptor from one optimally stabilized mutant. In the search for new
drugs targeting GPCRs, such an optimized receptor variant thus represents a valuable and versatile
tool for structure-based drug design campaigns.

Most importantly, we were able to transfer the developed methodology to other GPCRs, such as
the OTR’, a receptor with very low expression yields, and the PTHIR, which belongs to the class B
family of GPCRs™. In both cases the CPM-based thermostabilization and rapid screening of
fusion protein constructs allowed us to solve the first crystal structure of OTR in complex with the
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small-molecule antagonist retosiban at 3.2 A resolution, and that of PTHIR in complex with a
34 amino acid peptide agonist at 2.5 A resolution™.

Limitations

Since the method presented here is based on the measurement of a change in fluorescence of the CPM
dye as a result of the dye being exposed to a changing chemical environment (i.e., exposure of
previously buried cysteine residues due to protein unfolding upon temperature increase and/or
increased binding to a hydrophobic patch or crevice), ambiguous melting curves represent an
important limitation. These might be caused by (i) buffer components interacting with the CPM dye,
(ii) intrinsic fluorescence of buffer components (e.g., ligands), (iii) low protein quality or (iv) low
protein quantity. To detect and account for such effects, appropriate controls should always be
included (see Troubleshooting section for more information). The effect of additional buffer com-
ponents always needs to be assessed in preliminary experiments. Due to the maleimide group of the
dye, the assay is not compatible with reducing agents. To prevent the formation of intermolecular
disulfide bonds, alkylating agents such as iodoacetamide should be used prior to solubilization. For
each receptor ligand the concentration has to be optimized beforehand, in particular when peptide
ligands are used, to avoid an elevated background signal. Ligands with inherent fluorescence spectra
overlapping with that of the CPM dye have to be excluded as they cannot be used at saturating
conditions.

Since the CPM-based screening relies on the detection of the thermal partial unfolding of purified
receptor, contaminated, nonhomogeneous protein preparations may result in ambiguous melting
curves. However, due to the fast and efficient nature of the cloning and screening methods provided
herein, expression conditions (length, temperature, additives, transfection conditions), initial
expression constructs (signal sequences, truncations, generic mutations) and purification conditions
can be screened and optimized in rapid cycles with substantially reduced resources and improved
timelines compared with other methods.

Furthermore, the choice of detergent for protein solubilization may influence the success of the
described stabilization method. This protocol was developed for proteins solubilized in DDM/CHS,
the detergent most widely used for structure determination of eukaryotic membrane proteins from
crystals grown in LCP. While other detergents may also be compatible with the method, these
detergents have to be validated beforehand with regard to yielding interpretable melting curves.
Importantly, the apparent stability of receptors purified in different detergents may vary, and thus the
target T, of 60 °C formulated for proteins solubilized in DDM/CHS may be different in such
detergents.

Finally, while we found that a T, > 60 °C is indicative of sufficient receptor stability for recon-
stitution into LCP, the T, is no direct predictor for a suitable protein geometry or surface features
that would enable efficient crystal packing. It is thus possible that a particular construct of a stabilized
receptor does not crystallize due to unfavorable crystal packing. In this case, different chimeric
constructs of the stabilized receptor have to be explored.

Comparison with other methods

The GPCR variants optimized through our modular platform can be directly applied to LCP-based
structural biology pipelines with a high probability of success. The provided SLIC methodology offers
an open-source, highly economic construct generation platform with a speed and success rate that is
unmatched by current commercial DNA synthesis offers while being considerably cheaper.

While previously reported approaches for the screening and stabilization of GPCRs depend on the
availability of modified ligands (fluorescently'®'®'” or radioactively®'® labeled) or fusions to a
fluorescent reporter protein’”*’, our CPM-based thermostabilization offers a more generic approach
in that a ligand of choice can be used.

Compared with small-scale screening methods from baculovirus-infected Sf9 insect cells*'—a
time-intensive undertaking that is difficult to parallelize—the small-scale high-throughput expression
and subsequent microscale, magnetic bead-based purification from transiently transfected
HEK293T cells enables a simultaneous preparation of many highly pure receptor variants within a
single day and is thus ideally suited for automation.

However, by far the most unique feature of our CPM-based thermostabilization platform is its
ability to yield GPCR variants that are specifically tailored for successful reconstitution and, hence,
crystallization in LCP. While other engineering methods such as directed evolution'>' and
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exhaustive scanning mutagenesis™'® also enable the generation of thermostabilized receptor variants,
none of these methods has been directly predictive for successful crystallization, and they have
therefore often entailed time- and resource-intensive campaigns to identify suitable crystallization
constructs, methods and conditions through the process of crystallization itself.

Conclusions and possible future applications of the method

The described successful stabilization and screening methodology using the CPM assay as a sensitive
readout and predictive tool to make GPCRs amenable for crystallization in LCP opens up exciting
new possibilities for GPCR structural biology. The method allows for the rapid and cost-efficient
thermostabilization of the receptor protein itself, independent of the number, nature or affinity of
available labeled ligands for the receptor of interest. Therefore, receptors with no available radioactive
or fluorescent high-affinity ligands can now be thermostabilized, which has remained a major lim-
itation of all previously described thermostabilization approaches. It is thus now conceivable to
stabilize and determine the crystal structures of orphan or odorant receptors. This avenue might be
especially promising when used in conjunction with a preceding step of ligand-independent directed
evolution towards higher functional expression levels®.

Furthermore, the developed methodology might be especially valuable when combined with a
recently reported computational approach for the prediction of stabilizing mutations in GPCRs™.
Since the effect of the in silico-predicted single-point mutations and combinations thereof still has to
be assessed experimentally, the integration of both methods might considerably accelerate the
identification of suitable candidates for crystallization in LCP and the subsequent successful structure
determination.

Although so far we have applied the CPM-based stabilization and screening approach only to
GPCRes, in principle the methodology should be transferable to other membrane protein families that
are compatible with crystallization in LCP*,

Finally, the developed microscale purification method has the potential to become a highly
versatile tool in the development of variants that allow the structure determination of membrane
proteins, and thereby accelerate the whole process. While the purification method was initially
developed and established as a manual workflow, the magnetic bead-based approach allows for full
automatization of the procedure in a 96-well format when integrating automated magnetic particle
processors, thereby decreasing hands-on time while further increasing the achievable throughput.

Importantly, the rapid and highly parallelizable purification method could also be used to prepare
and screen samples for single-particle cryo-electron microscopy”. As more and more steps in cryo-
electron microscopy workflows become automated (sample loading, deposition, vitrification, imaging
and data processing), the bottleneck will invariably shift back towards the sample preparation stage®.
Therefore, our method of membrane protein purification might become an attractive avenue to
rapidly supply protein samples for structure determination. Especially the reduced shear forces during
purification by avoiding long chromatographic procedures or extended immobilization times, the lack
of protein concentrations steps, and the overall rapid purification process might allow the generation
of high-quality samples of otherwise elusive, unstable membrane protein complexes.

Reagents

Generation of Ala/Leu scanning mutants

e Ethanol (EtOH; VWR International, cat. no. 20821.296, or equivalent)

e 2/-deoxyadenosine 5'-triphosphate (dATP), 100 mM solution (Thermo Fisher, cat. no. R0141, or
equivalent); store at —20 °C

¢ 2x YT medium powder (Condalab, cat. no. 1507, or equivalent)

e Bacterial agar (Condalab, cat. no. 1802, or equivalent)

e Ampicillin (VWR International, cat. no. RC-020, or equivalent); store at —20 °C

e CutSmart buffer (New England Biolabs, cat. no. B7204); store at —20 °C

e NEBuffer 2.1 (New England Biolabs, cat. no. B7202); store at —20 °C

¢ dNTPs, 10 mM each (e.g., Thermo Fisher, cat. no. R0192); store at —20 °C

e Dimethyl sulfoxide (DMSO), anhydrous (Sigma Aldrich, cat. no. D8418, or equivalent); store
desiccated

e Sodium acetate (Sigma Aldrich, cat. no. S2889, or equivalent)

* PCR product purification kit (e.g., Qiagen, cat. no. 28106)
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* PCR product purification kit, 96-well format (e.g., Zymo Research, cat. no. D4023)

e Phusion high-fidelity buffer (New England Biolabs, cat. no. B0518); store at —20 °C

e Phusion high-fidelity DNA polymerase, 2 units per ul (New England Biolabs, cat. no. M0530);
store at —20 °C

® Restriction enzyme HindIII-HF (New England Biolabs, cat. no. R3104); store at —20 °C

* Restriction enzyme NotI-HF (New England Biolabs, cat. no. R3189); store at —20 °C

¢ T4 DNA ligase buffer (Thermo Fisher, cat. no. B69); store at —20 °C

¢ T4 DNA polymerase (New England Biolabs, cat. no. M0203); store at —20 °C A CRITICAL Heat-
sensitive enzyme; handle stock at 4 °C maximum temperature.

e Chemically competent E. coli cells (e.g., strain DH5a); store at —80 °C

¢ Cloning vector pcDNA5 SLIC; store at —20 °C

e Forward mutagenesis primers, 10 pM solution; store at —20 °C

e Forward vector primer, 100 uM solution; store at —20 °C

* Reverse mutagenesis primers, 10 uM solution; store at —20 °C

e Reverse vector primer, 100 uM solution; store at —20 °C

Transient transfection of mammalian cells with GPCR constructs

* Dulbecco’s modified Eagle’s medium (DMEM; Sigma Aldrich, cat. no. D6429)
* Dulbecco’s phosphate buffered saline (DPBS; Sigma Aldrich, cat. no. D8537)
e Fetal calf serum (BioConcept, cat. no. 2-01F30-I):

¢ Opti-MEM I medium (Thermo Fisher, cat. no. 31985062)

e Penicillin-streptomycin solution (Sigma Aldrich, cat. no. P4333)

* Na-butyrate (Sigma Aldrich, cat. no. 303410)

 TransIT-293 transfection reagent (Mirus, cat. no. MIR2705)

e HEK293T/17 cells (ATCC no. CRL-11268)

Microscale solubilization and purification of GPCR constructs

¢ n-Dodecyl-B-p-maltopyranoside (DDM; Anatrace, cat. no. D310)

e Cholesteryl hemisuccinate (CHS; Sigma Aldrich, cat. no. C6512)

e Adenosine 5'-triphosphate (ATP; Sigma Aldrich, cat. no. 2383)

¢ 3x FLAG peptide (Sigma Aldrich, cat. no. F4799)

¢ Anti-FLAG M2 magnetic beads (Sigma Aldrich, cat. no. M8823)

* Deoxyribonuclease I (DNase I) (Sigma Aldrich, cat. no. DN25)

e Jodoacetamide (Sigma Aldrich, cat. no. 11149)

e 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; ITW Reagents, cat. no. A1069, or
equivalent)

* KCl (Sigma Aldrich, cat. no. P9541, or equivalent)

* NaCl (Sigma Aldrich, cat. no. S9888, or equivalent)

* MgCl, (Sigma Aldrich, cat. no. M8266, or equivalent)

e Pefabloc SC (Carl Roth, cat. no. A154.1, or equivalent)

e Pepstatin A (Carl Roth, cat. no. 2936.3, or equivalent)

Determination of the apparent T,, of purified GPCR constructs
* CPM dye (Sigma Aldrich, cat. no. C1484)

Equipment

Design of SLIC PCR primers

e Spreadsheet software (e.g., Microsoft Office Excel, Microsoft)
¢ DNA analysis software (e.g., CLC Main Workbench, Qiagen)

Generation of Ala/Leu scanning mutants

¢ 0.2 ml PCR tubes

* 1.5 ml microcentrifuge tubes

e 12-channel multichannel pipette

o Six-well tissue culture dish (e.g., Corning, cat. no. 353046)

¢ 96-well PCR microplates (e.g., Axygen, cat. no. PCR-96-FS-C)

¢ 96-well PCR thermal cycler (e.g., TProfessional BASIC 96 Gradient, Biometra)
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® 96-well V-bottom plates (e.g., Sigma-Aldrich, cat. no. 651201)

e Absorbent paper

¢ Adhesive plate seals (e.g., Thermo Fisher, cat. no. AB-0580)1

e Aluminum microplate sealing film (e.g., Axygen, cat. no. PCR-AS-200)

* Gas-permeable adhesive plate seals (e.g., 4titude, cat. no. 4ti-0517)

e Ice bucket

e Metal block for 1.5 ml microcentrifuge tubes and 96-well PCR microplates

e Multistep dispenser (e.g., Multipette M4, Eppendorf)

e Plating beads (e.g., Merck, cat. no. 71013)

* Refrigerated benchtop centrifuge, up to 20,000¢ (e.g., Centrifuge 5430 R, Eppendorf)
 Temperature-controlled block for microcentrifuge tubes (e.g., Thermomixer comfort, Eppendorf)
* Vortex mixer (e.g., Vortex-Genie 2)

Transient transfection of mammalian cells with GPCR constructs
¢ 10 and 50 ml conical tubes

* 2 ml microcentrifuge tubes

o Six-well tissue culture dishes (e.g., Corning, cat. no. 353046)
¢ Absorbent paper

* Benchtop centrifuge (e.g., Centrifuge 5430 R, Eppendorf)

e Cell counter (e.g., CASY cell counter)

e Class II biological safety laminar flow hood

e Humidified CO, tissue culture incubator

¢ T75 tissue culture flask (e.g., TPP, cat. no. 90076)

* Vortex mixer (e.g., Vortex-Genie 2)

Microscale solubilization and purification of GPCR constructs

e 1.5 and 2 ml microcentrifuge tubes

10 and 50 ml conical tubes

e 12-channel multichannel pipette

e Ice bucket

* Low-retention pipette tips

® Magnetic separator (e.g., DynaMag-2 Magnet, Thermo Fisher Scientific)
e Metal block for 1.5 and 2.0 ml microcentrifuge tubes

e Multistep dispenser (e.g., Multipette M4, Eppendorf)

* Refrigerated benchtop centrifuge, capable of 20,000g (e.g., Centrifuge 5430 R, Eppendorf)
* Small-tube rotor

e Vortex mixer (e.g., Vortex-Genie 2)

Determination of the apparent T,, of purified GPCR constructs

e 12-channel multichannel pipette

 96-well semi-skirted quantitative PCR (qPCR) microplate (e.g., Thermo Scientific, cat. no. AB1400W)

° 96-well skirted PCR microplate (e.g., Corning, cat. no. 6511)

e Adhesive sealing foil for qPCR microplates (e.g., Roche LightCycler 480 Sealing Foil, cat. no.
04729757001)

* Benchtop centrifuge equipped with plate rotor (e.g., Centrifuge 5430 R, Eppendorf)

e Ice bucket

* Low-retention pipette tips

e Metal block for 1.5 and 2.0 ml microcentrifuge tubes

e Metal block for 96-well PCR plates

¢ qPCR thermal cycler system with suitable excitation and emission filters (e.g., Agilent Mx3005p
equipped with ANS filter set)

e Vortex mixer (e.g., Vortex-Genie 2)

Reagent setup

2x YT medium

2x YT nutrient medium prepared according to manufacturer’s instructions. Autoclave, and store at
room temperature (RT, 20-25 °C) for a maximum of 6 months.
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2x YT growth medium
2x YT recovery medium supplemented with appropriate antibiotic (e.g., 100 pg/ml ampicillin). Store
at RT for up to 2 weeks.

2x YT six-well counter-selection agar plates

Add 1.5 g of bacterial agar per 100 ml 2x YT medium before autoclaving. Add appropriate antibiotic
(e.g., 100 pg/ml ampicillin) and 7% sucrose (wt/vol) to the cooling agar solution. Per well of the
six-well plate, add 2 ml of the molten agar mixture. Store plates at 4 °C for up to 4 weeks.

PCR template solution
PCR template plasmid (e.g., pcDNA5_NKIR-y04) is diluted to 0.1 ng/ul. Use only freshly prepared
plasmid dilutions.

70% EtOH
Prepare a 70% (vol/vol) EtOH solution in water. Store and use at —20 °C.

70% (wt/vol) sucrose solution
Dissolve 70 g of sucrose in 100 ml of water. Filter-sterilize the solution with a 0.22 pm filter. Store at
RT for a maximum of 6 months.

Ampicillin solution
For a 1,000x stock solution, dissolve 100 mg ampicillin in 1 ml of water. Filter-sterilize the solution
with a 0.22 um filter, and store in aliquots at —20 °C for a maximum of 2 years.

DNA precipitation buffer
3 M sodium acetate dissolved in water and titrated to pH 5.2 with HCL. Store at RT for a maximum of
2 years.

Sterile distilled water
Filter-sterilize water with a 0.22 um filter.

Complete DMEM

To prepare complete medium, add 50 ml fetal calf serum and 5 ml penicillin-streptomycin solution
to 500 ml DMEM in a laminar flow hood. Store the complete medium at 4 °C for a maximum of
4 weeks.

Na-butyrate solution
Prepare a 0.5 M solution in water. Filter-sterilize the solution with a 0.22 um filter, and store at RT for
a maximum of 1 year.

3x FLAG peptide
Prepare a 3 mg/ml solution in 50 mM HEPES pH 7.5, 150 mM NaCl. Store aliquots at —20 °C.

ATP solution
Prepare a 250 mM solution in 50 mM HEPES pH 7.5. Store in aliquots at —80 °C.

Anti-FLAG M2 magnetic beads
Prepare 20 pl slurry aliquots, and store at —20 °C to prevent freeze-thaw cycles.

Bead-resuspension buffer
Prepare a solution of 25 mM HEPES pH 7.5, 150 mM NaCl. Prepare fresh for each experiment.

DNase I solution
Prepare a 25 mg/ml solution in 10 mM HEPES pH 8.0, 150 mM NaCl, 1 mM MgCl,, 50% (vol/vol)

glycerol. Store in aliquots at —20 °C for a maximum of 1 year.

Iodoacetamide solution
Dissolve 100 mg/ml in 50 mM Tris pH 7.4 (titrated at RT). Prepare immediately before use.
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Procedure

DDM/CHS
Prepare a 10%/2% (wt/vol) stock solution in 200 mM Tris pH 8.0 (titrated at RT). First dissolve
DDM, then incorporate CHS using sonication. Store at 4 °C for a maximum of 2 months.

Hypotonic buffer (low salt)

Prepare a solution of 10 mM HEPES pH 7.5, 20 mM KCl, 10 mM MgCl,, 50 pg/ml Pefabloc SC,
1 pug/ml Pepstatin A, 0.2 mg/ml DNase I. Prepare fresh for each experiment. A CRITICAL Ligand has
to be added at an appropriate concentration.

2x Solubilization buffer

Prepare a solution of 25 mM HEPES pH 7.5, 1.0 M NaCl, 1%/0.2% DDM/CHS (wt/vol). Prepare
fresh for each experiment. A CRITICAL The exact buffer composition, e.g., NaCl and/or DDM/CHS
concentration, may have to be optimized for each GPCR.

Wash buffer 1

Prepare a solution of 50 mM HEPES pH 7.5, 500 mM NaCl, 10 mM MgCl,, 10% (vol/vol) glycerol,
0.25%/0.05% (wt/vol) DDM/CHS, 8 mM ATP. Prepare fresh for each experiment. A CRITICAL The
exact buffer composition may have to be optimized for each GPCR. Ligand has to be added at an
appropriate concentration, depending on its Kp, solubility, availability and cost. If possible, it should be
added at a concentration saturating the receptor.

Wash buffer 2

Prepare a solution of 50 mM HEPES pH 7.5, 500 mM NaCl, 10% (vol/vol) glycerol, 0.05%/0.01 (wt/vol)
DDM/CHS. Prepare fresh for each experiment. A CRITICAL The exact buffer composition may have to
be optimized for each GPCR. Ligand has to be added at an appropriate concentration.

Elution buffer

Prepare a solution of 25 mM HEPES pH 7.5, 500 mM NaCl, 10% (vol/vol) glycerol, 0.05%/0.01 (wt/vol)
DDM/CHS, 300 pg/ml 3x FLAG peptide. Prepare fresh for each experiment. A CRITICAL The exact
buffer composition may have to be optimized for each GPCR. Ligand has to be added at an appropriate
concentration.

CPM dye solution
Prepare a 4 mg/ml (9.94 mM) solution in DMSO. Prepare 2.5 pl aliquots, store at —80 °C away from
light exposure for a maximum of 2 years.

Dilution buffer
Prepare a solution of 25 mM HEPES pH 7.5, 500 mM NaCl, 10% (vol/vol) glycerol, 0.05%/0.01 (wt/vol)
DDM/CHS. Prepare fresh for each experiment.

Primer design for SLIC

A CRITICAL In SLIC, circular plasmids are assembled from linearized vector and insert fragments.
The efficiency of the method critically depends on the quality of the insert fragments generated

by PCR. A robust design of the PCR primers is thus of central importance for a successful application
of the method. Here we describe the empirically determined requirements for the design of reliable
primers. Every primer has to meet two criteria: (i) a DNA melting temperature >52 °C of the primer
part that is annealing during the first PCR cycle and (ii) an overhang homologous to the adjacent
fragment or to the vector of ~30 bp. The DNA melting temperature (T},) in °C is calculated according
to Eq. 1:

(y*xG+zxC—16.4)

Tm = 64.9 4 41 *
" + (wxA+xxT+y*xG+zx*C)

(1)

Here w, x, y and z are the numbers of the bases A, T, G and C in the sequence, respectively. The actual
primer melting temperature in the PCR mixture is higher than approximated by the above equation
(>60 °C) since salt and primer concentrations are not accounted for in the equation (actual
primer melting temperatures can be better estimated using the manufacturer’s online calculator at
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https://www.thermofisher.com/ch/en/home/brands/thermo-scientific/molecular-biology/molecular-
biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html).
Nevertheless, we based our primer design on the melting temperature approximated by the
above equation, since it allowed the most reliable prediction of a successful PCR and freely
available software can be used for melting temperature calculation (e.g., basic T;, calculation tool on
http://insilico.ehu.es).

Vector primer design @ Timing 1 h

A CRITICAL Oligonucleotide primers are required to introduce to the GOI the overhangs that are

homologous to the target vector (‘vector primers’) (Fig. 4b). Hence, the identical vector primer pair is

used in all SLIC-based construct generation and mutagenesis procedures of a given vector-GOI
combination. It is thus important to obtain these primers in sufficient amounts (>0.02 pmol) and
quality. Vector primers typically have a length of ~50 bp.

1 Construct the desired expression vector containing the GOI in silico using a DNA analysis software
(Fig. 4a).

2 Design a forward vector primer introducing an overhang homologous to the vector upstream of the
GOI in the coding strand of the GO, starting at the 5’-end, select a sequence with a DNA melting
temperature >52 °C according to Eq. 1.

3 Elongate this sequence by 30 bp in the 5'-direction into the vector sequence to obtain the forward
vector primer. Copy the primer sequence into your database.

A CRITICAL STEP Primer length should not exceed 60 bp to ensure efficient PCR amplification.
If the primer length exceeds 60 bp, choose a homologous overhang shorter than 30 bp (but at least
20 bp).

4 Design a reverse vector primer analogously, introducing an overhang homologous to the receptor
downstream of the GOL in the non-coding strand of the GOI, starting at its 5'-end, select a
sequence with a DNA melting temperature >52 °C.

5  Elongate this sequence by 30 bp in the 5'-direction into the vector sequence to obtain the reverse
vector primer. Copy the primer sequence into your database.

A CRITICAL STEP Primer length should not exceed 60 bp to ensure efficient PCR amplification. If
the primer length exceeds 60 bp, choose a homologous overhang shorter than 30 bp (but minimally
20 bp).

6  Obtain vector primers from a DNA synthesis company (e.g., Integrated DNA Technologies).

Dissolve lyophilized primers to a concentration of 100 uM in water.
A CRITICAL STEP Typically, vector primers are obtained at standard desalted grade, but depending
on the DNA synthesis provider the quality may drastically decrease with primer length. Thus,
vector primer quality should be assessed by DNA sequencing of a small number of test cloning
reactions with respect to the mutation rate in the primer region. If necessary, primers have to be
procured at a higher purity grade or from a different supplier.

Design of SLIC mutagenesis primer pairs @ Timing 1d

A CRITICAL As depicted in Fig. 4b, for every desired mutant a specific pair of mutagenesis primers is

designed. The mutation is introduced by generating an N- and C-terminal fragment of the GOI by PCR

amplification with a mutagenesis and a vector primer. Mutagenesis primers should be obtained as
predissolved 10 uM solutions in a 96-well plate format (available from, e.g., Integrated DNA

Technologies) at standard desalted grade. Ideally, forward and reverse mutagenesis primers should

be located on separate plates, with primer pairs in identical well positions to facilitate preparation of the

mutagenesis reactions. Mutagenesis primers typically have a length of ~35 bp.

7 Introduce the desired mutation in the sequence of the GOI in silico using a standard DNA analysis
software. Exchange the entire codon of the target amino acid for a defined mutated codon (e.g.,
GCC for Ala, CTG for Leu).

8  Design of forward mutagenesis primer: on the coding strand, go to the 3’-end of the mutant codon
and, in the 3’-direction, select a sequence with a DNA melting temperature >52 °C.

9  Elongate this sequence by 17 bp (3 bp for the mutant codon plus 14 bp) in the 5’-direction to obtain
the forward mutagenesis primer. Copy the primer sequence into your database.

10 Design the reverse mutagenesis primer analogously: on the noncoding strand, go to the 3’-end of
the mutant codon and, in the 3’-direction, select a sequence with a DNA melting temperature
>52 °C.
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11 Elongate this sequence by 17 bp (3 bp for the mutant codon plus 14 bp) in the 5'-direction to obtain
the reverse mutagenesis primer. Copy the primer sequence into your database.

12 Change mutant codon back to wild type in the DNA analysis software, and repeat Steps 7-12 for
the next mutant.

Design of fusion protein assembly primer pairs @ Timing 1d

A CRITICAL In this step, the hydrophilic fusion partner is inserted, typically into ICL3. Fusion protein

assembly primers are designed on the GOI with overhangs homologous to the fusion protein (Fig. 4b).

Thus, different fusion proteins can be conveniently ordered directly as synthesized double-stranded

DNA blocks, which can be used without further modification. Fusion assembly primers typically have

a length of ~50 bp.

13 Construct the desired GOI-fusion protein sequence in silico using a DNA analysis software.

14 Design of forward fusion assembly primer: on the coding strand, start at the 3’-end of the fusion
protein insertion and, in the 3/-direction, select a sequence with a DNA melting temperature
>52 °C.

15 Elongate this sequence by 30 bp in the 5’-direction into the fusion protein sequence to obtain the
forward fusion assembly primer. Copy the primer sequence into your database.

A CRITICAL STEP Primer length should not exceed 60 bp to ensure efficient PCR. If the primer
length exceeds 60 bp, choose a homologous overhang shorter than 30 bp (but minimally 20 bp).

16 Design the reverse fusion assembly primer analogously: on the noncoding strand, start at the 3’-end
of the fusion protein insertion and, in the 3’-direction, select a sequence with a DNA melting
temperature >52 °C.

17 Elongate this sequence by 30 bp in the 5'-direction into the fusion protein sequence to obtain the
reverse fusion assembly primer. Copy the primer sequence into your database.

A CRITICAL STEP Primer length should not exceed 60 bp to ensure efficient PCR. If the primer
length exceeds 60 bp, choose a homologous overhang shorter than 30 bp (but minimally 20 bp).

Generation of Ala/Leu scanning mutants @ Timing 2-3 weeks

A CRITICAL In this example, the modified NKIR gene is inserted into a modified high-copy-number

pcDNAS vector for mammalian expression, resulting in pcDNA5_NKI1R-y04 (Fig. 4a). Thus, the

expressed receptor is N-terminally fused to a melittin signal sequence, followed by a FLAG epitope,

a His)o tag and a TEV protease cleavage site. Adjustments to the protocol are required for vectors

of different size, antibiotic resistance or copy number.

A CRITICAL Although insert fragments after single-stranded DNA overhang generation by T4 DNA

polymerase treatment can be stored for extended time periods at —20 °C and reused after thawing, it is

highly recommended to prepare the inserts fresh for maximal efficiency of the method. For users
unfamiliar with the SLIC procedure, it is highly recommended to start with a subset of mutants to get
familiar with the protocol.

18 Linearize the cloning vector by restriction enzyme digestion. Add 120 pg of vector pcDNA5 SLIC,
100 pl CutSmart buffer, 24 pl restriction enzyme HindIII-HF (480 units), 24 pl restriction enzyme
NotI-HF (480 units) and water to a total volume of 1 ml in a 1.5 ml microcentrifuge tube. Incubate
for 5 h at 37 °C.

19 Purify linearized cloning vector using a commercially available PCR product purification kit. Elute
in a total volume of 600 pl of the supplied elution buffer.

A CRITICAL STEP Consider the loading capacity of the purification column (as indicated by
the vendor), and use several columns if necessary. DNA concentration after elution should be
>80 ng/pl.

20 Add 50 pg of linearized cloning vector to 100 pl NEBuffer 2.1 and 8.3 pl T4 DNA polymerase
(24.9 units) in a total volume of 1 ml in a 1.5 ml microcentrifuge tube. Incubate for 30 min at 23 °C.
A CRITICAL STEP Meet the exact incubation time of 30 min to ensure that the single-stranded
overhangs have the optimal length for efficient annealing and subsequent DNA repair.

21 Add 10 pl 100 mM dATP stock solution to stop the exonuclease digest, and mix by pipetting up and
down. Transfer to a precooled metal block on ice. Prepare 50 pl aliquots in 0.2 ml PCR tubes, and
store at —20 °C until further use.

B PAUSE POINT The samples can be stored at —20 °C for several days.

22 Prepare two separate PCR reaction mixtures for the N-terminal fragments (containing forward

vector primer) and the C-terminal fragments (containing reverse vector primer) as follows:
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23

24

25

26

27

28

29

30
31

32

33

34

35

Component Volume per reaction (ul)
Phusion HF buffer 10

dNTPs 1

Vector primer (forward or reverse) 0.5

PCR template plasmid 1

DMSO 1.5

Phusion DNA polymerase 0.5

Water 30.5

Total volume 50

Add 45 pl of the PCR reaction mixture and 5 pl of mutagenesis primer to a 96-well PCR microplate
using a multichannel pipette. Prepare separate plates for N-terminal fragments (add reverse
mutagenesis primers) and C-terminal fragments (add forward mutagenesis primers). Seal plates
with aluminum microplate sealing film.

Transfer plates into a 96-well PCR thermal cycler, and run the following cycle with a minimal
elongation time of 30 s:

Cycle number Denaturing Annealing Elongation

1 98 °C, 1T min

2-36 98 °C, 10 s 60 °C, 20 s 72 °C, 20 s/kbp
37 72 °C, 5 min

B PAUSE POINT The samples can be stored at —20 °C for several days.

Purify amplified N- and C-terminal fragments separately using a commercially available 96-well
format PCR product purification kit following the manufacturer’s instructions. Elute the purified
PCR products in 30 pl of the supplied elution buffer.

A CRITICAL STEP DNA concentration should be >80 ng/ul. Additionally, to verify PCR product
quality, 5 ul of purified product can be analyzed by electrophoresis on a 0.8% agarose gel.

B PAUSE POINT The samples can be stored at —20 °C for several days.

Prepare a reaction mixture consisting of 2 pl NEBuffer 2.1, 0.17 pl T4 DNA polymerase (0.51 units)
and 7.83 pl water per reaction in a 1.5 ml microcentrifuge tube. Mix by pipetting up and down.
Add 10 pl reaction mixture to each well of a 96-well PCR microplate using a multistep dispenser.
Add 10 pl per well PCR fragment using a multichannel pipette, and mix by pipetting. Seal plate
with adhesive plate seal, and incubate for 30 min at 23 °C.

A CRITICAL STEP Meet the exact incubation time of 30 min.

Add 2 pl per well 10 mM dATP (1:10 dilution of 100 mM stock in water), and mix by pipetting up
and down. Transfer plate to a precooled metal block on ice.

Thaw an adequate number of aliquots of linearized cloning vector with single-stranded DNA
overhangs on ice. Add 5 pl per well vector to each well of a new 96-well PCR microplate.

Add 2 pl per well of a 1:1 dilution of T4 DNA ligase buffer in water using a multichannel pipette.
Add 1.5 ul per well N-terminal fragment and 1.5 pl per well C-terminal fragment using a
multichannel pipette. Mix by pipetting, and seal plate with aluminum microplate sealing film.
Anneal vector and fragments by incubation for 30 min at 37 °C in a 96-well PCR thermal cycler.
Per reaction, thaw 20 ul of chemically competent E. coli cells in a precooled metal block on ice. Add
20 ul competent cells to each well of a precooled 96-well PCR microplate in a metal block on ice.
Add 2 pl per well of annealing mixture to competent cells using a multichannel pipette. Seal plate
with adhesive plate seal, and incubate for 30 min on ice.

A CRITICAL STEP Shorter incubation time results in decreased transformation efficiency.
Transfer plate to a 96-well PCR thermal cycler, and transform the cells with the plasmid by
incubation at 42 °C for 1 min. After the heat shock, immediately transfer the plate back to the metal
block on ice and incubate for 2 min.

Add 30 ul of 2x YT recovery medium per well to transformed cells. Seal plate with adhesive plate
seal and incubate for 30 min at 37 °C in an incubator. Resuspend cells by gently pipetting up and
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down with a multichannel pipette, and plate out 20 pl cell suspension on six-well counter-selection
agar plates using glass beads. Incubate overnight at 37 °C in an incubator.
B PAUSE POINT The agar plates can be stored at 4 °C for several days.

36 Add 250 ul 2x YT growth medium to a 96-well V-bottom plate. Pick a single colony of each
mutant, and place it into a single well of the plate. Incubate for 4 h at 37 °C.

37 Prepare sequencing cultures according to the service providers’ (e.g., Microsynth) instructions from
the preculture obtained in Step 36. Sequence each mutant using both standard primers CMV-for
and BGH-rev.

A CRITICAL STEP Complete sequencing of the entire insert in the vector is essential to ensure
integrity of the plasmid. If plasmid preparation is performed by the sequencing provider, ask the
sequencing provider to ship the prepared plasmid to you after sequencing.

B PAUSE POINT The plasmid samples can be stored at —20 °C for several days.

38 Precipitate the plasmid DNA to remove residual endotoxin. Per 100 pl of plasmid solution in a
1.5 ml microcentrifuge tube, add 10 ul DNA precipitation buffer and 200 pl 100% EtOH. Mix by
inverting the tube, and incubate at —20 °C for >4 h.

B PAUSE POINT The samples can be stored at —20 °C for several days.

39 Centrifuge for 30 min at 20,000g in a refrigerated benchtop centrifuge precooled to 4 °C. Decant the
supernatant.

40 Wash the DNA pellet by adding 1 ml 70% EtOH precooled to —20 °C and subsequent
centrifugation at 20,000¢ for 15 min at 4 °C. Repeat the washing step one more time.

41 Decant the supernatant, and tap the tube on absorbent paper to remove any residual EtOH. Dry
the DNA pellet for 20 min at 40 °C in a temperature-controlled block for microcentrifuge tubes
(keep the tube lid open). Add 50 pl of sterile-filtered water to dissolve the plasmid DNA.

Transient transfection of mammalian cells with GPCR constructs @ Timing 2-3 d

A CRITICAL The steps below have been optimized for expressing the yeast-evolved human NKIR

mutant NK1R-y04 or mutants thereof in the pcDNA5_NKI1R-y04 format (Fig. 4a). Even though this

standard procedure has been successfully applied to most tested GPCRs, prior optimization of this step
for each target GPCR is highly recommended. Parameters that may need to be optimized include the
number of wells used for each mutant (typically one to three, depending on the expression level of
the specific target GPCR), the transfection reagent, the transfected amount of plasmid (0.5-1.5 pug),

the possible addition of Na-butyrate and the time before harvesting the cells (48-72 h).

42 Seed 7.5 x 10°> HEK293T cells in 2 ml DMEM per well of a six-well plate, using sufficient plates for
the number of mutants or constructs to be expressed. Grow the cells for 20-24 h at 37 °C in a
humidified 5% (vol/vol) CO, atmosphere.

43 Transfect cells of each well by adding 262.5 ul of transfection mixture, consisting of 1.5 pg of
plasmid DNA (prepared at 300 ng/ul) in 250 ul Opti-MEM I and 7.5 pl TransIT-293. Incubate the
cells with transfection mixture for 24 h.

44 Exchange medium with 2 ml fresh DMEM containing 5 mM Na-butyrate. Incubate the cells for
48 h at 37 °C in a humidified 5% (vol/vol) CO, atmosphere.

45 To harvest the cells, rinse them off the plate using the growth medium and transfer them into a
2 ml microcentrifuge tube. Centrifuge (500g, 5 min) and decant the supernatant carefully.
Gently resuspend the cells in 1 ml DPBS, and repeat the centrifugation step.

46 Decant the supernatant, and tap the tube on absorbent paper to remove any residual DPBS.

47  Cell pellets can now be stored at —20 °C for extended time periods.

Microscale solubilization and purification of GPCR constructs @ Timing 7-8 h

A CRITICAL This section describes the solubilization and purification of antagonist-bound, yeast-evolved
NK;R'7, which has increased expression levels, is stable during purification and displays monodisperse
behavior on size-exclusion chromatography. The provided steps might require optimization for a given
new GPCR, depending on the actual yields and stability during solubilization and purification of the
expressed receptor (please see Table 1 for further advice). Parameters to be varied include the initial
solubilization volume (depending on the number of cells required to obtain sufficient amounts of purified
protein), the ligand and its concentration to be used during purification (a function of its affinity and
solubility), and the buffer compositions, as well as the concentration and type of detergent.

A CRITICAL Up to 30 mutants or constructs can be purified in parallel using the protocol below. Ideally, an
optimized purification protocol is established beforehand with regard to the above-mentioned parameters
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to scout for expression levels of constructs and especially check for protein monodispersity in aSEC.
This initial assessment and optimization can be performed using fluorescence-detection size-exclusion

20

chromatography by genetically fusing the candidate GPCR to GFP or other fluorescent proteins

48

49

50

51

52

53

54

55

56

57
58

59

60
61
62
63
64
65

66
67

68

79,87

Thaw HEK293T cell pellets (in 2 ml microcentrifuge tubes) on ice for 10 min.

Add 125 pl ice-cold hypotonic buffer containing ligand (e.g., 250 pM CP-99,994) to each tube.
Incubate on ice for 15 min, and vortex vigorously several times to ensure homogeneous
resuspension and lysis of cells.

Add 5 pl of iodoacetamide solution to each tube to alkylate surface-exposed thiol groups. Incubate
on ice for 15 min with vigorous vortexing from time to time.

Carefully transfer solution from 2 ml tubes into 1.5 ml microcentrifuge tubes.

Add 130 pl 2x solubilization buffer to each tube. Transfer tubes to a small-tube rotor for
solubilization for 1 h at 4 °C.

A CRITICAL STEP The temperature and duration of solubilization has to be optimized for each GPCR.
During the incubation time in Step 52, prepare anti-FLAG M2 magnetic beads by thawing frozen
20 wl slurry aliquots at RT. Wash the slurry by adding 500 pl bead-resuspension buffer, centrifuge
briefly at 500g, place tubes in a magnetic separator to collect the beads, aspirate and discard the
supernatant. Repeat the washing step one more time, and place the washed resin on ice.
Centrifuge the solubilization mixture at 20,000g for 30 min at 4 °C.

Add the supernatant containing solubilized protein to the prepared anti-FLAG M2 magnetic beads.
A CRITICAL STEP If the pellet of unsolubilized material appears to be soft, remove it by aspirating it
using a small pipette tip before transfer of the supernatant.

Incubate the samples for 3 h on a small-tube rotor at 4 °C. Meanwhile, prepare wash and elution
buffers and incubate all buffers on ice.

Centrifuge samples at 500¢ for 3 min at 4 °C.

Place tubes in the magnetic separator to collect the beads, and remove the supernatant with a
pipette. Remove tubes from the magnetic separator, and place tubes in a metal block on ice.
Add 250 ul wash buffer 1, and incubate for 3-4 min until the magnetic beads have been collected at
the bottom of the tubes. Place the tubes in the magnetic separator, and remove supernatant as
described before.

A CRITICAL STEP Do not try to resuspend the beads by pipetting or inverting the tube; it is possible
for the magnetic beads to stick to the pipette tip or tube lid.

Repeat Step 59 using wash buffer 1.

Add 250 pl wash buffer 2, and proceed as during Step 59.

Repeat Step 61 two times using wash buffer 2.

After the final washing step, ensure complete removal of any residual wash buffer 2 by visual
inspection and, if needed, additional aspiration of residual solution.

For elution, gently detach the beads located at the side of the tubes with 23 ul elution buffer.
Incubate on ice for 15 min.

Mix the elution solution by carefully pipetting up and down using a low-retention pipette tip.
Incubate on ice for a further 15 min.

During the incubation time, perform Steps 69 and 70.

Carefully remove 21 pl of supernatant containing the purified GPCR and transfer to a fresh 1.5 ml
microcentrifuge tube.

A CRITICAL STEP 1t is essential to ensure removal of supernatant without carry-over of any
magnetic beads. Therefore, place the tubes in the magnetic separator and visually check proper
collection of the magnetic beads at the sidewall of the tubes.

Centrifuge collected supernatant at 20,000g for 5 min at 4 °C, and place tubes on ice. Immediately
proceed with Step 71.

Determination of the apparent T,, of purified GPCR constructs @ Timing 1.5 h

A CRITICAL This section was optimized for the determination of the apparent Ty, of various GPCRs
purified in DDM/CHS using the fluorescent dye CPM in combination with an Agilent Mx3005p
qPCR system using an excitation wavelength of 330 nm and a detection wavelength of 490 nm.

A CRITICAL Ideally, a total of 0.5-2 pg of GPCR in the final reaction volume of 20 pl is assayed under
the described conditions (corresponding to a protein concentration in the final reaction volume of
0.5-2 pM, assuming a molecular weight of 50 kDa). Under these conditions, the assay is in its lower
linear range, which is important because any changes in expression level and purification efficiency will
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translate directly into different signal amplitudes, allowing construct ranking based on the additional

criterion of the amount of purified protein. The CPM dye is initially dissolved at 4 mg/ml in DMSO

(9.94 mM). Thus, in the described setup, the final concentration of dye during measurement is 24.8 M.

69 Start the qPCR system to allow for the 30 min heating phase of the lamp before performing
measurements. Program the qPCR machine with the following protocol: 5 min equilibration at
25 °C, followed by a 2 °C/min thermal ramp from 25 °C to 90 °C.

70 Thaw a CPM dye aliquot at RT in the dark, and dilute 1:40 with dilution buffer that has been
prewarmed to RT. Ensure proper dilution and mixing of the dye by vortexing the solution several times.
A CRITICAL STEP Store the solution in the dark at RT. We typically store it in a rack that is placed
in a drawer.

71 Add 2 pl of the prepared CPM dye solution from Step 70 to the appropriate number of wells of a
96-well PCR microplate, and subsequently put the plate on ice.

A CRITICAL STEP Discard remaining dye solution, as the dye will degrade. Do not reuse.

72 Transfer 18 pul of purified GPCR sample to each well using a low-retention pipette tip; mix carefully.
A CRITICAL STEP Pipetting must be performed accurately, and formation of air bubbles should be
avoided.

73 Transfer 19.5 ul of the mixed samples to a 96-well QPCR microplate at RT using a multichannel
pipette.

A CRITICAL STEP Manually inspect all wells for air bubbles. If detected, a quick centrifugation step
at 500¢ can be performed.

74  Seal the plate thoroughly with adhesive sealing foil. Place the qPCR plate in the heating block of the
qPCR system, and close the lid of the heating block.

75  Start the above-described qPCR protocol. After the run has finished, save and export the results for
analysis.

76  Analyze the fluorescence signal (Y) versus temperature (T) data, and determine the apparent T, of
each mutant or construct by fitting to the data a sigmoidal equation,

(Ymax - YO)

T, T) (2)

Y =Y, +
1+ exp( sylno;e

Yy and Y. correspond to the baseline and the signal at saturation, respectively, whereas
the empirical parameter slope accounts for the different steepness of melting curves. Fitting can be
performed, e.g., in GraphPad Prism. For easy visual comparison, the melting curves can be
normalized (Fig. 2b,c). Rank the constructs according to their AT,, = T wild—type — Tm mutant

77 As the maximal attainable fluorescence amplitude, AY = Y,,.x — Yo, depends on the amount of
protein in the reaction mixture, a rough idea about overall expression and purification yield can be
obtained by comparing AY between constructs. This qualitative comparison has proven to be
helpful during screening of different fusion constructs for crystallization in LCP.

Combining thermostabilizing mutations to obtain optimally stabilized GPCR mutants

® Timing 6-8 weeks

A CRITICAL To achieve a Ty, of ~60 °C, it is typically necessary to combine several thermostabilizing

mutations. Care should be taken to analyze each beneficial single-point mutation identified during initial

screening with regard to its influence on purification yield as well as its location in the possible tertiary

structure (i.e., helical interfaces).

A CRITICAL Beneficial mutations that are directly opposing each other in a helix-helix interface should

be identified; in each combinatorial study, use only one of these to avoid steric interference.

A CRITICAL The results of the initial screening might vary widely in number of mutants and detected

AT, values. Therefore, to limit the number of combinatorial constructs but ensure proper screening and

success in thermostabilization, a lower cutoff value based on relative AT,, should be chosen.

78 Identify the most thermostable single-point mutation (mutant A) from the initial screening results
as a starting point for making the double mutants. Construct all possible double mutants of mutant
A with each of the 10-15 next most thermostable mutations (based on a AT, cutoff value, e.g.,
2 °C) by using the available SLIC primers according to the provided protocol with the DNA of
mutant A as the template.
A CRITICAL STEP Initially perform in silico cloning to ensure that the intended primers for
combinatorial studies do not overlap with the mutation of mutant A, and if they do, design and
order new primers.

NATURE PROTOCOLS | www.nature.com/nprot 21


www.nature.com/nprot

PROTOCOL NATURE PROTOCOLS

79

80

81

82

83

Perform SLIC mutagenesis, transient transfections, expression, purification and apparent T, determi-
nation as initially established for the GPCR to determine the apparent T, of each double mutant.
Identify the double mutant for which the combination of mutations shows the highest additive effect,
i.e., leads to the strongest increase in apparent T,

Repeat Steps 78-80 to create triple mutants based on the best double mutant. Only add mutations that
have shown additive effects during screening of the double mutants. This step can be expanded by
including the second- and third-ranked double mutants as starting points for triple mutants as well.
Repeat this process until a sufficiently thermostable mutant is identified in the CPM-based assay,
which displays an apparent T,,, around or above 60 °C.

As soon as one or two sufficiently stabilized mutants of the GPCR have been identified, these can be
used as a basis for the design, construction and screening of potential fusion constructs for
crystallization trials in LCP.

Screening of fusion protein constructs for crystallization in LCP @ Timing 3-4 weeks

A CRITICAL We adapted the CPM-based high-throughput screening methodology to allow the assessment
of (i) suitable fusion proteins for a given receptor and (ii) optimal fusion protein insertion positions,
especially as replacement of intracellular loops. These steps were optimized for screening of suitable
fusion proteins and insertion positions thereof to replace intracellular loops (ICLs, most often ICL3)
of GPCRs.

84

85
86

87

88

89

Troubleshooting

Design a panel of chimeric protein candidates in silico by using a suitable set of fusion proteins,
together with predicted secondary structure boundaries of the receptor of interest. As a starting
point, three different fusion partners, such as T4L, thermostabilized apocytochrome bsg, (with
mutations M7W, H102I and R106L) and the catalytic domain of PGS can be chosen, as their
N- and C-termini have appropriate locations. For each selected fusion protein, three N- and three
C-terminal fusion positions should be initially considered to limit the search space.

Using the described SLIC approach (Steps 13-17), generate all necessary chimeric receptor constructs.
Perform transient transfection, expression, purification and apparent T, determination as initially
established for the GPCR.

Analyze the measured data with regard to maximum signal amplitude AY (estimation of expression
and purification yield) and apparent T, to determine the influence of each fusion protein as a
function of the chosen fusion positions.

If needed, design, clone, purify and determine apparent T;, of a second generation of possible
crystallization construct candidates. Exclude those fusion proteins and positions that displayed a
decrease in maximum raw signal and/or thermostability. The second generation of constructs can
be designed by either including a different set of fusion partners (if during the first round of
screening no optimal candidate could be identified) or, for those displaying comparable or
increased expression and thermostability levels, a focused screen for optimal fusion insertion
positions to generate a more diverse panel of potential crystallization candidates.

Progress the best-performing chimeric constructs to large-scale expression and purification for
initial crystallization trials in LCP.

Troubleshooting advice can be found in Table 1.

Table 1 | Troubleshooting table

Step Problem

Possible cause Solution

18, 37 Many colonies after SLIC,  Vector was not properly linearized Consider longer restriction digest times and an additional

but only empty vector

after sequencing

purification by agarose gel electrophoresis to separate
fully digested vector from uncut plasmid

25 Low PCR product yield PCR has not worked Optimize PCR conditions, e.g., including a lower
annealing temperature for the first five amplification
rounds

PCR produces many side  Primer is not sufficiently specific Increase length of the primer-target annealing sequence
products (T > 52 °C)
Table continued
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Table 1 (continued)

Step Problem Possible cause Solution
35 No colonies after SLIC E. coli cells have not been efficiently Ensure the added SLIC reaction mixture does not exceed
transformed 10% of the total incubation volume
43, 44,77  Low signal Poor receptor expression levels. Protein Optimize expression parameters. Test shorter
expression is toxic to host cells expression times, e.g., harvesting of cells after 24 or 48 h
after transfection. If receptor overexpression is toxic
to the cells, also test expression without addition of
Na-butyrate
49,77 Low signal Inefficient solubilization of membranes due  Increase mechanical force, e.g., by stronger vortexing of
to inefficient cell lysis the cells during cell lysis (Step 49)
71-74, 76  Large deviation between Deviating incubation time of eluted protein  Establish a routine with reproducible duration for the
measurements with CPM dye prior to start of T, preparation of the 96-well gPCR microplate (Steps
determination measurement (Step 75) 71-74). Minimize waiting time prior to starting the
measurement (Step 75)
76 Melting curve not Protein aggregation; protein is unstable Add additional washing step to exchange detergent for a
sigmoidal, linear slope in the deployed detergent milder one. Keep in mind to test the new detergent for
possible contribution of fluorescent signal during the
CPM assay
Protein aggregation; protein is not stable Prior engineering of construct necessary, e.g., through
in any detergent introduction of previously described stabilizing
mutations
Uninterpretable Ligand (e.g., peptide) is interacting with Test lower ligand concentration. If unsuccessful, use a
melting curve dye different ligand
Excitation and emission spectra of ligand Record ligand-only control. Subtract ligand control curve
and CPM overlay from receptor melting curves. Alternatively, use a
different ligand
77 Low signal Poor expression, despite optimized Prior optimization of screening construct necessary, e.g.,
expression conditions truncation of termini and/or introductions of previously
described mutations that increase expression levels
89 Construct yields no Unfavorable protein geometry for crystal Generate and evaluate more chimeric constructs with
crystals packing Tm > 60 °C
Timing

Steps 1-6, design of vector primer pairs: 1 h
Steps 7-12, design of SLIC mutagenesis primer pairs: 1 d

Steps 13-17, design of fusion protein assembly primer pairs: 1 d

Steps 18-41, generation of Ala/Leu scanning mutants: 2-3 weeks

Steps 42-47, transient transfection of mammalian cells with GPCR constructs: 2-3 d

Steps 69-77, determination of the apparent Ty, of purified GPCR constructs: 1.5 h

Steps 78-83, combining thermostabilizing mutations to obtain optimally stabilized GPCR mutants:
6-8 weeks
Steps 84-89, screening of fusion protein constructs for crystallization in LCP: 3-4 weeks

Anticipated results

Thermostabilization of OTR in an antagonist-bound conformation

Due to its intrinsically low expression levels and insufficient stability, the OTR had remained
inaccessible to structural studies for a long time. To address both of these challenges, an engineering
strategy similar to the NK;R was applied, consisting of a combination of directed evolution and
CPM-based thermostabilization.

OTR variants with improved expression levels were selected with two rounds of directed evolution
for high expression in yeast'”**. However, based on our experience gained from our work with NK;R
(see above), not the most enriched or best functionally expressing OTR variant was selected as a basis
for further stabilization, but the most stable. For this purpose, the thermostability of the most
enriched yeast-evolved OTR variants was assessed by determining the T, using our microscale CPM
platform (Fig. 6a). For the most stable OTR mutant (OTR-y02), a melting temperature of already
58 °C was determined. We reasoned that introduction of one or two further stabilizing mutations
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Fig. 6 | Screening and engineering of a successful crystallization construct of the human OTR. a, Apparent T,, of
the most enriched OTR variants after selection for high expression in yeast (OTR-y01to OTR-y06). The most stable
clone that was selected as the basis for the creation of a crystallization construct was termed OTR-SaBRE (OTR-y02,
marked with an asterisk). b, AT, derived from the apparent CPM melting temperature of the most stabilizing
single (gray) and double mutants (orange), identified from a limited Ala scan on OTR-SaBRE. The most stable
double mutant was termed OTR-S (marked with an asterisk). ¢, AT, derived from the apparent CPM melting
temperature of selected PGS insertions replacing the indicated amino acid stretch of OTR-S. The fusion construct
used to determine the crystal structure of OTR was termed OTR-Xtal (marked with an asterisk). d, Overview
of apparent T,, of key OTR constructs. Data shown as average of six, eight and one independent expressions for
OTR-SaBRE, OTR-S and OTR-Xtal, respectively, with standard deviations indicated by error bars. Data and colors
correspond to panels a, b and c.

should suffice to cross the aimed 60 °C threshold for CPM-T,,. Thus, to accelerate the tailored
thermostabilization and save on resources, a limited Ala scan was designed for the OTR.

To select the mutations to be included in the limited Ala scan, the four most beneficial mutations
identified in the stabilization of the NK;R were grafted to the OTR, and all amino acids from —6 to
+6 of the respective position were included in the scan. In total, 33 positions at the intracellular ends
of transmembrane helices IT, IV and VI as well as 11 positions around C219°*” in the middle of helix
V were chosen to be tested for their contribution to receptor thermostability. All 44 single-point
mutations were cloned, expressed and purified, and their thermostability was determined by
recording CPM melting curves according to the provided protocol. Out of the 44 screened single
mutants (termed 1x), we identified four mutations with a clearly stabilizing contribution to the
apparent Ty,. In a next step, double mutants (termed 2x) were created by combining single mutations
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from opposing helixes’* and their thermostability was determined (Fig. 6b). The most stable double
mutant (OTR-S) displayed an increased thermostability of 3 °C, compared with OTR-y02. Thus, by
testing only 48 mutations and introducing two additional mutations, OTR-S with a CPM-T,,, of
>60 °C could be generated.

In a final step, we employed CPM-based screening to identify suitable OTR fusion protein
insertions to allow efficient crystal contact formation. Guided by the successful structure determi-
nation of both the NK;R* and the PTHIR’* with PGS fusions, the screening space was reduced to
OTR-PGS fusions. We generated several OTR chimeras with PGS, replacing ICL3 at varying
insertion positions in helices V and VI of the receptor. Among the cloned and tested OTR-PGS
fusion constructs, two constructs were identified that displayed a T, increase of at least 2.5 °C
compared with OTR-S (Fig. 6¢). Both constructs were expressed in Sf9 insect cells, purified on a large
scale, reconstituted and readily crystallized within the LCP. Of note, the second most stable construct
(OTR-Xtal, Fig. 6¢) finally yielded the best diffracting crystals enabling the structure determination of
the OTR’". Due to the limited screen performed for the OTR, the overall timeline from ordering
primers to obtaining initial crystals in LCP could be expedited to ~4 months, including the generation
of baculovirus and large-scale purification from expression in Sf9 cells.
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Fig. 7 | CPM-based thermostabilization of PTH1R in an agonist-bound conformation and screening of fusion proteins and their insertion positions.
a, AT, as determined from the apparent CPM melting temperature of the four single-point mutants (gray bars) and the double (blue bar), triple (green
bar) and the quadruple mutant PTH1R-S (orange bar), as compared with the initial variant PTHIR-y03. b, T,,, as determined from the apparent CPM
melting temperature of PTHIR-y03, PTHIR-S and the crystallized PTHIR-S construct containing a PGS fusion in ICL3 (PTHIR-Xtal). Data shown as
average of eight, three and one independent expressions for PTHIR-y03, PTH1R-S and PTH1R-Xtal, respectively, with standard deviations indicated by
error bars. ¢, AT, of tested chimeric fusion constructs of mT4L and PGS in ICL2 and ICL3 of the receptor compared with the thermostabilized,
nonfused mutant PTH1R-S. Colours indicate the type of fusion protein and/or the loop replaced. d, Differences in expression and purification yield of
the same fusion constructs, expressed as AY (Fig. 2c). The AY value of each construct is compared with that of PTHIR-S (100%, dashed line). Fusion
constructs marked with an asterisk, showing both favorable AT, and AY, were selected for large-scale expression in Sf9 insect cells and subsequent
crystallization trials in LCP. The crystallized construct ICL3_PGS_1264 (PTHIR-Xtal) is highlighted in red.
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Thermostabilization of PTHIR in an agonist-bound conformation

The thermostabilization protocol established with NK;R was also used to successfully tailor the
class B GPCR PTHIR in a peptide agonist-bound conformation for crystallization in LCP. Taking the
well-expressing receptor mutant PTH1R-y03 obtained from directed evolution in yeast as a basis,
169 single-point mutants to Ala (or Leu if the position already was an Ala) of the transmembrane
domain of PTH1R-y03 (residues 178-490) were individually purified and screened for increased
receptor thermostability as indicated by their apparent CPM melting temperature.

In the case of PTHIR, identification and introduction of the four combined mutations L300A,
L407A, A426L and 1458A to PTH1R-y03 yielded a thermostabilized quadruple mutant (PTHIR-S).
With a CPM-derived T, of 60.0 °C, it was 6.6 °C more stable in the CPM assay than the starting
variant PTHIR-y03 (T, of 53.4 °C) (Fig. 7a,b). Fusion construct screening of PTHIR-S with mT4L
and PGS, introduced at different insertion positions in ICL 2 and 3 of the receptor, led to
the identification of three potential crystallization constructs with enhanced thermostability and
acceptable expression and purification yield (Fig. 7c,d).

Prior to transfer to Sf9 insect cells, the TMD of PTHIR (ICL3_PGS_1264 (PTHI1R-Xtal)) with a
CPM-derived Ty, of 61.0 °C (Fig. 7b) was genetically re-joined with the extracellular domain of the
receptor. After large-scale expression and purification in the presence of a peptide agonist, this
construct readily yielded crystals that allowed for the collection of high-resolution diffraction data™.
For PTHIR, the total process from ordering primers to obtaining initial crystallization hits in LCP
took ~10 months, including the generation of baculovirus and large-scale purification from
Sf9 insect cells.

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data availability
All data needed to evaluate the conclusions on the paper are present in the paper. The datasets
generated and analyzed here are available from the authors upon request.
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