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Non-full-length Water-Soluble CXCR42™ and CCR5%""
Chemokine Receptors: Implication for Overlooked
Truncated but Functional Membrane Receptors
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Bernhard P. Suter,® Jan Kubicek,* Barbara Maertens,* Thomas Schubert,®> Camron Blackburn,®

and Shuguang Zhang'-*

SUMMARY

It was posited that functionalities of GPCRs require full-length sequences that are
negated by residue deletions. Here we report that significantly truncated
nfCCR5°"Y and nfCXCR4°™" still bind native ligands. Receptor-ligand interactions
were discovered from yeast 2-hybrid screening and confirmed by mating selec-
tion. Two nfCCR5°"" (SZ218a, SZ190b) and two nfCXCR4°™ (SZ158a, SZ146a)
were expressed in E. coli. Synthesized receptors exhibited o-helical structures
and bound respective ligands with reduced affinities. SZ190b and SZ158a were
reconverted into non-QTY forms and expressed in HEK293T cells. Reconverted
receptors localized on cell membranes and functioned as negative regulators
for ligand-induced signaling when co-expressed with full-length receptors.
CCR5-SZ190b individually can perform signaling at a reduced level with higher
ligand concentration. Our findings provide insight into essential structural com-
ponents for CCR5 and CXCR4 functionality, while raising the possibility that
non-full-length receptors may be resulted from alternative splicing and that
pseudo-genes in genomes may be present and functional in living organisms.

INTRODUCTION

Alternative RNA splicing generates a diversity of proteins. Such a process increases the total number of
proteins from a limited number of genes (Chaudhary et al., 2019), some of which have a variety of functions.
These proteins through alternative RNA splicing are sometimes called truncated proteins; namely, they are
no longer full length as encoded by the original gene. During the last few decades, researchers have en-
gineered truncated proteins for both scientific studies and biotechnological applications (Den Dunnen
and Van Ommen, 1999; Fersht and Winter, 1992; Fersht, 2008). Most such truncated variants studied are
water-soluble proteins (Den Dunnen and Van Ommen, 1999; Fersht, 2008). Few truncated membrane re-
ceptor proteins have been systematically studied biochemically and biophysically because they require de-
tergents and notoriously difficult to study.

It is generally believed that truncated membrane receptors are no longer functional. One example is the
chemokine receptor CCR5A32 mutation of the CCR5 co-receptor for HIV entrance into CD4" and CD8*
T cells (Deng et al., 1996). The CCR5A32 mutation has been shown to prevent HIV infection because it
has a deletion of 32 DNA base pairs of the EC2 loop between DNA sequences 553 and 585, resulting in
a frameshift translation of a truncated receptor (Samson et al., 1996). There are other examples of truncated
receptors that lose function including the V2 vasopressin receptor (Zhu and Wess, 1998), the dopamine D3
receptor (Karpa et al., 2000), the mu opiate receptor (Majumdar et al., 2011), the trkB neural receptor (Mid-
dlemas et al., 1991), and others (Wise, 2012).

However, some truncated receptors have been shown to have no obvious functional defects (Wise, 2012).
For example, the neurotensin receptor with 5TM loops and a long tail is functionally active to form a het-
erodimer with NTS; (Perron et al., 2005). Somatostatin receptors sst5STMD4 and sst5TMD5 are 4TM and
5TM truncated mutants, respectively. They are present in normal and tumor tissues (Cordoba-Chacon
et al., 2010; Duran-Prado et al., 2009).
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Ling et al. deleted 72 amino acids that corresponded to TM1, IC1, TM2, and EC1 of chemokine receptors
CCR5 and CXCR4 to produce slightly truncated receptors (Ling et al., 1999). They showed that such trun-
cated receptors still carried out cell signaling in human embryonic kidney (HEK) 293T cells when exposed to
their respective ligands, CCL5 (Rantes) and CXCL12 (SDF1a). Thus, itis possible that some truncated recep-
tors may still bind their ligands and carry out signaling despite significant deletions.

The study of membrane receptor proteins requires detergents to prevent their aggregation in aqueous so-
lutions (Lv et al., 2016; Qing et al., 2019; Vinothkumar and Henderson, 2010). Detergent screening is gener-
ally a prerequisite to work on membrane proteins in vitro (Lin and Guidotti, 2009; Skrzypek et al., 2018).

We previously reported a simple QTY code for systematic membrane protein design. The QTY code sub-
stitutes hydrophobic amino acids with hydrophilic ones that are structurally similar but with different chem-
ical properties, so as to design the detergent-free, water-soluble, and functional variants of chemokine re-
ceptors (Zhang et al., 2018). The QTY code systematically replaces the hydrophobic amino acids Leu, Val,
lle, and Phe with hydrophilic GIn (Q), Thr (T), and Tyr (Y) in the receptors, particularly in the transmembrane
domains, based on their structures and electron density map similarity of amino acids. This approach per-
mits flexibility in designing and studying the physiological and functional properties of these chemokine
receptors, while providing extra freedom in their utilization by eliminating the necessity of detergents.
The QTY variant of chemokine receptors can be readily produced in multiple hosts and purified without
any detergents.

During the screening of gene library design of CCR52™ and CXCR4<™ in the yeast 2-hybrid (Y2H) system (Fig-
ure 1), the yeast colonies that bear CCR52™ and CXCR49™ in vectors and their respective ligands CCL5 and
CXCL12in vectors underwent stringent screen and complementary mating tests. We obtained the expected full-
length detergent-free CCR52™ and CXCR49™Y variants. Unanticipated non-full-length, truncated variants of
CCR5TY and CXCR4A™ were also found during DNA sequencing of these yeast colony clones.

We here report that several non-full-length nfCCR52™Y and nfCXCR42TY chemokine receptors retain ligand
binding in vivo and in vitro. Y2H mating tests revealed many short receptor variants with gene activation via
ligand interaction by screening ~3 million gene sequences. We chose two variants of nfCCR5?": $7218a
and SZ190b, and two variants of nfCXCR42™Y: $7158a and SZ146a, to codon-optimize for expression in SF9
insect cells and E. coli. These non-full-length chemokine receptors exhibited binding activity in vitro with
their respective ligands, namely, CCL5 for nfCCR5?"Y and CXCL12 for nfCXCR4°T, albeit with reduced af-
finity. The nfCCR5%™Y and nfCXCR4“™Y possessed the N terminus and parts of the EC loops, especially the
EC3 loop. The truncated receptors also showed the a-helical structure. Two of the truncated receptors,
CCR5°7T-57190b and CXCR4°TY-S7158a, were reconverted to non-QTY forms and expressed in
HEK293T cells. Confocal microscopy revealed that these receptors preferentially localized on cell mem-
branes. Signaling assays indicated that truncated receptors negatively regulate ligand-induced signaling
of full-length receptors when co-expressed. To our great surprise, CCR5-SZ190b, albeit with large deletion
of sequence (190aa/352aa), still carried reduced signaling capability to induce intracellular activity at a
higher ligand concentration. Our observations raise the plausibility that some so-called pseudogenes
may be present and still active in cells. More systematic analyses will be needed to understand the full bio-
logical activity for non-full-length genes and their encoded proteins in vivo. Study of these non-full-length
receptors can also provide insight into the functionality mechanism for full-length chemokine receptors,
which may enable a number of biotechnological, diagnostic, and therapeutic applications.

RESULTS

Y2H Assay for Receptor and Ligand Interactions

The Y2H assay was initially used to study the in vivo interactions between different types of full-length QTY
variants and their respective ligands. During this process, numerous short length proteins with QTY modi-
fication but not full 7TM structures were discovered to exhibit affinity toward the respective ligands.

In Y2H experiments, the ligands and receptors were cloned into custom-made Y2H bait and prey vectors to
allow ligand-receptor interactions. The receptor-ligand interaction activates gene transcription, thus
enabling yeast cell growth. Only those variants that are folded properly in the intracellular milieu and trans-
ported into the yeast nucleus are able to activate gene transcription of the Y2H reporters. The variants were
further subjected to control assays to eliminate false-positives. Yeast GAL4 activation and DNA-binding
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domains are at the C terminus of the fusion proteins, leaving both free receptor and chemokine N terminus.
The schematic for Y2H setup is shown in Figure S1.

We screened a library of ~3 million CXCR4®™" receptor variants fused to the C-terminal DNA-binding
domain (pGBKC-3C) with CXCR49™ in bait orientation and CXCL12 in pGADC-2A (C-terminal activation
domain) as the prey. Screens were done on stringent medium lacking adenine and histidine and CXCR49T"
library with CXCL12. About 1 in 500 diploid clones activated the HIS3 reporter (0.2%, SD-LTH non-strin-
gent), and about 1 in 25,000 activated HIS3 and ADE2 (0.004%, SD-LTHA stringent). We obtained no select-
able clones when the ligand was N-terminally tagged (pGAD-HA).

We picked 22 clones from the CXCR4<T/CXCL12 screen that grew on high-stringency medium lacking both
adenine and histidine and characterized them by colony PCR. Bidirectional sequencing showed 22 selected
clones of shortened version of CXCR4 . Figure S2 shows the 15 variants of non-full length CXCR4 clones,
all of which contain N terminus and EC3. On the other hand, PCR of random clones after transformation revealed
full-length CXCR4 inserts. Hence, the short CXCR4 fragments were specifically selected in the Y2H screen. These
characterized CXCR42™ clones were retested in a 1:1 mating assay with bait CXCL12 with DBD at C terminus
(PGADC-2A), and at N terminus (pGAD-HA), and with the two empty vectors as controls. The absence of Y2H
reporter activation in the empty vector controls showed that the interactions of these selected CXCR42TY
is specific. The interactions were only observed when the ligand was tagged at the C terminus in the Y2H acti-
vation domain (AD). The retest results were very reproducible on different selection media, also showing differ-
ential interaction strengths among the CXCR4 @™ clones.

clones

We characterized the interactions between four individual CXCR49™ clones CXCRAC™ #1 [renamed as SZ158al,
#4 [renamed as SZ146a], #7 [not pursued further], and #22 [renamed as 14éb] and CXCL12 ligand in semi-quan-
titative interaction assays (Figures 1A and 1B). Interactions were tested on non-stringent (SD-LTH) and stringent
(SD-LTHA) selection media and were found to be fully dependent on the presence of the ligand. Again, it ap-
pears that interactions with some of the CXCR4“™ clones $Z146a and 146b are stronger than with numbers
SZ158a and #7. As it turned out, the DNA sequences of clones SZ146a and 146b are identical.

In addition, we also screened a complex library of ~2 million CCR5%™ variants in the Y2H prey vector with
its ligand CCLS5 as the bait to find variants that bind with high affinity. Several variants were found and plas-
mids were then isolated from these clones, transformed into fresh Y187 prey strain, and then were sub-
jected to a stringent 1:1 mating test with original ligand constructs (Figure S3A).

Mating interaction assays showed reporter activation when four selected nffCCR52™Y variants 5CA-12, 5CA-
3, 5CA-17 (renamed as SZ190b), and 5NA-43 (renamed as SZ218a) were combined with the native ligand
CCL5, but not with the full-length CCR5-22 cloneFigure S3. The growth on non-stringent and stringent me-
dia, and alpha-galactosidase color formation by MEL1 marker, shows differences in interaction strength in
the Y2H interactions with 5SNA-43 being the strongest, followed by 5CA-3 and 5CA-13 with 5CA-12 being
the weakest. These results were further confirmed in a more detailed assay with differentially tagged bait
ligands CCL5, CX3CL1, and empty vector controls showing preferential binding to CCL5 (Figure S3B).
Sequence analysis of 5NA-43 (renamed as $Z218a) is presented in Figure S4. Other clones isolated from
the screen (5CA-87) did not show growth under these conditions, similar to empty bait vectors without a
ligand insert. The interaction was verified by replicate tests.

Having shown that non-full-length CXCR4°™ and CCR52"" variants can activate Y2H reporters when com-
bined with their respective ligands, we selected several clones that yeast cells formed into colonies on strin-
gent medium plates. DNA from these colonies was purified and then sequenced. These non-full-length
DNA sequences were later cloned into both baculovirus expression vector pOET2 to express in SF9 insect
cells and also pET20b+ to express in E. coli. The proteins from both SF9 insect cells and E. coliwere affinity
purified. Subsequent experiments were carried out to measure the molecular interactions in vitro using
microscale thermophoresis (MST).

Sequence Alignments of nfCCR5°7Y and nfCXCR4°™Y Proteins with Full-Length and Native
Counterparts

Sequence alignments were performed to show QTY code changes and truncations for nfCCR5%™ and
nfCXCR4C™ receptors (Figure 2). Despite the partial inclusion of the gene sequence, all nfCCR59™ and
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Figure 1. Y2H Mating Assay for nfCXCR4°™Y

(A) Yeast colonies were initially picked from plates that allow the activated gene transcription. Cells were spotted in serial
10X dilutions and grown on selective medium with a-Xgal (SD-LT all diploids, SD-LTH non-stringent reporter selection,
SD-LTHA stringent reporter selection). The original colonies have been renamed for subsequent studies: #1 (renamed as
SZ158a), #4 (renamed as SZ146a), #7 (not pursued further due to weak interaction), and #22 (renamed as SZ146b). SZ146a
(#4) and SZ146b (#22) have identical DNA sequence, likely due to PCR amplifications.

(B) The selected clones are further tested on non-stringent (SD-LTH) and stringent (SD-LTHA) selection medium at 30°C
for 2 days. If the interactions between the ligand and receptor are strong, these yeast cells will grow, otherwise, cells will
not grow. The lower panels are the negative controls without the CXCL12 ligand in the vector, thus no cell growth. Similar
screen was carried out for CCR5?™ library with CCL5 ligand.

See also Figures S1-S3.

nfCXCR4™Y proteins strictly follow the rule where only hydrophobic residues in the original transmem-
brane (TM) regions were replaced by glutamine (Q), threonine (T), and tyrosine (Y). Residues in any other
location were untouched, including fragments corresponding to the original N terminus, EC loops, IC
loops, and C terminus. The QTY code application diminished the potential existence of hydrophobic
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Name # of AA MW (Kda) pl Name # of AA MW (Kda) pl
CCR5 352 40.52 9.21 CXCR4 352 39.75 8.46
CCR5YY 352 41.23 9.04 CXCR4™ 352 40.21 8.40
CCR5%M-57218a 218 25.09 9.49 CXCR49.S7158a 158 17.70 5.69
CCR59Y-5Z190b 190 22.01 8.08 CXCR49™-SZ146a 146 16.24 5.69
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Figure 2. Comparison of Full-Length Native CCR5, CXCR4, Their QTY Variants, and nfCXCR4°™' and nfCCR5%™ Receptors

(A and B) Sequence alignment between (A) native CCRS5 (first row), CCR5°TY (second row), nfCCR52TY-57218a (third row), and nfCCR5%7"-5Z190b (fourth
row); (B) native CXCR4 (first row), CXCR4ZTY (second row), nfCXCR4°TY-SZ158a (third row), and nfCXCR42T"-SZ146a (fourth row). Substitutions of amino
acids are highlighted in different colors. The original hydrophobic L, V, F, and | amino acids are denoted in green; the substitution water-soluble Q, T, and Y
amino acids are in blue. The a-helical segments (blue) are shown above the protein sequences, and the external (red) and internal (yellow) loops of the
receptors are indicated. Features of native, full-length, and non-full-length QTY chemokine receptors’ number of amino acids, pl, and molecular weight are
presented.

See also Figures S4-S5.

TM segments in short receptors, as shown in Figure S5. For full-length CCR5%™ and CXCR49™ proteins,
the latest versions with additional QTY modifications in IC loops and C terminus were presented as
described in our previous publications (Qing et al., 2019; Zhang et al., 2018). As an additional note, the
sequence of E. coli-synthesized CCR5°™ contains extra modification in IC loops and C terminus when
compared with that of SF9-synthesized CCR52™" as explained in our previous publication (Qing et al.,
2019).

Figure 2A shows the sequence alignments of different variants of CCR5 receptor proteins. From top to bot-
tom, the sequence in each row corresponds to native CCR5, CCR52™Y, CCR59T7-57218a, and CCR5°™-
SZ190b, respectively. CCR59TY.57218a contains N terminus, TM1, IC1, TM2, EC1, part of TM3, part of
TM5, EC3, TM7, and C terminus of the full-length protein with deletion of IC2, TM4, IC3, and TMé.
CCR597Y-57190b contains N terminus, TM1, IC1, part of TM2, part of TMé, EC3, TM7, and C terminus of
the full-length protein with deletion of EC1, TM3, IC2, TM4, EC2, TM5, and IC3.

Figure 2B shows the sequences alignment of different variants of CXCR4 receptor proteins. From top to
bottom, the sequence in each row corresponds to native CXCR4, CXCR4°CTY, CXCR4°TY-57158a, and
CXCR4CTY.S71463, respectively. CXCR49TY_.57158a contains N terminus, part of TM1, part of TMé, EC3,
TM7, and C terminus of the full-length protein with deletion of IC1, TM2, EC1, TM3, IC2, TM4, EC2,
TMS5, and IC3. CXCR5%TY-5Z146a is similar to CXCR4°T"-57158a but with less residues in fused TM1 and
TMé.

Full-length CCR59TY and CXCR42™ exhibit only slight differences in molecular weight (MW) and isoelec-
tric point (pl) compared with native receptors, whereas non-full-length receptors show a large shift of pl
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Figure 3. Microscale Thermophoresis (MST) Ligand Binding Measurements

The receptors were labeled with manufacture-provided fluorescent dye. Ligands were obtained commercially and serial
diluted in deionized water. Error bars were calculated from three independent repeats of each sample.

(A-D) (A) SF9-synthesized nfCCR5°™ with CCLS5, (B) E. coli-synthesized nfCCR5°™ with CCL5, (C) E. coli-synthesized
nfCXCR42™ with CXCL12, (D) E. coli-synthesized nfCXCR4?™ with HIV-1 coat protein gpar.120. The Kq value calculated
from the graph can be found in Table 1.

See also Figures S6-57.

value due to residue deletion, which leads to a severe structural change in folded condition. Additionally,
exchanging hydrophobic L, I, V, F with hydrophilic Q, T, and Y induces the formation of inter- and intra-
helical hydrogen bonds as well as with surrounding water molecules (Qing et al., 2019).

Ligand-Binding Measurement of nfCCR5%"" and nfCXCR4°™ Receptors Expressed and
Purified from SF9 Insect Cells and E. Coli

The affinity of nffCCR52TY and nfCXCR4®™ receptors toward their respective ligands CCL5 and CXCL12
were determined using MST (Figure 3). Purified proteins, as shown in Figure Sé, were labeled with fluo-
rescent dye through which the changes in their thermophoretic movement and temperature-related in-
tensity changes upon ligand binding were recorded and plotted against ligand concentration (Seidel
et al., 2013). No unspecific adhesion or major aggregation of protein was detected during the measure-
ment for SF9-synthesized proteins. Minor ligand-induced aggregation was observed for E. coli-synthe-
sized proteins, so the corresponding data were analyzed in early MST time trace. For better visualization,
all data were replotted as bound fraction versus concentration. Ky values were calculated using the

6 iScience 23, 101670, December 18, 2020

iScience



iScience

CCL5” CXCL12° gp41-120
Ky, nM Ka, nM Kg, nM
CXCR4 native ~5 ~200°
CXCR4C™ (E. coli) 173 + 42 7.0+ 1.9
CXCR42™ - S7158a (E. coli) 246.9 + 62.2 ~200
CXCR49™ - SZ146a (E. coli) 301.2 + 52.2 Not calculatable
CCR5 native ~4
CCR5°™ (E. coli) 6.8 +20
CCR5°™Y - 57218a (E. coli) 87.7 £ 19.5
CCR5°™ - SZ190b (E. coli) 55.8 + 8.0
CCR5°™ (SF9) 41.1 £ 16.8
CCR59™ - S7218a (SF9) 51.7 + 19.0
CCR52™Y - S7190b (SF9) 37.8 £ 11.1

Table 1. Ligand Binding of Non-full-Length Chemokine Receptors CXCR4°™Y and CCR5°™
@CCL5 is also called “Rantes,” and CXCL12 is also called “SDF1a” in the literature.
5The Ky ~200 nM was measured by a cell-based assay.

manufacturer-provided Ky model, as presented in the Supplemental Information and Transparent
Methods.

The ligand binding for nfCCR5?™Y receptors expressed in both SF9 cells and E. coliwere measured (Figures
3A and 3B). Proteins produced from both host systems retain their respective ligand affinity toward CCL5.
The ligand-binding measurements were reproducible over several different expressions and purifications.
The affinity values obtained for receptors produced in both systems are consistent with each other, with
minor variations (Table 1). Full-length CCR52™ purified from E. coli for CCL5 has a higher affinity than
CCR59 purified from SF9. This is probably due to the enhanced protein stability in an aqueous environ-
ment from additional QTY modification in IC loops and C terminus. On the other hand, nfCCR5°™"
tors purified from SF9 exhibit slightly better affinity compared with counterparts purified from E. coli in
spite of having the same sequence. This might be attributed to the refolding process of receptors purified
from E. coli where some proteins can misfold into non-functional soluble aggregates and negate the
average affinity of the overall system.

recep-

The nfCXCR4®™ receptors $Z158a and S$Z146a expressed and purified from E. coli. were evaluated for
CXCL12 ligand binding (Figure 3C). Both non-full-length receptors exhibit 15x-18 X decrease in ligand af-
finity when compared with the full-length CXCR42™. The affinity value for CXCR4“TY-57158a is similar to
that of CXCR49TY-SZ146a but slightly better. Two proteins differ only in TM1 and TM6 in their protein
sequence. It is possible that the higher affinity from CXCR4°TY-SZ158a benefits from the longer a-helical
chain between the N terminus and EC3, which increases the adaptability of the receptor structure. Ling
et al. showed that EC2 and EC3 are very important but EC1 is not crucial in the HEK293 cell signaling.
Our results are consistent with their findings.

In addition, nfCXCR49T receptors were tested against HIV1 coat glycoprotein gpai-120 (Figure 3D). Both
non-full-length receptors show hints of binding with drastically decreased affinity compared with full-
length CXCR49™. Qur results suggest the essential role that the N terminus and EC3 play in HIV entry
into cells.

Secondary Structure Analysis of nfCXCR4°™Y and nfCCR5%"Y Receptors

The secondary structures of nfCXCR42™ and nfCCR52T receptors were analyzed using circular dichroism
(CD) and are presented in Figure S7. Both full-length and non-full-length receptors exhibit a predominantly
a-helical spectrum, with characteristic minima located at ~208 and ~222 nm. Considering that both native
and QTY chemokine receptor variants contain a large portion of a-helices, the results suggest that these
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Figure 4. Confocal Images of Native Full-Length and Reconverted Non-QTY CXCR4 and CCR5 Truncated
Receptors

Tagged with GFP and expressed in HEK293T cell. All receptors exhibited preferential localization on cell membranes.
(A-F) (A) CCR5 full-length, (B) CCR5-52190b, (C) CCR5 full-length and CCR5-SZ190b co-transfection, (D) CXCR4 full-
length, (E) CXCR4-SZ158a, and (F) CXCR4 full-length and CXCR4-5Z158a co-transfection. Scale bars: 5 um.

See also Figure S8.

proteins are likely to be folded properly. The CD spectra of full-length QTY receptors correspond well with
our previous reports. The non-full-length receptors show slightly different spectra, indicating difference in
receptors’ inter-helical interactions.

Reconverting nfCXCR4%™ and nfCCR5°™Y Receptors to Non-QTY Variants for HEK293T
Expression

Having verified the ligand activity of nfCXCR4°™ and nfCCR52™ receptors in solution, we then asked if such
truncations might exist and function in an actual human cell line. Truncated QTY receptors with higher ligand
affinities, CCR5%TY-5Z190b and CXCR42T"-S7158a, were reconverted to the non-QTY form for gene synthesis
and HEK293T expression. Sequences for reconverted non-full-length receptors were identified by extracting
DNA sequences corresponding to the truncated protein sequences from GeneBank entry (CXCR4:
NM_003467.3; CCR5: NM_000579.3). Full-length CXCR4 and CCRS genes were directly purchased.

Both full-length and truncated receptors were fused with GFP (green fluorescent protein) on their C termi-

nus and transfected into HEK293T human cells under a human cytomegalovirus promoter (h\CMV). The
expression and localization of these receptors were visualized using confocal microscopy, as shown in
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Figures 4A-4F. Cells transfected with full-length and truncated receptors all show enhanced fluorescence
at 525 nm on cell membranes using 488-nm laser excitation. Despite a large deletion of sequences, the
non-QTY versions of the NnfCXCR4 and nfCCRS5 still preferentially localize on the cell membranes, due to
the existence of residual hydrophobic TM regions. Co-transfection of both non-full-length and full-length
receptors shows similar surface distribution. The localization potentially still enables these truncated re-
ceptors to function like membrane proteins. Our observation is consistent with previous report that trun-
cated CXCR4 and CCR5 could insert into the cell membrane (Ling et al., 1999).

TM segments and topology of non-QTY truncated receptors were predicted via TMHMM Server v. 2.0, as
shown in Figure S8. The predicted TM regions correspond well with the sequences within TM in original full-
length receptors. CXCR4-SZ158a has a predicted intracellular N terminus, whereas the prediction of CCR5-
SZ190b agrees with a schematic we have proposed in Figure 6A. Actual topology of these receptors will
need to be verified through detailed structural studies.

Cell Signaling of Full-Length and Truncated CXCR4 and CCRS Receptors

The biological functionality of CXCR4-SZ158a and CCR5-5Z190b in HEK293T cell were determined by car-
rying out ligand-induced signaling assays using a calcium indicator and comparing with full-length recep-
tors. Plasmids encoding (1) full-length, (2) truncated, or (3) both of the genes were co-transfected with G,
into HEK293T cells. The cells were then stained using calcium-sensitive dye Rhod-4 with excitation/emis-
sion wavelength at 540/590 nm and monitored by a plate reader upon application of respective ligands.
Free calcium interacts with the fluorophore to cause intensity increase in the well when signaling is trig-
gered by the full-length or truncated receptors upon the addition of the ligands. Amplitude of the fluores-
cent changes correlates to the ligand-receptor interactions and depends on G,q-coupled signaling
pathway (Kufareva et al., 2014; Lorenzen et al., 2018). Two concentrations of ligands, 25nM and 100nM,
were applied to the wells to determine concentration dependence. The calcium fluorescence change
was recorded as a function of time (Figures 5A-5F). Three independent biological repeats of each group
were conducted to eliminate error and obtain statistical significance.

Figures 5A-5C show the fluorescence response from CCR5, CCR5-52190b, and mix of the two receptors
when CCL5 is added. Ligand at two concentrations was added at the time point corresponding to the first
dashed line. After 180 s of data acquisition, at the second dashed line, the plate was allowed to rest for an
additional 180 s and resume data collection for another 10 min until the fluorescence intensity fully recov-
ered to baseline level. Full-length CCR5 exhibits the most significant fluorescence change at both of the
ligand concentrations (Figure 5A). In ideal conditions, the time-dependent fluorescent change should pre-
sent a bell-like shape (Caers et al., 2014). The different trends in Figure 5A (100 nM) and Figure 5A (25 nM)
resembles the different stages in an ideal response model and are likely due to the ligand diffusion at
different concentrations, which can be the rate-limiting factor.

Despite a large deletion of sequences, CCR5-SZ190b also processes a discernable ligand-induced calcium
signaling at 100 nM CCL5 concentration, albeit with much lower calcium response intensity. The signaling is
not triggered at 25 nM ligand concentration, as shown in Figure 5B, where no fluorescence change was
observed. When CCR5 and CCR5-SZ190b are co-expressed, the fluorescence changing profile at
100 nM CCLS strongly resembles that of CCR5 at 25 nM CCL5, showing an increasing trend on fluores-
cence, but with an intensity similar to that of the full-length CCR5. The hysteresis effect might suggest
that, when truncated CCR5 co-exists on the cell membrane with CCR5, it can act like a ligand sink to nega-
tively regulate the binding event between CCR5 and CCLS5, prolonging the reaction without diminishing it.

Figures 5D-5F show the calcium fluorescence response from CXCR4, CXCR4-5Z158a, and a mix of the two
receptors when CXCL12 is added. No discernable signaling response is observed except for CXCR4 with
100 nM CXCL12 added. Such signaling is again negated when CXCR4 is co-expressed with CXCR4-SZ158a.
There are dubious fluorescence increases for CXCR4-SZ158a and co-expressed cultures when 25 nM
CXCL12 is added, but data is not significant enough to draw a conclusion.

Taken together, this set of data shows that certain truncated receptors, such as CCR5-SZ190b, can carry out
limited signaling function at high ligand concentrations when individually expressed. However, both the
truncated receptors preferentially behave like a ligand sink and negatively regulate binding between
ligand and full-length receptors when co-expressed. Such signal-regulating effects were commonly
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Figure 5. Ligand-Induced Calcium Signaling Assays of Native Full-Length and Reconverted Non-QTY CXCR4 and CCR5 Truncated Receptors Co-
transfected with G, in HEK293T Cells

(A-F) (A) CCR5 full-length, (B) CCR5-52190b, (C) CCR5 full-length and CCR5-SZ190b co-transfection, (D) CXCR4 full-length, (E) CXCR4-SZ158a, and (F)
CXCRA4 full-length and CXCR4-5Z158a co-transfection. Signaling was monitored by a calcium-sensitive dye Rhod-4. Fluorescence readings were recorded as
a function of time. Two concentrations of respective ligand, 100nM (upper panel) and 25nM (middle panel), are added to the stained cells and compared with
a negative control sample (lower panel). Two events were marked with dashed lines in the graph, representing the addition of ligand (first dashed line) and
resting of plate (second dashed line), respectively. The fluorescence intensities were averaged from three independent experiments and normalized to
baseline for illustration purposes. Error bars were shown for individual data points.

observed on soluble single transmembrane cytokine receptors (Heaney and Golde, 1998) and human-en-
gineered "“decoy receptors” (Kariolis et al., 2014; Wise, 2012). The signaling assays infer that, if these non-
full-length receptors are indeed present in living organisms, they can provide an additional level of regu-
latory functions by affecting the binding and signaling of the full-length receptors.

Schematic Representations for nfCXCR4°™ and nfCCR5%™Y Receptors

A schematic representation of how nfCXCR4Q™ and nfCCR59™Y receptors interact with their respective li-
gands is shown in Figure 6A. Tamamis et al. simulated the ligand interaction of native CXCR4 and CCR5
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(A) Schematic illustration of possible ligand interaction of non-full-length CXCR4 and CCR5 receptors. The ligand-binding motifin N terminus and 3 EC loops
are simplified and represented with cartoon blocks. Y2H screen indicated EC3 to be an essential part for CXCL12 binding by nfCXCR49T receptors SZ146a
and $Z158a. The inter-connect coil between the N terminus and EC3 only slightly reduced the ligand affinity. For nfCCR59™Y, even though $Z218a contains
ligand-binding motif EC2 loop, the inter-coil in between EC1 and EC3 may cause undesired spacing between the functional sites and rendered a slightly
reduced affinity compared with EC3 containing SZ190b. In these cases, EC3 loop is required for both nffCXCR49™Y and nfCCR5°™ ligand binding as first

identified in Y2H in vivo selections.

(B) Truncated or mutated GPCRs without full 7TM. Eight truncated GPCRs are mined from the genome database that include three olfactory receptors and
one vomeronasal receptor, GNRHR2 (gonadotropin releasing hormone receptor 2), NPYéR (putative neuropeptide Y receptor type 6), and putative GPCRs
of unknown function. Common GPCRs have 7TM, but these truncated GPCRs with various deletions have 3TM, 4TM, 5TM, and 6TM. They are presumed to be
non-functional. However, no experiments have been carried out to test their biological function. It is plausible that some of them may be still able to bind

their respective ligands and carry out signaling in cells.
See also Figure S9.

proteins (Tamamis and Floudas, 2014a, b). The primary interaction between receptors’ EC components
with ligands were suggested with key residues referenced. We use graphical illustrations to represent
the motifs on N terminus and EC loops that are responsible for ligand binding. In spite of a large deletion
of a primary sequence, many of the key motifs are still present in the non-full-length variant chemokine re-
ceptors, rendering ligand affinity. Both non-full-length CXCR497Y-57158a and SZ146a are similar in reten-
tion of their EC components, thus they have close affinity values. Interestingly, CCR597Y-5Z190b shows
slightly higher ligand affinity compared with CCR52TY-57218a, with one less EC loop. One possible expla-
nation could be the orientation of TM3+TM5. The rigidity of the non-parallel a-helix may prevent EC3 from
forming a proper binding pocket with N terminus and EC1 against its ligand.

Truncation of the receptors also affects the signaling capability for the non-QTY version of the receptors.
For CXCR4-5Z158a, it is likely that there is only one TM segment, and the lack of any intracellular loop would
be insufficient to carry out signaling activity. For CCR5-SZ190b, there may likely be three TM a-helices and
one intracellular loop (IC1) that might still be capable of performing reduced signaling albeit with signifi-
cant deletion. Such a hypothesis will be verified in our further research.

Data Mining for Native Non-Full-length GPCR

In light of our finding on non-full-length chemokine receptors with significant deletions of residues, we
carried out a data mining search for native GPCRs with alternative splicing or frameshift mutations that
resulted in truncations (Figure 6B). Eight truncated GPCRs are mined from the genome databases that
include three olfactory receptors, one vomeronasal receptor, GNRHR2 (gonadotropin-releasing hormone
receptor 2), NPY6R (putative neuropeptide Y receptor type 6), and two putative GPCRs of unknown
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function. Common GPCRs have 7TM domains, but these truncated GPCRs with various deletions have
3TM, 4TM, 5TM, and 6TM domains. They are presumed to be non-functional and thus neglected directly.
No systematic efforts have been made to study their biological function. It is plausible that some of them
may be still able to bind their respective ligands and perform certain functions in cells. Systematic exper-
iments will be needed to test and verify if some may be still functional and retain biological relevance.

DISCUSSION

The discovery of truncated chemokine receptors nfCCR52™ and nfCXCR49T" stimulated us to ask new
questions about the deterministic factors for native GPCR functionality: if similar non-full-length receptors
exist in humans and how they interact with the full-length receptors and if they have some regulatory ac-
tivities. It has been suggested that certain truncated receptors can form dimers or oligomers to hinder
the transport of full-length receptors to the cell surface (Wise, 2012).

Elucidating the Essential Components for Binding Events

Numerous efforts were devoted to identifying the key residues responsible for ligand binding and HIV
infection for CXCR4 and CCRS5 receptors. Researchers used either mutation-based methods (Abrol
et al.,, 2014; Brelot et al., 2000; Choi et al., 2005; Howard et al., 1999; Lopalco, 2010; Wescott et al.,
2016) or computer simulations (Abrol et al., 2014; Tamamis and Floudas, 2014a, b) to reveal specific
amino acids without which the activity of the proteins will be severely hindered. Our approach is com-
plementary with a mutation-based analysis and cross-referenced with computer simulations. Proteins
are analyzed by fractions through which the essential components can be identified. For instance, EC3
of CXCR4 is identified as a key component for CXCL12 binding as only receptors with EC3 are observed
with gene activation in Y2H assays. A simple analogy is shown in Figure S? where not all five fingers are
necessary to hold a teacup.

Implications and Future Studies of Truncated Membrane Receptors

Our observation of non-full-length functional CCR5 and CXCR4 variants raises more questions than it pro-
vides answers. Some questions are as follows. (1) Are there DNA sequences specifically coding for non-full-
length receptors in all genomes? (2) Are they capable of performing regulatory functions in vivo at another
level? (3) What are the smallest functional receptors that can exist in vivo? (4) Are they synthesized and sub-
sequently cleared?

It is plausible that there are a few means of generating non-full-length receptors and proteins in general
through (1) alternative RNA splicing (Ambros, 2004; Chaudhary et al., 2019), (2) SINE and LINE transposon
insertions and deletions (Adams et al., 1980; Cordaux and Batzer, 2009; Deininger et al., 1981; Ewing and
Kazazian, 2011; Singer, 1982; Vassetzky and Kramerov, 2013; Wicker et al., 2007), (3) frameshift mutations
resulting in premature translational termination, and (4) non-AUG translation initiation (Ghosh et al,,
1967, Kearse and Wilusz, 2017). Many gene identification bioinformatics search for receptors and proteins
with AUG as the translational initiation, and most experiments probe for RNA, rather than proteins. There-
fore, it is plausible that such non-full-length proteins may have been overlooked.

Suggested Systematic Experimental Studies

To identify and study non-full-length receptors, or more generally, non-full-length proteins, alternative
methods are required to find, experimentally characterize, and finally understand their possible biolog-
ical functions. These methods include (1) performing RNA sequencing using long-read sequencing tech-
nology to seek corresponding transcripts and identify non-AUG initial codons, (2) isolating proteins from
1D and 2D membrane protein-specific gels (Carrette et al., 2006; Santucci et al., 2015; Westermeier,
2014) combined with mass spectroscopy identifications, and (3) generating specific monoclonal anti-
bodies (mAbs) for particular regions of known proteins as probes to find non-full-length proteins in
various cellular regions and all tissues of every cell cycle as function of time, for example, generation
of mAbs (Hashimoto et al., 2018; Huang et al., 2016) for membrane receptors of every intracellular
and extracellular loop and N and C termini. The final method is (4) isolating proteins from 1D and 2D
protein gels to carry out single protein molecule sequencing using the latest aerolysin nanopore method
(Ouldali et al., 2020).
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Think Differently and Ask Unusual Questions

Before microRNAs were unexpectedly discovered (Lee et al., 1993; Wightman et al., 1993), such small RNA
species and other noncoding RNAs were also overlooked. Since then, microRNAs have been found to be
indispensable in every aspect for biological regulations, especially for highly evolved biological systems.
Recently, a number of mini-proteins or micro-proteins, previously identified as peptides or small open
reading frames, have been found to play a very important role in all aspects of biological regulation (An-
derson et al., 2015; Bhati et al., 2018; Camarero, 2017; Carvunis et al., 2012; D'Lima et al., 2017; Delcourt
et al., 2018; Graeff et al., 2016; Ingolia et al., 2011, Kageyama et al., 2011; Orr et al., 2019; Saghatelianr
and Couso, 2015; Singh et al., 2019; Staudt and Wenkel, 2011). Our unexpected discovery of truncated
membrane receptor variants in this study may thus alert us again to venture beyond current paradigms
to discover, characterize, and design proteins.

Limitation of the Study

Here we discovered non-full-length CCR5 and CXCR4 chemokine receptors that still retain ligand affinity
and partial signal transduction capability. As this study is based on the convenient QTY design code
and Y2H screening system in vitro, the truncation of the full-length receptors in vivo resulted from alterna-
tive splicing or pseudo-genes might differ in exact sequence. Herein, as suggested in the Discussion sec-
tion, a systematic study of the human genome is required to identify actual truncated genes that serve the
function. Details of experiments are proposed in the Discussion section. Nevertheless, our work provides
valuable insights on the structure-function relation of non-full-length receptors and their possible regula-
tory functions in living organism.

On the other hand, due to the ongoing pandemic of COVID-19 and institution closedown, we were only
able to access a regular Tecan Spark microplate reader for the calcium signaling experiments. The unit
lacks an auto-injection module, which is essential to continuously monitor ligand-induced fluorescence
change. A hardware-enforced 5-s delay is estimated between the addition of the ligand and the start of
measurement. As the ligand-induced calcium signaling is a transient process, such delay negates our ability
to evaluate the whole period of ligand-receptor interaction. We expect that a plate reader with auto-injec-
tion and shaking module would be able to fully elucidate how non-full-length receptor responds to ligand
under different condition. In the current study, we introduced ligand diffusion factor by not pipetting or
shaking the plate to prolong the response time. We also conducted three independent biological repeats
to average out the intensity fluctuations to establish statistical significance of experiments. Albeit not in
ideal conditions, we consider our current approach illustrative enough to reveal the potential functions
of these non-full-length receptors in vivo.

Resource Availability
Lead Contact

Further information and requests for materials should be directed to lead contact, Rui Qing, Ruiging@mit.
edu.

Materials Availability

All new unique genes generated in this study are available from the lead contact with a completed mate-
rials transfer agreement. Genes for native and QTY version of non-full-length CXCR4 and CCR5 chemokine
receptors will also be deposited on Addgene for research use.

Data and Code Availability
This published article includes all datasets generated or analyzed during this study.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2020.101670.
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A Binding Reporter Expression

CCR59™-AD

AD
CCL5-DBD
DBD
GAL4-UAS ' l[:
HIS3 ADE2
CXCL12-AD

GAL4-UAS

HIS3 ADE2

Growth

CCL5-DBD

CCR59™-AD

#  CXCR42™-DBD
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Prey ATG 20aa linker
MMY187 Papu1 Inserts I GAL4 AD
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MM Y2HGold Paowr | Inserts W crueonam |——

Figure S1. Schematic illustration for Y2H screening, Related to Figure 1. (A) Y2H
screening for short CCR59TY and CXCR4°TY variants. For CCR5?TY screens, CCL5 ligand
is in bait orientation in pGBKC-3C vector with CCR5™ (~3 million variants) in prey
orientation in pPGADC-2A. For CXCR4QTY screens, CXCL12 ligand is in prey orientation in
in pGADC-2A vector and CXCR4Q™Y in bait orientation in pGBKC-3C. (B) Y2H sequence

construct.



Rantes Ligand-binding non-full length CXCR4°TY candidates (146AA) ™

[T
-+ -+  N-terminus -+ —+ —+ -+ TM1 —+ -+ -TM6, EC3(262-282) (D & E-crucial) T
2. - MEGISIYTSDNYTEEMGSGDYDSMEEPCFREENANFNETYQPTTYSTTYQTGE . TSTHSFILLEITKQGCEFENTVHEW (77aa) T
13- - - MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNEIFQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
9 MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNEIFQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
10 - - MEGISIYTSDNYTEEMGSGDYDSMEEPCFREENANFNREIFQPTTYSTTFQTG . TSTDSFILLEITKQGCEFENTVHEW T
20 - MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNETYQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
21 MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNETYQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
4. - MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNEIFQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
6 - - MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNEIFQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
22 MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNEIFQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
S5 MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNEIFQPTTYSTTFQTG . TSTDSFILLEITKQGCEFENTVHEW T
9. - MEGISIYTSDNYTEEMGSGDYDSMEEPCFREENANFNEIFQPTTYSTTFQTG . TSTDSFILLEITKEQGCEFENTVHEW T
g - MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNEIFQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
1z MEGISIYTSDNYTEEMGSGDYDSMEKEPCFREENANFNEIFQPTTYSTTYQTG . TSTDSFILLEITKQGCEFENTVHEW T
15 - MEGISIYTSDNYTEEMGSGDYDSMEEPCFREENANFNEIFQPTTY STTYQTG . TSTDSFILLEIIKQGCEFENTVHEW T
17 - MEGISIYTSDNYTEEMGSGDYDSMEEPCFREENANFNEIFLPTTYSTTYQTG. TSTDSFILLEITKQGCEFENTVHEW T
........ i-i*******iii*******iii*******iii*****m chkEEE kAL hhkdk EEkFdhkhkhkhkkEE A Akk Ak EEE AR L1}
hll
-+ -+  TM7 —» —+ -+ C-terminus T

... ISITERQAYFHCCONPTLYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGOHSSVSTESESSSFHSS T

13- .- ISITEARQAFFHCCINPIQYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGOHSSVSTESESSSFHSS T

9 ISITEAQAFYHCCLNPIQYAFLGAKFKTSAQHATL TSVSRGSSLKILSKGKRGGHSSVSTESESSSFHSS T

0 - - - - ISITERQAFYHCCINPIQYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGOHSSVSTESESSSFHSS T

20 - ISITERQAFYHCCINPIQYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGOHSSVSTESESSSFHSS T

21 - - - ISITEAQAFFHCCLNPIQYAFLGAKFKTSAQHATL TSVSRGSSLKILSKGKRGGHSSVSTESESSSFHSS T

4 TSTTEAQAYYHCCONPTOYAFLGAKFKTSAQHALTSVSRGSSLKILSKGKRGGHSSVSTESESSSFHSS T

[ TSTTEAQAYYHCCONPTOYAFLGARFKTSAQHALTSYSRGSSLEILSKGRKRGGHESYVSTESESSSFHSS T

22 TSTTEAQAYYHCCONETOYAFLGAKFKTSAQHALTSVSRGSSLEILSKGKRGGHSSVSTESESSSFHSS T

S TSTTEAQAYYHCCONPTOYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGOHSSVSTESESSSFHSS T

19. ... .- ISTTEARLAYFHCCONPTOYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGOHSSVSTESESSSFHSS T

g - ISTTEALAYYHCCINPIQYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGGHSSVSTESESSSFHSS T

1z ISTTEALAYYHCCONPTOYAFLGAKFKTSAQHATLTSVSRGSSLKILSKGKRGGHSSVSTESESSSFHSS T

15 -+ - .- ISTTERLAYYHCCONPTOYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGOHSSVSTESESSSFHSS T

17 ISTTEALAYYHCCONPTQYAFLGAKFKTSAQHAT TSVSRGSSLKILSKGKRGGHSSVSTESESSSFHSS T

......... *  EEE . *\;v\i-*** LEE .iriririr-l--l--l-iririririririr-l--l--l—iririririririr-l—-l—-l—iiiiiiii—i—ii**iiiii—i—-}**iiﬂT

bl

Figure S2. The protein sequences of 15 non-full-length CXCR4Q™ variants, Related
to Figure 1. These variants were selected through Y2H screen and stringent mating
system. Color code: Blue = N-termini and extracellular loop, yellow= transmembrane helical
segments, TM= transmembrane. EC = extracellular domain. Both N- and C-terminus
remain intact because of using the N- and C-terminal PCR primers.
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Figure S3. Y2H mating assay of 2 non-full-length CCR5°™Y variants, Related to Figure
1. The yeast clone 5NA43 is renamed as SZ218a to be consistent with other names. (A)
Qualitative Y2H Interaction Test of CCL5 in Y2H Bait vector and CCR5°TY variants CCL5-
22, 5CA-12, 5CA-3, 5CA13, 5NA43 in Y2H Prey vector; (B) Spotting assay series for
CCR5Q™ variants CCL5-20, 22, 5CA-3, 12, 13, and 5NA-43 and interaction mating with
ligands CCL5, CX3CL1, and vector negative controls. Ligands are N-terminal (3N) or C-
terminal fusions (3C, 3D) with DNA binding domains (Gal4-DBD).
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Figure S4. The protein sequences of 2 non-full-length CCR59™ variants, Related to
Figure 2. These variants were selected through Y2H screen and stringent mating system.
The proteins were purified, secondary structure was analyzed and ligand binding were
studied. Color code: Blue = N-termini and extracellular loop, yellow= transmembrane
helical segments, red= intracellular and C-termini. TM= transmembrane. IC= intracellular
domain, EC = extracellular domain. Both N- and C-terminus remain intact because of using
the N- and C-terminal PCR primers.
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Figure S5. Bioinformatics hydrophobic segment analyses, Related to Figure 2. (A)
CXCR4QTY-SZ158a; (B) CXCR49TY-SZ1464a; (C) CCR59TY-SZ2184a; (D) CCR59TY-SZ190b.
No hydrophobic TM region can be observed in any of the short variant GPCRQTY proteins.
X axis refers to the position of amino acids in the protein from N-terminus to C-terminus.
Y-axis refers to the probability of hydrophobic TM segment.

outside



KDa A B KDa C D

140
115 100

80 — ,
65 -

50 B

40 id 30

30 . -
15 2 :

10 - 15

Figure S6. Electrophoresis band of purified non-full-length receptor proteins,
Related to Figure 3. (A) CXCR4-SZ158a; (B) CXCR4-SZ1464a; (C) CCR5-SZ218a; (D)
CCR5-SZ190b. The molecular weight of the ladder is labelled on the left in KDa.



A 1x10* B
[——ccRrsarty —— CXCR4QTY
——5Z218a ——5Z158a
——5Z190b ——SZ146a
% \ 5
£ 0 £ 0
h-] k=]
E £
[¥] Q
i=d (=
@ @
h-] k=]
wi wi
[ ©
= -1x10*+ =
-1x10%
-2x10° T T T r T T T T T T
200 210 220 230 240 250 200 210 220 230 240 250
Wavelength (nm) Wavelength (nm)

Figure S7. Secondary structure of nfCCR59TY and nfCXCR4Q™Y receptors, Related to
Figure 3. The Circular dichroism signal between 195nm and 250nm shows characteristic
a-helical spectra. Difference in spectra shape is likely to be induced by inter-helix
interaction in different proteins.
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Figure S8. Bioinformatics hydrophobic segment analyses and topology prediction,
Related to Figure 4. (A) CXCR4-SZ158a; (B) CCR5-SZ190b. Hydrophobic TM regions
were predicted at sequences corresponding to original TM regions before truncation. The
likelihood of EC and IC regions are suggested. X axis refers to the position of amino acids

in the protein from N-terminus to C-terminus. Y-axis refers to the probability of hydrophobic
TM segment.




How many fingers are needed to hold a tea cup?

How many fingers are needed to hold a tea cup?

Figure S9. How many fingers are required to hold a cup, Related to Figure 6. Usually
five fingers are used to hold a cup, but a minimum of 2 fingers of various combinations are
needed to hold a cup as shown here, although the cup is held less tightly. By analogy, the
full-length of all 7TM domains with all 3EC loops are not absolutely required for ligand

binding.



TRANSPARENT METHODS
DNA library CCR5 and CXCR4 bioinformatics design

The protein sequences of the human chemokine receptors CCR5 and CXCR4 were obtained
from UniProtKB P51681 and UniProtkKB P61073. The CCR5QTY and CXCR4QTY DNA libraries
were designed and synthesized based on domain shuffling. First, a GPCR protein sequence was
divided into 15 fragments based on its 7 transmembrane segments (7TM) and 8 non-transmembrane
segments (N-terminal fragment, 3 intracellular loops, 3 extracellular loops and C-terminal
fragment). Eight different positional variations were generated by applying the QTY Code. To make
different variations, all or part of the changeable amino acid residues in a transmembrane fragment
were changed. Only 8 variations were selected for each fragment based on their secondary structure
and water solubility calculation results from RaptorX and TMHMM 2.0. Afterward, these fragments
were reverse translated to DNA sequences and synthesized by Gen9. All DNA fragments were
assembled randomly to form full length or non-full length GPCR genes.

The DNA library sequences were first run through Gen9 (Cambridge, MA, USA) special
fragment assembly software to design the library of short fragment DNA. Subsequently, these
fragments were made by first synthesizing 200 nucleotides and then assembling them together.
Ligand constructs were synthesized by Integrated DNA Technologies.

Yeast 2 hybrid (Y2H) assays.

Y2H interactions were tested in Saccharomyces cerevisiae selection strain Y187 (MATa,
ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4A, met-, gal80A, MEL1, URA3::GALluas-
GALTATA-lacZ) and mating partner Y2HGold (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200,
galdA, 2al80A, LYS2::GAL1UAS-GallTATA-His3, GAL2UAS-Gal2TATA-Ade2,
URA3::MEL1UAS-Mel1TATA, AUR1-C MEL1). Both strains were obtained from Clontech.
These strains are effective in minimizing false positive protein interactions and background during
a typical GAL4 based Y2H screen. Ligands and receptors were expressed in both strains for
interaction testing in different orientations.

In our custom made Y2H vectors, the DNA binding and activation domains are at the C-
termini of the Y2H fusion proteins. In pGADC-2A, the insert is separated by a multiple cloning site
(MCS) and an HA-tag from the C-terminal GAL4 activation domain (GAL4-AD). In the modified
pGADC-GS20 prey vector, the insert is separated from the GAL4-AD by a 20 amino acid polylinker
(GS20) enriched in Serine and glycine (SGGGSGGGASSGGGAGGGAS). In the bait vector
pGBKC-3C, the insert is separated by a MCS and a Myc-tag from the C-terminal GAL4 DNA
binding domain (GAL4-DBD), while pGADC-GS20 contains the GS20 polylinker instead. Fusion
protein expression in Y2H vectors is driven by ADH1 promoters. All bait and prey coding sequences
are codon optimized for expression in S. cerevisiae and preceded by a Kozak sequence. Bait vectors
contain the TRP1 gene and prey vectors the LEU2 gene for auxotrophic selection.

CCR5°™Y variants were cloned via in vivo recombination into Y2H prey vector pGADC-2A.
The CCR5°™ library was amplified for 9 PCR cycles with primers that anneal at both ends and that
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also contain a 35-base overlap to the pGADC-2A target vector. Several aliquots of 5ng library
template were amplified using the standard Phusion enzyme protocol (Thermo Fisher Scientific),
and purified via gel extraction. For in vivo recombination, 2ug of the amplified library were co-
transformed with 8ug of BamHI-EcoRI linearized vector pGADC-2A into the host strain Y187
following the library scale protocol for LiAc yeast transformation. Approximately 3x10° primary
clones were obtained from this transformation. The library was then expanded in Y187 and used for
mating based Y2H assays. The Rantes (CCL5 26-91) gene was cloned into the bait vectors pGBKC-
3C, variant pGBKC-3C (C-terminal GAL4-DBD) and pGBKT7 (N-terminal GAL4-DBD) and
transformed into Y2HGold.

The CXCR4°TY DNA was amplified for 13 cycles with primers for homologous
recombination and cloned into EcoRI-BamHI linearized pGBKC-3C via direct in vivo
recombination in Y2HGold strain. The complexity of the library was estimated to be ~3 million
primary clones. CXCL122.83 (SDFla) was cloned into EcoRI-BamHI linearized prey vector
pGADC-2A via direct in vivo recombination in Y187 strain for screening and mating retest.

Mating reactions between bait and prey strains were done for ~15 hours on yeast extract
peptone with 2% dextrose (YPD), followed by growth on synthetic complete medium with 2%
dextrose (SD) medium. Selection for reporter activation was for 3-5 days on stringent (ADE2 and
HIS3 reporter selection, SD-LTHA) and non-stringent synthetic growth medium (HIS3 reporter
selection, SD-LTH medium). CXCR49™ and CCR5°™ sequences from selected clones were
amplified for sequencing, and plasmids are extracted from selected colonies and retransformed into
fresh Y2HGold. 0.5-1 million cells were introduced for mating retests and spotting assays on SD-
LTH, SD-LTHA and SD-LT (growth of all diploids). Blue coloration of colonies is observed on
medium containing a-Xgal when the MEL1 reporter is activated.

Bioinformatics of the QTY variants.

Protein properties were calculated based on its primary sequence via the open access web-
based tool ExPASy: https://web.expasy.org/protparam/. The existence of hydrophobic patches
within the transmembrane region in the variant protein sequences was determined via the open
access web-based tool TMHMM Server v.2.0: http://www.cbs.dtu.dk/servicess TMHMM-2.0/.

Protein expression, refolding, and purification from SF9 Cell.

nfCCR5?TY variant gene sequences selected in the Y2H screen were synthesized with a C-
terminal His-tag (Biomatik). Sequences were cloned into a pOET2 transfer vector (Oxford
Expression Technologies). The resulting baculovirus preparations were generated using the
FlashBacUItra Kit (Oxford Expression Technologies) and amplified to high titer virus stocks. SF9
insect cells (Oxford Expression Technologies) were infected and cultured in 2-liter aerated spinner
flasks in serum-free medium (Lonza) for 48 hours post infection at 27 <C. Cells were collected by
centrifugation at 1,500 rpm and the cell pellet was stored at -80<C.

SF9 Cells were lysed by sonication in PBS buffer, pH7.5, 10mM DTT. No detergent was
used. The cells were centrifuged at 20,000>g and the supernatants were subjected to batch binding
for 2 hours using a DTT stable Ni-Agarose resin (PureCube 100 INDIGO, Cube Biotech). The bound
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His-tagged protein was washed extensively using PBS, pH7.5, with 20mM imidazole. Protein was
eluted with PBS, pH7.5, 250mM imidazole. Elution fractions were concentrated with Amicon
centrifugal filter units (Merck Millipore) and loaded onto a Superdex 200 gel-filtration column (GE
Healthcare). The final protein was eluted in PBS, pH7.5, and was concentrated using Amicon
centrifugal filter units (Merck Millipore) to 0.5mg/ml.

Protein expression, refolding, and purification from E. coli.

Genes of QTY-modified chemokine receptor proteins were codon-optimized for E. coli
expression and obtained from Genscript. The genes were cloned into pET20b expression vector with
Carbenicillin resistance. The plasmids were reconstituted and transformed into E. coli BL21(DE3)
strain. Transformants were selected on LB medium plates with 100ug/ml Carbenicillin. E. coli
cultures were grown at 37<C until the OD600 reached 0.4-0.8, after which IPTG (isopropyl-D-
thiogalactoside) was added to a final concentration of 1mM followed by 4-hour expression. Cells
were lysed by sonication in B-PER™ protein extraction agent (Thermos-Fisher) and centrifuged
(23,000>qg, 40min, 4<C) to collect the inclusion body. The biomass was then subsequently washed
twice in buffer 1 (50mM Tris.HCI pH7.4, 50mM NaCl, 10mM CaCl2, 0.1%v/v Trition X100, 2M
Urea, 0.2um filtered), once in buffer 2 (50mM Tris.HCI pH7.4, IM NaCl, 10mM CaCl2, 0.1%v/v
Trition X100, 2M Urea, 0.2um filtered) and again in buffer 1. Pellets from each washing step were
collected by centrifugation (23,000>q, 25min, 4<C).

Washed inclusion bodies were fully solubilized in denaturation buffer (6M guanidine
hydrochloride, 1 xPBS, 10mM DTT, 0.2um filtered) at room temperature for 1.5 hour with magnetic
stirring. The solution was centrifuged at 23,000>qg for 40 min at 4 <C. The supernatant with proteins
was then purified by Qiagen Ni-NTA beads (His-tag) followed by size exclusion chromatography
using an AKTA Purifier system and a GE healthcare Superdex 200 gel-filtration column. Purified
protein was collected and dialyzed twice against renaturation buffer (50mM Tris.HCI pH 9.0, 3mM
reduced glutathione, 1mM oxidized glutathione, 5mM ethylenediaminetetraacetic acid, and 0.5M
L-arginine). Following an overnight refolding process, the re-natured protein solution was dialyzed
against 50mM Tris.HCI pH 9.0 with various arginine content, and filtered through a 0.2um syringe
filter to remove aggregates.

Protein expression in human HEK293T cell.

Genes for full-length CXCR4 (OHu24159) and CCR5 (OHu20119) were directly purchased
from Genscript and used as it is. Genes for non-QTY version of CXCR4-SZ158a and CCR5-SZ190b
were made by identifying and extracting corresponding regions of NM_003467.3 and
NM_000579.3 from Genebank and directly synthesized by IDT (Integrated DNA Technologies)
without codon optimization. The genes were cloned into the standard pcDNA3.1 vector backbone
under the human CMV promoter for expression. For confocal microscopy, a superfolder-GFP
(sfGFP) tag was fused onto the C-terminus of each receptor for visualization.

HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 100 units ml™! of penicillin, 100 mg ml™" of streptomycin and 10% fetal bovine serum. Receptor
plasmids (100 ng) were transfected into cells as duplicates (2 <500 i per well in a 24-well plate
for confocal microscopy or 2 x 104 I per well in a 96-well plate for signaling assay) with
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Lipofectamine 3000 (Invitrogen) in Opti-MEM (Gibco). Subsequent experiments were carried out
after 1 d post-transfection.

MicroScale Thermophoresis.

MicroScale Thermophoresis (MST) is an optical method detecting changes in
thermophoretic movement and TRIC of the protein-attached fluorophore upon ligand binding.
Active labelled proteins contribute to the thermophoresis signal upon ligand binding. Inactive
proteins influence the data as background but not the signals and only data from binding proteins
are used to derive the Kq value. Herein ligand binding experiments were carried out with 5nM
NT647-labeled protein in respective buffer (nfCXCR4%TY: 50mM Tris-HCI pH 9.0, 100mM
Arginine; nfCCR5°TY: 1 X PBS, 10mM DTT) with a gradient of respective ligands in on a Monolith
NT.115 pico instrument at 25°C. Synthesized receptors were labeled with Monolith NT™ Protein
Labeling Kit RED — NHS (NanoTemper Technologies) so as to obtain unique fluorescent signals.
MST time traces were recorded and analyzed to obtain the highest possible signal-to-noise levels
and amplitudes, >5 Fnorm units. The recorded fluorescence was plotted against the concentration of
ligand, and curve fitting was performed using the Kq fit formula derived from the law of mass action.
For clarity, binding graphs of each independent experiment were normalized to the fraction bound
(0 = unbound, 1 = bound). MST measurements of SF9 synthesized non-full-length CCR5%™Y and
non-full-length CXCR4°™ were performed at 2bind GmbH, Regensburg, Germany. MST
experiments of E. coli. synthesized non-full-length CCR5°™Y were performed in the Center for
Macromolecular Interactions at Harvard Medical School with 2nd generation Monolith NT™
Protein Labeling Kit RED — NHS.

Ka fitting model:

Kq model is the standard fitting model based on law of mass action.
Curve fit formula:

Car
F(CT):Fu+(Fb_Fu)*C_
A

C 1

% = fraction bound = oo * (cr +ca+Kp — \/(cT + ¢, + Kp)? — 4crey)
A A

Fu: fluorescence in unbound state

Fo: fluorescence in bound state

Kp: dissociation constant, to be determined

caT: concentration of formed complex

ca: constant concentration of molecule A (fluorescent), known
cT: concentration of molecule T in serial dilution

Circular dichroism (CD) measurements.

CD spectra were recorded using JASCO Model J-1500 Circular Dichroism Spectrometer in
Biophysical Instrumentation Facility at MIT. The QTY protein sample was dialyzed and refolded
into CD buffer (0.05 viv% TFA, 1mM TCEP). For far UV CD, spectra between 195nm and 250nm
were collected with a 0.5nm step size, 1nm bandwidth, and 50nm/min scanning speed in 0.1 cm path
length cuvettes. Baselines were measured using dialysis buffer alone without any protein and
subtracted from the protein spectra. The baseline-subtracted spectra were scaled to obtain Mean
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Residue Ellipticity (MRESs) and normalized by protein concentration. The protein concentrations
were ~2.4uM, as determined by Nanodrop with calculated extinction coefficient.

Confocal microscopy

HEK293T cells were cultured in glass-bottom 24-well plates at 37 C in Dulbecco’s modified
Eagle’s medium supplemented with 100 units ml~! of penicillin, 100 mg ml™! of streptomycin and
10% fetal bovine serum. Fluorescence imaging was performed using a Nikon Eclipse Ti-E inverted
microscope. We used a CSU-W1 spinning disk confocal module, with a 40x 1.15NA Plan Apo long
working distance water-immersion objective (Nikon). GFP was excited with a 488 nm laser, with
525/40 emission filter.

Cell-signaling assay

Calcium signaling was monitored by co-transfecting receptors with Goq and loading with a
calcium-sensitive fluorescent dye to measure changes in cytosolic calcium concentration after
adding ligands. HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 100 units ml~! of penicillin, 100 mg m1™* of streptomycin and 10% fetal bovine
serum. Receptor plasmids (100 ng) were transfected alongside a plasmid expressing the Gaq SUbunit
(100 ng) into cells as triplicates (2 x 104 i per well in a 96-well plate) with Lipofectamine 3000
(Invitrogen) in Opti-MEM (Gibco). 18 hours post-transfection, media was removed and replaced
with 100 uL of Rhod-4 dye loading solution (Abcam #112157) according to manufacturer’s
protocols and incubated at 37 <C for 30 minutes for subsequent calcium measurements.

Calcium signaling in response to 25nM and 100nM ligands for each receptor were monitored
by a Tecan Spark microplate reader. The equipment was pre-warmed to 37 °C before measurements.
The cells were excited at 540 nm, and emission was monitored at 590 nm. A control sample without
ligand was measured in parallel as a reference. Baselines were established before any ligand was
added to each well. Data acquisition was immediately started after adding the ligand over a time
course of 180s. No pipetting or shaking was conducted intentionally to elongate the signaling time
by introducing the factor of ligand diffusion. There is an equipment associated delay of ~ 5s. The
plate was rested for an additional 180s and fluorescence reading was collected for another 10 min
to observe the recovery of fluorescence to baseline. Three independent biological repeats were
conducted to eliminate error and establish statistical significance.

Bioinformatics of naturally existed truncated GPCRs.

The data for pseudogene analysis was retrieved from databases of GENCODE
(www.gencodegenes.org), CHESS (ccb.jhu.edu/chess), UniProt (www.uniprot.org), and NCBI’s
RefSeq (www.ncbi.nlm.nih.gov/refseq). GPCR related pseudogenes were screened by running a
Perl script on the Ubuntu (18.04.3 LTS) to only keep the truncated ones left. The web-based server
Protter (wlab.ethz.ch/protter/start) was used for analyzing the amino sequences of the screened
GPCR pseudogenes and generating protein snake plots. Transmembrane region predictions were
also checked with TMHMM-2.0 (www.cbs.dtu.dk/servicess TMHMM-2.0) to avoid inaccuracy.
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