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Structure and function studies of membrane proteins, particularly
G protein-coupled receptors and multipass transmembrane pro-
teins, require detergents. We have devised a simple tool, the QTY
code (glutamine, threonine, and tyrosine), for designing hydro-
phobic domains to become water soluble without detergents.
Here we report using the QTY code to systematically replace the
hydrophobic amino acids leucine, valine, isoleucine, and phenylal-
anine in the seven transmembrane o-helices of CCR5, CXCR4,
CCR10, and CXCR7. We show that QTY code-designed chemokine
receptor variants retain their thermostabilities, a-helical struc-
tures, and ligand-binding activities in buffer and 50% human se-
rum. CCR52™, CXCRAQ™, and CXCR7?™Y also bind to HIV coat protein
gp41-120. Despite substantial transmembrane domain changes, the
detergent-free QTY variants maintain stable structures and retain
their ligand-binding activities. We believe the QTY code will be use-
ful for designing water-soluble variants of membrane proteins and
other water-insoluble aggregated proteins.

protein design | alpha-helix engineering | hydrophobic to hydrophilic |
GPCR | membrane proteins

t is well known that it is notoriously difficult to study the

structure and function of membrane proteins, particularly G
protein-coupled receptors (GPCRs) and multiple-segment trans-
membrane proteins (1, 2) because they require detergents after
they are removed from cell membranes. Previous studies have
applied computational methods to render membrane proteins
water soluble by assigning specific changes in the transmembrane
segments of several membrane proteins (SI Appendix, Table S1)
3-11).
( On)e of the earliest attempts was to render bacteriorhodopsin
water soluble using the known crystal structures (3). Despite
rational design that changed 14.9% of the surface hydrophobic
residues, after purification the designed bacteriorhodopsin had
limited water solubility and lost its purple color, which is the
indication of its correct folding and function (3). Our early
efforts in changing only the surface residues using the crystal
structures for guidance also failed to produce detergent-free
chemokine receptors. Perez-Aguilar et al. (9) designed a vari-
ant of the human mu opioid receptor. However, 0.1% SDS or
1% Triton X-100 was required during purification, and 0.2%
SDS was required later. CD was done in 0.01% SDS. No study
was done without SDS.

Several groups using computational methods successfully
converted insoluble a-helical segments from membrane proteins
into water-soluble segments that retained their structures (5-8).
The best example is the water-solubilized membrane channel
protein KcsA, where 33 of 160 residues (20.6%) in the full-length
protein or 33 of 81 residues (40.7%) in the transmembrane seg-
ment residues were changed while retaining the structure and
function of KcsA (5, 7). However, computational methods require
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special skills and specific computer programs to carry out such
membrane protein conversions, limiting widespread use.

We observed by analyzing the electron density maps of the
20 amino acids that several hydrophobic amino acids closely
resemble several hydrophilic amino acids in structure and elec-
tron density (Fig. 14). This similarity triggers erroneous charging
of tRNAs and misincorporation into proteins. For example, the
valine (V) tRNA synthetase (ValRS) (12) mischarges threonine
(T) and isoleucine (I) at a rate of 1 per 200-400 tRNA charges
(13-14). All 20 amino acids, both soluble and insoluble, are
found in a-helices (hemoglobin is one example) (refs. 15, pp.
523-532 and 16-19), although some have higher propensities to
form a-helices than others (17). This suggests that substitution of
some amino acid residues that share similar structures may not
significantly affect protein structure or function.

We reasoned that it might be possible to design chemokine
receptor sequences in which the hydrophobic residues are
replaced by water-soluble residues. This process that we have
developed is a system we call the “QTY code.”

The QTY code is based on the fact that the electron density
map of hydrophobic leucine (L) is similar to that of hydrophilic
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Fig. 1. The QTY code and how it replaces L, V, |, and F with Q, T, and Y. (A) Crystallographic electronic density maps of the following amino acids: leucine (L),
asparagine (N), glutamine (Q), isoleucine (1), valine (V), threonine (T), phenylalanine (F), and tyrosine (Y). The density maps of L, N, and Q are very similar.
Likewise, the density maps of I, V, and T are similar, and the density maps of F and Y are similar. The side chains of L, V, |, and F cannot form any hydrogen
bonds with water, thus rendering them water insoluble. On the other hand, N and Q can form four hydrogen bonds with four water molecules, two as
hydrogen donors and two as hydrogen acceptors (SI Appendix, Fig. S7). Likewise, three water molecules can form hydrogen bonds with the -OH (two
H-donors and one H-acceptor) of threonine (T) and tyrosine (Y). Both L and Q have high tendencies to form a-helices, but N frequently occurs at turns. Thus, Q
was used to replace L but not N. |, V, and T are all p-branched amino acids, and their density maps are very similar, indicating similar shapes. (B) Helical wheels
before (Left) and after (Right) applying the QTY code to transmembrane helical segment 1 (TM1) of CXCR4. Amino acids that interact with water molecules
are light blue in color. The QTY code conversions render the a-helical segment water soluble. MT, mutant.

asparagine (N) and glutamine (Q); the electron density maps of
hydrophobic isoleucine (I) and valine (V) are similar to that of
hydrophilic threonine (T); and the electron density map of hy-
drophobic phenylalanine (F) is similar to that of the hydrophilic
tyrosine (Y) (Fig. 14 and SI Appendix, Fig. S1). Although water
also forms hydrogen bonds with aspartic acid (-), glutamic acid
(=), lysine (+), and arginine (+), these residues introduce
charges, thereby altering the surface property of proteins. Thus,
they were not introduced in the QTY code.

To test this hypothesis, the QTY code was applied to four
chemokine receptors: CCRS5, CXCR4, CCR10, and CXCR7.
These receptors were chosen because they play critical roles in
health and disease and because they have been well character-
ized (20-31). CCRS, CXCR4, and CXCR?7 are also coreceptors
for HIV entry into T cells (21, 22). CCRS5’s natural ligand is the
chemokine CCL5y 9; (Rantes), CXCR4’s natural ligand is
CXCL12,4 g5 (SDF1a), CXCR7’s natural ligands are CXCL115, 94
and CXCL12,4 gg, and CCR10’s natural ligands are CCL27,5 112
and CCL28;_127. Moreover, the crystal structures of CXCR4 and
CCRS have been published (27, 28), allowing direct comparison
with the QTY variants CCRS®™ and CXCR4°™ after those
structures become available. There are currently no published
crystal structures of CCR10 and CXCR?7, but they play key roles
in various physiological functions (29-31). CCR10 and its ligands
are uniquely involved in epithelial immunity, and CCR10 is
expressed in subsets of innate-like T cells, which are localized to
the skin during developmental processes in the thymus (29).
CXCR7 is an atypical chemokine receptor that does not activate
G protein-mediated signal transduction (30). Rather, CXCR7 can
heterodimerize with CXCR4 to modulate CXCR4 activities and can
be activated by CXCL11 in malignant cells, leading to enhanced cell
adhesion and migration. Elevated levels of CXCR?7 expression are
correlated with aggressive human prostate, breast, and lung cancers
and promote growth and metastasis of various tumors (31).

The QTY-designed variant gene sequences were organism-
codon optimized for protein expression either in SF9 insect cells
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(CCR5°™Y, CCR10°™Y, and CXCR7°™) or in Escherichia coli
(CXCR4°™Y), The detergent-free variants were then purified
using His-tag affinity and size-exclusion chromatography (SEC).
To assess the structure and function of these QTY variant re-
ceptors, they were subjected to thermostability studies to measure
their melting temperature (Tm), to CD spectroscopy to study their
secondary structure and folding, and to surface-free microscale
thermophoresis (MST) to study ligand binding in buffers and in
50% human serum.

Since we have not yet obtained h\i{gh-resolution structures of
the detergent-free variants, CCR5°TY, CXCR4°TY, CCR10°TY,
and CXCR7°"Y were simulated in an explicit water environment
using three different computer programs (31-35). The simulated
structures of CCR5?™Y and CXCR4°™ were directly compared
with the known crystal structures of natural CXCR4 (27) and CCR5
(28). These structural folds can be superimposed, suggesting that the
QTY variants retain a natural overall structure despite 19-29%
overall sequence changes.

Results

Sequence Alignments of CCR5, CXCR4, CCR10, and CXCR7 and Their
QTY Variants. Sequence alignments were performed for CCRS vs.
CCR59™, CXCR4 vs. CXCR4°™Y, CCR10 vs. CCR10°™, and
CXCR7 vs. CXCR7°TY, Fig. 2 shows protein characteristics and
alignments of the transmembrane (TM) o-helical segments of
the native receptors and their QTY variants. Since the amino
acids Q, T, and Y do not introduce any charges, despite sub-
stantial sequence QT substitutions, there are minimal changes
in pI units (0.11, 0.06, 0.24, and 0.02 for CCRS, CXCR4, CCR10,
and CXCR?7 and their QTY variants, respectively), and in mo-
lecular weight (1.13%, 1.15%, 1.97%, and 1.13% for CCRS,
CXCR4, CCR10, and CXCR7 and their QTY variants, re-
spectively). After applying the QTY code, the hydrophobic amino
acids in the transmembrane segments are replaced by Q, T, or Y,
and the transmembrane segments are no longer hydrophobic (S
Appendix, Fig. S2).
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Fig. 2. Alignments of native (Upper) CCR5 (A), CXCR4 (B), CCR10 (C), and CXCR7 (D) with detergent-free (Lower) CCR5?™ (A), CXCR4Q™ (B), CCR10°™Y (C),
and CXCR72™Y (D). The Q, T, and Y amino acid substitutions are in red. The a-helical segments (blue) are shown above the protein sequences, and the external
(red) and internal (yellow) loops of the receptors are indicated. The symbols “|” and “*" indicate similar and different amino acids, respectively. Characteristics
of natural and QTY variants with pl, molecular weight, total variation rate, and membrane variation rate. Since the internal regions ICL1, ICL2, ICL3, and the C
terminus do not interact with the ligand SDF1«, additional residues in these regions were modified.

Initial Development of the QTY Variant of CXCR4?™. Based on the
X-ray crystal structure of CXCR4 (26), we initially used the QTY
code to change only 28 positions (CXCR4°TY-v28) (SI Appendix,
Fig. S3) on the lipid-facing exterior surfaces of TM1, TM2, TM4,
TM6, and TM7 but not on the interior surface or dimer interface.
However, the protein could not be expressed and purified without
detergents. We then substituted 56 positions (CXCR4°"Yv56) in
the 7TM region using a random library of ~2 million variants
using yeast two-hybrid (Y2H) selection. When we selected

16 possible Y2H variant candidates and tried to express them in
both E. coli and yeast, they failed to express well (S1 Appendix Fig.
S4). In our current report, we changed 85 LIVF positions in all
7TMs of CXCR4 (CXCR4°TYv85). To further increase the solu-
b111ty of CXCR4°TY, we also applied the QTY code to the internal
regions ICL1 (1L), ICL2 (2L), and ICL3 (3I) and to the C terminus
(2F, 3L, 2V, and 1) since these regions do not interact directly with
the ligand CXCLI12. One L was changed in EC1 since it was
reported that EC2 and EC3 are most important for ligand binding.
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Fig. 3. MST ligand-binding measurements. The receptors were labeled with a fluorescent dye since both receptors and ligands contain tryptophans. All
ligands were serially diluted in either buffer (black line) or in 50% human serum (red line). Human insulin was used as a negative control that showed no
binding. The bars represent the SD of three independent experiments with duplicate measurements for each experiment (a total of six measurements for each
sample). The detailed K4 numbers in buffer and in 50% human serum are presented in Table 1. (A) CCR52™Y with CCL5,6.97. (B) CXCRAQ™ with CXCL12,4 gs.
(C) CCR10°™ with CCL2725 112 and CCL2850 127. (D) CXCR72TY with CXCL1155 94 and CXCL1254 gs. (E) CCR5Q™Y, CXCRAR™Y, and CXCR72™ with HIV-1 coat protein

gp41-120.

This time, the protein expressed well in water-soluble form without
any detergents and retained its ligand-binding activity for CXCL12
and gp41-120. Because of these results, QTY substitutions were
introduced to all 7TMs of CCR10%™ and CXCR79™.

Protein Expressions and Purifications of QTY Variants. We synthe-
sized the genes with organism-specific codons and first expressed
CCR57™Y, CXCR4°™, CCR10°™, and CXCR7°™ in SF9
insect cells. Each receptor carried a C-terminal His-tag. The pu-
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rified protein yields from insect SF9 cells were low and inadequate
for structural analysis. To obtain sufficient protein for structural
and other studies, CXCR4?™Y was expressed in E. coli inclusion
bodies that reached ~10 mg/L. The inclusion bodies were exten-
sively washed and denatured in 6 M guanidine-HCl and 10 mM
DTT, 1x PBS. CXCR4°™ was then purified with a His-tag and
was re-refolded in a renaturing buffer containing 0.5 M L-arginine,
which is a key ingredient required for correct refolding, but
without DTT. SEC (SI Appendix, Fig. S5) of the renatured receptor
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showed either monomers (CCR10°™) or dimers (CXCR4°™Y).
This is similar to the native CXCR4, since both crystal structures
(27) and cell-based assays show CXCR4 is a dimer (23).

Ligand-Binding Measurements in Buffer and in 50% Human Serum.
The optical method MST (36—42) uses the fluorescence signal
coming from labeled QTY proteins to monitor their movement
in a thermal gradient. Fluorescence in the optical focus is lo-
calized; hence active and inactive protein fractions will contrib-
ute to the signal. Changes in thermophoresis upon binding of a
ligand to the QTY proteins is detected and plotted as a ligand
concentration-dependent effect, which is then converted to af-
finity values. Since thermophoresis of only active QTY proteins
will change during a binding event, inactive proteins will influ-
ence the data only as background signal and will not contribute
to the binding event. Therefore, the derived binding data come
from active protein fractions.

MST was used for ligand-binding measurements in both buffer
and in 50% human serum. To obtain unambiguous ligand-
binding results, each sample was independently measured three
times in duplicate (six total measurements). These results
showed that the purified detergent-free forms of CCR5°"Y,
CXCR4°TY CCR10°™Y, and CXCR7°Y retain their ligand-
binding activities (Fig. 3 and Table 1). Furthermore, it is
known that natural CCR5, CXCR4, and CXCR7 bind to HIV1
coat protein gp41-120. We thus carried out binding measure-
ments for CCR5?™Y, CXCR4°™, and CXCR7°™ (Fig. 3E and
Table 1). CCR5°™Y from SF9 cells was independently purified
twice in ~6 mo and the ligand binding also was independently
measured twice. CXCR4°™ from E. coli inclusion body purifi-
cation and refolding was independently purified twice in ~1 mo,
and the ligand binding was also independently measured three
times. The early purified CXCR4°™ had a Ky of ~17 nM, and
the late CXCR4“™ had a K4 of ~13 nM.

To rule out nonspecific binding, we measured the affinity of
human insulin for CCR5?"Y, CXCR4°"Y, CCR10°™, and
CXCR7°™Y. The reproducible measurements demonstrate that
these detergent-free variants do not bind to human insulin (Fig. 3),
suggesting that the QTY receptors bind to their ligands with some
specificity. Interestingly, CXCR7°Y has a lower Ky for CXCL12
and HIV gp41-120 than CXCR4°™Y (Fig. 3 and Table 1).

Thermal Stability of the QTY Variants. To determine the thermal
stability of the QTY variants, three independent nanoDSF (nano
differential scanning fluorimetry) measurements were carried
out (Fig. 4). The results show that the average Tms of ~52.7 °C

for CCR5°™Y, 46.8 °C (Tm;) and 63.5 °C (Tm,) for CXCR4°™Y,
54.8 °C for CCR10°™Y, and 52.3 °C for CXCR7°TY are similar
to the Tms of the natural receptors. For example, natural
CXCR4 embedded in liposomes exhibited two Tms: 55 °C (Tm,)
for monomers and 60 °C (Tmy,) for dimers (23). Controls were
carried out by heating the proteins to 90 °C for 15 min before
taking three independent measurements. The proteins were fully
denatured and produced no measurable Tm (Fig. 4). These re-
sults suggest that, despite sigrniﬁcant QTY amino acid changes,
the detergent-free CCR59TY, CXCR4°TY, CCR10°TY, and
CXCR7°TY still fold and remain thermostable. It is plausible that
the QTY replacements introduce numerous hydrogen bonds from
intra- and interhelical interactions (SI Appendix, Fig. S7).

CD and Fluorescence Studies of QTY-Variant Protein Structures. The
QTY variant receptors were studied using CD, and they showed
distinctive a-helical spectra. We used the purified CCR5°TY and
CXCR7°™ in buffer containing 150 mM NaF and 5 mM DTT
to carry out the study. Far UV spectra between 183 and 260 nm
confirm t}}%ical a-helical secondary structures for CCR5°™ and
CXCR7°"Y. Furthermore, the o-helical content of CCR5°TY
(~55%) and CXCR7°™Y (~60%) is similar to that of native
CCRS5 (59%) (29) and CXCR?7 (64%, from secondary structural
prediction) (SI Appendix, Fig. SéA and Table S2).

Tryptophan fluorescence spectra with 295-nm excitation of
CCR5°™Y and CXCR7°TY displayed maximum emission at
~334 nm and ~338 nm, respectively (SI Appendix, Fig. S6B),
suggesting the mean hydrophobic microenvironment of the
tryptophan side chains is neither completely hydrophilic nor
hydrophobic, as expected for a folded QTY protein (43, 44).
When both tryptophan and tyrosine were excited at 275 nm, the
maxima of the fluorescence emission spectra shifted to ~332 nm
for both CCR52TY and CXCR7°"Y, which indicates weak emis-
sion by tyrosines (SI Appendix, Fig. S6B, Inset) despite the high
number of tyrosines in the QTY proteins (42 tyrosines and 5
tryptophans in CCR5°™Y, 31 tyrosines and 7 tryptophans in
CXCR7°™Y). The weakening of tyrosine fluorescence centered
at 303 nm is due to the Forster energy transfer from tyrosine to
nearby tryptophan residues (43, 44). This indicates that the
QTY proteins fold into a compact tertiary structure with the
expected secondary structure content.

Computer Simulations of the QTY Variants in an Explicit Water
Environment at 24.85 °C, pH 7.4, and 0.9% NaCl for 1 ps. High-
resolution structures of CCR5?™, CXCR4°™, CCR10°™, or

Table 1. Ligand-binding affinity of native and QTY code-designed chemokine receptors

Zhang et al.

CCL5* Ky,  CXCL11 Kgq,  CXCL12* Ky,  CCL27 Kgq,  CCL28 K4,  gp41-120 Ky,
Receptors nM (ref.) nM (ref.) nM (ref.) nM (ref.) nM (ref.) nM (ref.)
CCRS5 native ~4 (26) ~10 (26)
CCR5?™ buffer 33.9+48 3.1+07
CCR5Q™ serum 43+15
CXCR4 native ~5 (26) ~200" (23)
CXCR4Q™ puffer? 1.2 +34 7.0+ 19
CXCR4Q™ serum* 44.7 + 8.9 127 £ 26
CCR10 native ~5.6 (29) 38 (29)

CCR109™ buffer 3.1+ 1.2 93+ 18

CCR102™ serum 56+ 1.1 21+ 4

CXCR7 native ~8 (30) ~4.5 (30) N/D
CXCR79™ buffer 16 + 3 22+ 0.7 1.2+ 04
CXCR7™ serum 28+ 11 6.6 + 1.7 7+15

CCR52™Y, CCR109™, and CXCR’Q™Y were purified from insect SF9 cells. N/D, no data.

*CCLS5 is also called “Rantes,” and CXCL12 is also called “SDF1a” in the literature.

"The Ky ~200 nM was measured by a cell-based assay.

*CXCR4AQ™ was purified from E. coli inclusion bodies and renatured in refolding buffer with 0.5 M arginine.
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Fig. 4. Thermostability of the chemokine receptors CCR52™, CXCR4Q™, CCR109™, and CXCR7?™Y measured using nanoDSF. To obtain Tm curves (green
lines), the QTY-designed receptors were heated gradually to denature them slowly. In the controls (red lines), the proteins were heated to 90 °C for 15 min
before taking the measurements. (A) These experimental results show that CCR5?"Y has a Tm of ~52.7 °C. (B) CXCR4Q™" exhibits two transition temperatures:
Tm; at 46.8 °C and Tm; at ~63.5 °C. This double transition is similar to the behavior seen with the native CXCR4 embedded in liposomes or cell membranes
which also exhibited two transition temperatures (Tm1 ~55 °C and Tm2 ~60 °C). (C) CCR10°™ has a Tm of ~54.8 °C. (D) CXCR7?™Y has a Tm of ~52.3 °C. Since
there are many additional QTY intra- and interhelical hydrogen bonds inside the proteins, the receptor structures may fold and remain stable via extensive

hydrogen bonds within the protein and water molecule bridges.

CXCR7°™ are still in progress. However, recent advances in
computer simulations of protein sequences make it possible to
predict reasonably realistic structures based on homology (33-35).
We tested whether the CCR5?™Y, CXCR4°™Y (Fig. 5), CCR10°™Y,
and CXCR7°™Y (SI Appendix, Fig. S8) structures are stable by
simulating them in an explicit water environment at 24.85 °C, pH
7.4, and 0.9% NaCl for 1 ps (Fig. 5). If they are not stable, these
structures will not fold correctly. After an initial 0.3 ps of simula-
tions using the AMBERI14 force field software (43), the overall
structures were already formed and seemed to be stable; additional
0.7-ps simulations did not further stabilize these structures. After
the simulations, CXCR4°™ and CCR5°™ were superimposed
with crystal structures of the natural receptors. The comparisons
showed that CXCR4®™ and CXCR4 [Protein Data Bank (PDB)
ID code 30DU] (27) had a deviation of ~1.9 A, and CCRS? and
CCRS (PDB ID code 4MBS) (28) had a deviation of ~2 A.

Discussion

The Basis of the QTY Code. The scientific and structural basis of the
QTY code is the fact that the electronic density maps of Q and L,

6 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1811031115

T and V/I, and Y and F are similar and that all 20 amino acids
are found in a-helices (15-18), although some residues, e.g., L
and Q, are preferred. Specifically, the QTY code shows that amino
acid structures rather than chemical properties may facilitate pro-
tein structures in transmembrane o-helices (Fig. 14 and SI Appen-
dix, Figs. S1-S3). Despite ~50% changes in the transmembrane
segments (SI Appendix, Fig. S2), the QTY code-designed CCR5°™Y,
CXCR4°%™Y, CCR10°™, and CXCR7°™ not only maintained
their overall structure but also bound their respective ligands (Fig. 3
and Table 1).

Measuring Ligand Binding in Human Serum. We measured ligand
binding of the QTY code-designed chemokine receptors in both
buffer and 50% human serum. The receptors have approximately
two to four times lower affinity in serum than in buffer (Fig. 3
and Table 1). These differences are expected since human serum
is very complex and contains numerous substances, including
20 amino acids, metabolic intermediates, peptides, proteins, and
more. However, the affinities measured in serum are perhaps

Zhang et al.
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Fig. 5. Computer simulations of CCR5Q™Y and CXCR4%™ are superimposed with the crystal structures of CCR5 and CXCR4. Computer simulations of CCR5?TY,
CXCR4Q™Y, CCR10?™, and CXCR7?™Y were carried out in an explicit water environment. The X-ray crystal structures of natural CCR5 (PDB ID code 4MBS) and
CXCR4 (PDB ID code 30DU) were obtained from the Protein Data Bank. The protein structures were determined with a rubredoxin (CCR5) or T4 lysozyme
(CXCR4) insert in the third internal loop. The simulated CCR52™ and CXCR4?™ do not have rubredoxin or lysozyme inserts. For clarity, these inserts are
removed in comparisons with CCR5?"Y and CXCR4Q™. The structures were obtained after 1 s of simulation in an explicit water environment at 24.85 °C at pH
7.4 and 0.9% NaCl ion concentration. (A-C) CCR5Q™Y (teal) was superimposed with its natural counterpart CCR5 (magenta). It has a deviation of ~1.9 Aandis
shown in two different side views in A and B, and in a top view is shown in C. (D-F) CXCR4™ (blue) was superimposed with its natural counterpart CXCR4
(green), with a deviation of ~2 A. Two side views are shown in D and E, and a top view is shown in F.

more realistic for physiological conditions, since the receptors are
often exposed to a serum-like environment.

Possible Additional Hydrogen Bond Interactions. We asked how the
protein structures remain stable and retain ligand-binding ac-
tivity even after substantial substitutions of the hydrophobic
residues in 7TM. Additional hydrogen bonds (SI Appendix, Fig.
S7) created by the Q, T, and Y amino acid substitutions likely
contribute to the observed stability: Numerous internal intra-
helical and interhelical hydrogen bonds that stabilize the struc-
tures of the QTY variants are likely formed. This situation is
similar to the molecular structures of various collagens that have
extensive water molecule bridges stabilizing their structures.
These hydrogen bonds cannot form in the native CCRS5, CXCRA4,
CCR10, and CXCR?7, since the side chains of L, V, I, and F do
not have hydrogen bond-forming capabilities.

Possible Uses of the QTY Code-Designed Proteins. The QTY code-
designed detergent-free chemokine receptors may be useful in
many applications. It is possible to use QTY variant receptors in
a manner similar to water-soluble kinases and proteases for drug
discoveries. They may potentially be used as reagents in deor-
phanization studies. It also may be possible to use them as bio-
logics to treat cancer and autoimmune or infectious diseases.

The Latest Work by Others. Recently, researchers in William
DeGrado’s laboratory designed a 25-residue o-helical peptide
called “aAM,er,” that is intrinsically water-insoluble and forms a
cross-o amyloid-like structure. They converted it into a water-
soluble form called “aAM;” by changing six residues: LSE, ISR,
19K, L16K, L19K, and 122E (6/25 = 24%) (45). They determined
and compared these crystal structures. The structures of the
water-insoluble o«AM,,.y and water-soluble oAM, are re-
markably similar (figure 2 d—f in ref. 45). Their results further
demonstrate that specific changes (6/25) in a-helical segments
can still preserve the stable a-helical structure.

Simplicity Is the Ultimate Sophistication (Leonard da Vinci). The
QTY code may allow membrane proteins to be systematically
designed through simple, specific amino acid substitutions (Fig. 1
and SI Appendix, Table S1). We believe that the QTY code is
robust and straightforward. It is the simplest tool to carry out
membrane protein design without sophisticated computer algo-
rithms and can be used broadly. It is plausible that the QTY code
may have implications for designing additional GPCRs and other
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membrane proteins or perhaps water-insoluble and aggregated
proteins.

Materials and Methods

Bioinformatics of the QTY Variants. The variant protein sequences were first
evaluated to determine if transmembrane segments still existed using the
web-based tool TMHMM Server v.2.0 (www.cbs.dtu.dk/servicess TIHMM-2.0/)
that predicts transmembrane helices (S/ Appendix, Fig. S2).

Y2H Assays. We initially used a Y2H assay (S/ Appendix, Fig. S4) to study inter-
actions between the QTY variants and their respective ligands. We used a Y2H
system as an in vivo assay to test the QTY variants for ligand binding. If the
variants interacted with their ligands, the receptor-ligand pairs activated gene
transcription, thus enabling yeast cell growth. The variants were further sub-
jected to control assays to eliminate false positives.

Protein Purification. For each protein, a two-step purification strategy of
affinity chromatography combined with SEC was applied. Since the amount
of protein binding to the affinity chromatography resin was initially low, we
screened for different additives to improve the purification yields. Among
them, ammonium sulfate and 10 mM DTT were very important. In the early
phase of purification, 10 mM DTT resulted in a higher amount of purified
protein, since CCR5Q™, CXCR4Q™, CCR102™, and CXCR7?™ have 12, 9, 10,
and 14 cysteines, respectively. (Detailed methods are given in S/ Appendix).

Receptor Labeling. Since the CCR5Q™Y, CXCR4Q™Y, CXCR7?™, and CCR10°TY
receptors and their respective ligands (CCL5, CXCL11, CXCL12, CCL27, and
CCL28) contain tryptophans, the receptors need to be labeled with NT647 in
1x PBS (pH 7.4) to reduce noise and obtain unique fluorescent signals. These
receptors were labeled according to the instructions of the Monolith NT
Protein Labeling Kit RED-NHS (NanoTemper Technologies). The concentration
of labeled proteins was determined using NanoDrop and Bradford assays.

MST Measurements. Ligand-binding experiments were carried out using MST
with 5 nM NT647-labeled protein (CCR52"Y, CXCR4?TY, CCR10 QTY, or CXCR7 ATY)
in binding buffer (1x PBS and 5 mM DTT) with 0.0916-3,000 nM of Rantes or
SDF1a, 0.153-5,000 nM insulin, 0.0651-2,000 nM CCL28 and CXCL11, 0.012-
400 nM CCL27, or 0.0153-500 nM gp41-120 at 80% MST power, 15% LED
power in premium capillaries on a Monolith NT.115 pico instrument at 25 °C.

nanoDSF Determination of the Thermal Stability of the QTY Variants. For
thermal unfolding experiments, CCR5Q™Y, CXCR4R™Y, CCR10°™Y, or CXCR7?™Y
was diluted to a final concentration of 5 pM in PBS plus 5 mM DTT. For each
condition, 10 pL of sample per capillary was prepared. The samples were
loaded into UV capillaries, and experiments were carried out using a Pro-
metheus NT.48 instrument. The temperature gradient was set to increase
1 °Umin in a range from 20 °C to 90 °C. For negative controls, CCR52T,
CXCR42™, cCR10°™, and CXCR7?™ were heated to 90 °C for 15 min to
denature them.
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CD and Fluorescence Measurements. CD and fluorescence spectra were
recorded using an Aviv 425 circular dichroism spectrometer (Aviv Bio-
medical, Inc.) equipped with a fluorescence emission-scanning mono-
chromator. The QTY protein sample was buffer exchanged by dialysis into
CD buffer [10 mM sodium phosphate (pH 7.4), 150 mM NaF, 1 mM Tris(2-
carboxyethyl)phosphine]. The sample was filtered through a 0.2-um filter
before measurement. For far UV CD, spectra between 183 nm and 260 nm
were collected with a 1-nm step size, 1-nm bandwidth, and 15-s averaging
time in 0.1-cm path length cuvettes. The protein concentration was
~1.2 pM.

Computer Simulations of the QTY Variants in an Explicit Water Environment.
The published crystal structures of CCR5 (PDB ID code 4MBS) and CXCR4 (PDB
ID code 30DU) were obtained from the Protein Data Bank. Predicted initial
structures of the QTY candidates were obtained from the predicted sequence
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and the GOMoDo modeling server (32). The CCR5Q™Y sequence is 78.12%
identical to CCR5, and the CXCR4?™ sequence is ~70.74% identical to
CXCR4. CCR59™, CXCR4Q™Y, CCR10°™Y, and CXCR7?™ were simulated for
1 ps each in explicit water at 24.85 °C at pH 7.4 and a 0.9% NaCl ion con-
centration, using the full-atom AMBER14 N (33) self-parameterizing force
field within the simulation software YASARA (34).
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