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Abstract
We describe a rapid method to probe for mutations in cell-surface ligand-binding proteins that
affect the environment of bound ligand. The method uses fluorescence activated cell sorting to
screen randomly-mutated receptors for substitutions that alter the fluorescence emission spectrum
of environmentally-sensitive fluorescent ligands. When applied to the yeast α-factor receptor
Ste2p, a G protein coupled receptor, the procedure identified 22 substitutions that red-shift the
emission of a fluorescent agonist, including substitutions at residues previously implicated in
ligand binding and at additional sites. A separate set of substitutions, identified in a screen for
mutations that alter the emission of a fluorescent α-factor antagonist, occurs at sites that are
unlikely to directly contact the ligand. Instead, they alter receptor conformation to increase ligand-
binding affinity and provide signaling in response to antagonists of normal receptors. These results
suggest that receptor-agonist interactions involve at least two sites, of which only one is specific
for the receptor’s activated conformation.
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Introduction
G-protein coupled receptors (GPCRs) are transmembrane proteins that transduce a wide
variety of extracellular stimuli into intracellular responses via their interactions with the
heterotrimeric guanine nucleotide-binding regulatory G proteins 1. For most GPCRs, signal
transduction is initiated by binding of a specific ligand. However, additional classes of
ligands are known to inhibit receptor activation. Despite the recent solution of several
crystal structures of GPCRs 2; 3; 4; 5; 6; 7; 8}, the molecular mechanisms controlling activation
of GPCRs remain unclear. Two prerequisites for achieving a mechanistic understanding of
the basis for ligand-receptor interactions are: 1) identification of the amino acid residues of a
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receptor that interact with ligands; and 2) understanding differences in interactions between
different ligands with different effects on receptor activation, such as agonists and
antagonists. For some receptors, such as the well-studied β-adrenergic receptors, extensive
analyses of the interactions of diverse ligands with normal and mutated receptors 9 and
recent X-ray structures 2; 5; 6 have allowed identification of specific groups on the receptor
that contact bound ligands. However, the identities of ligand-interacting elements for other
classes of receptors, such as those for peptide hormones, remain less well-characterized.
Furthermore, the molecular basis for the differential interactions of different classes of
ligands, such as agonists and antagonists, on GPCRs remain poorly understood.

The α-mating pheromone receptor (Ste2p) of the yeast Saccharomyces cerevisiae is a GPCR
that is activated by binding the 13-residue peptide α-factor (sequence:
WHWLQLKPGQPMY). While Ste2p exhibits little sequence similarity to mammalian
GPCRs, it is functionally interchangeable with some mammalian receptors 10; 11. Several
residues in the receptor that interact with ligand have been identified by chemical
crosslinking and by characterizing amino acid substitutions in the ligand and
receptor 12; 13; 14; 15; 16; 17; 18. However, given the size of α-factor, it is likely that additional
residues in Ste2p interact with bound peptide.

The identification of amino acid residues involved in ligand binding can be laborious.
Chemical crosslinking approaches require the use of functionalized ligand analogs that
retain specific binding and biological activity. Crosslinked products must be fragmented and
characterized, either at low resolution, by gel electrophoresis, or at higher resolution by
mass spectrometry. Genetic approaches require verification to confirm that mutations that
lead to loss of binding or activation result from specific alterations in the binding interface
and not from defects in synthesis, folding, intracellular trafficking, or stability of the mutant
receptors. The difficulty of these approaches has generally impeded understanding the
differential interactions of receptors with specific classes of ligands with different efficacies.

We describe here a new method for identifying amino acid residues of a receptor that, when
mutated, result in a change in the chemical environment of a probe attached to bound ligand.
This procedure recovers alleles that change the environment of the 7-nitrobenz-2-oxa-1,3-
diazol-4-yl (NBD) fluorophore while maintaining high affinity binding to a membrane-
impermeant ligand at the cell surface. Therefore, it automatically eliminates major classes of
undesired loss-of-function alleles such as those affecting overall receptor folding or
subcellular trafficking. The approach was developed based on the previously-characterized
binding to Ste2p of the (NBD)-tagged agonist analog ([Lys7(NBD),Nle12]α-factor (see
Table 1) 19; 20; 21 but is also applied to receptor-binding of fluorescent antagonist, providing
a comparison of the interactions of receptors with the two types of ligands.

Results
Mutations that affect the environment of bound agonist

[Lys7(NBD),Nle12]α-factor binds to Ste2p with an affinity similar to that for native
unlabeled α-factor, and elicits similar activation of the pheromone response pathway 19; 20.
Upon binding to receptor, the environmentally-sensitive NBD fluorophore of the ligand
exhibits a large increase in quantum yield and a blue-shift in emission spectrum compared to
its fluorescence in aqueous solution, indicative of transfer to a hydrophobic environment
(Supplementary Fig. 1) 20; 21. This provides a rapid and unbiased way of detecting
alterations in the receptor or ligand that affect the chemical environment of the fluorophore
of bound ligand. For example substantial changes in emission spectrum have been detected
upon mutation of Ste2p at residue D275 22 or alteration of the length of the side chain used
to attach NBD to α-factor by as little as one CH2 group 21. This raised the possibility of
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using fluorescence activated cell sorting to screen a library of cells expressing randomly
mutated receptors in order to identify mutations that affect the environment of bound ligand.
Conducting the screen in the presence of sub-saturating concentrations of fluorescent ligand
and selecting cells exhibiting high fluorescence intensities allows selective recovery of
mutant receptors that retain high levels of expression and maintain the conformation
required for high affinity ligand binding.

A library of genes encoding randomly mutated α-factor receptors was produced by error-
prone PCR amplification of targeted regions of the STE2 gene followed by co-
transformation of the PCR products and linearized vector into a ste2-Δ yeast host (see Fig. 1
and Fig. 2)23. The four regions targeted for mutagenesis each encompassed a single
predicted extracellular region of the receptor as well as adjacent predicted transmembrane
regions (see Supplementary Table 1; Fig. 1). Cells exhibiting altered emission spectra of
bound [Lys7(NBD),Nle12]α-factor were identified based on comparisons of emission in two
fluorescent channels of a flow cytometer, FL1 (515–545 nm) and FL2 (565–605 nm).
Mutant populations of cells with decreased FL1/FL2 ratios could be detected by visual
inspection of dot plots of FL1 vs. FL2 emission for the entire mutagenized population
(Supplementary Fig. 2). No significant populations exhibiting increased FL1/FL2 ratios
were detected. Following cell sorting to isolate clones exhibiting such altered ratios,
receptor-encoding plasmids were sequenced. Individual substitutions were selected for
further characterization based on meeting one of the following three criteria: 1) Recovery in
multiple independent clones. Multiple alleles containing the same amino substitutions were
recovered for mutations at 13 positions (Supplementary Table 2). Since these isolates
generally also contained different additional mutations, it was clear that they originally arose
from different PCR products. However, the range of possible mutations with this phenotype
did not appear to be completely sampled, based on the failure to recover multiple isolates of
many of the substitutions.; 2) Recovery as the only mutation in a particular clone; and 3)
Recovery as a component of a double amino acid substitution in which neither mutation was
recovered in any additional selected alleles. The screen led to identification of 22 amino acid
substitutions at 17 different positions (Table 2) in Ste2p that, following re-transformation
into a fresh yeast host, exhibited significant alterations in emission spectra compared to
normal receptors. This represents about 50% of the individual substitutions selected for
characterization.

Consistent with the conditions of the screen, all of the recovered confirmed singly-
substituted alleles maintained high affinity for ligand, exhibiting dissociation constants
within 2.5-fold of the wild-type receptor as determined by flow cytometry-based
fluorescence assays of ligand binding (Fig. 3, Table 2). In addition, most the recovered
mutant receptors retained the capability for effective signal transduction based on their
abilities to activate transcription of a FUS1-lacZ reporter gene in response to binding of α-
factor (as indicated by an EC50 no more than ~2-fold higher than that for the wild-type
receptor and a maximal response at least as great as that of the wild-type receptor
(Supplementary Fig. 3; Table 2). No correction of these functional measurements for
differences in receptor expression level was applied, as pheromone responsive signaling has
been reported to be unaffected by up to 40-fold variations in receptor expression 24.

To aid in evaluating the alleles derived from the screen, three classes of additional
substitutions in Ste2p were created by site directed mutagenesis:

1. Y266C and D275A. These substitutions had previously been reported to interact
with bound ligand 15; 16; 22; 25 but were not recovered from our screen. However,
each of these substitutions resulted in large decreases in the FL1/FL2 ratios of
bound [Lys7(NBD),Nle12]α-factor. Their low emission intensities, as indicated by
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low relative Bmax values (Table 2), would be expected to render these particular
substitutions unlikely to be recovered from the fluorescence-based screen.

2. V49S, T50F, A52S, M54S, L268S, K269A, and P270S. These site-directed
alterations of side chain hydrophobicity and size were introduced at sites adjacent
to the positions of mutations from the screen that exhibited large shifts in
fluorescence emission of bound agonist. The effects of these nearby alterations
were examined in order to determine whether the fluorescence changes of the
alleles derived from the screen reflect specific effects of the particular recovered
substitutions at particular amino acids in the protein, or whether the fluorescence
changes can arise from other substitutions in the same general region of the peptide
chain. Despite their proximities to sites of mutations with strong effects on agonist
fluorescence, the site-directed changes resulted in little or no shifting of
fluorescence emission (Table 3). Several additional site-directed amino acid
substitutions, Y98C, L277S, and T278A, that were created in the process of re-
testing initial mutations recovered from the screen (Supplementary Table 2), also
failed to cause any shifting of the emission of bound [Lys7(NBD),Nle12]α-factor
(Table 3), despite the fact that they happen to reside at positions close to sites of
mutations with strong effects on fluorescence.

3. F99, Y101, and Y128. Consistent with the conditions of the screen, substitutions at
these sites that were recovered from the random library did not result in alteration
of the affinity of Ste2p for ligand. Since these substitutions are located at the
extracellular ends of the second and third transmembrane segments of Ste2p,
regions that had not previously been implicated in ligand binding, we wished to
determine whether altering the side chain hydrophobicity, size, and/or charge could
alter the receptor’s interactions with α-factor. This was tested by creation of site
directed substitutions at these sites. Several such substitutions, Y101R, Y128R, and
Y128W, all significantly reduced the binding affinity of the receptor for
[Lys7(NBD),Nle12]α-factor (Table 3), indicating that residues at these positions
may be directly involved in contacts with α-factor. The site-directed substitution
F99R resulted in a complete loss of detectable ligand binding, which suggests
either that this residue directly interacts with the agonist or that the mutant receptor
is expressed poorly on the cell surface.

To further examine the specificity of the effects of the amino acid substitutions recovered
from the screen, we tested their effects on fluorescence of an alternative fluorescent ligand,
[Dap3(NBD),Arg7,Nle12]α-factor, containing an NBD group attached to a 2,3
diaminopropionic acid residue replacing Trp3 of the peptide. This peptide has the highest
Ste2p binding affinity of any NBD-labeled analog other than ones derivatized at Lys7 and
exhibits approximately 30% the activity of native α-factor in growth arrest assays 21.
Compared with [Lys7(NBD),Nle12]α-factor, the peak of fluorescence emission of free
[Dap3(NBD),Arg7,Nle12]α-factor in buffer is blue-shifted (compare dashed lines in panels a)
and c) of Supplementary Fig. 1). When analyzed by flow cytometry, the Dap3 analog bound
to normal receptors with a approximately the same Kd as that of the Lys7-labeled agonist
and an FL1/FL2 ratio that is 50% less than that of the bound Lys7-labeled agonist
(Supplementary Fig. 4).

None of the mutations that alter the emission spectrum of [Lys7(NBD),Nle12]α-factor
caused significant shifts in FL1/FL2 ratio of receptor bound [Dap3(NBD),Arg7,Nle12]α-
factor, most likely because the wavelength of emission of NBD attached at position 3 is less
environmentally sensitive than when it is at position 7 (Supplementary Fig. 1). The Dap3

derivative does, however, display a large increase in the emission intensity in a non-polar,
compared to a polar, environment. In fact, several mutations that alter the emission
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wavelengths of [Lys7(NBD),Nle12]α-factor exhibited very different effects on the emission
intensities of fluorescent agonists labeled at the two different positions. Two substitutions,
F55S and Y128H, reduced the apparent Bmax values for binding of
[Dap3(NBD),Arg7,Nle12]α-factor by more than 30-fold compared with the Bmax for normal
receptors, whereas they result in only approximately 2-fold reductions in the apparent Bmax
values for binding of [Lys7(NBD),Nle12]α-factor. Thus, these substitutions appear to
specifically block binding of the Dap3-substituted ligand. In contrast, four alleles, N205H,
Q272P, G273S, and D275E result in at least 30% increases in emission of bound
[Dap3(NBD),Arg7,Nle12] compared with wild-type receptors, indicative of a decrease in the
polarity of the bound Dap3-labeled fluorophore, despite the fact that these same mutations
result in decreased Bmax values for binding of the [Lys7(NBD),Nle12]α-factor. The other
mutations in Table 2 exhibit differences in emission intensities for the two different agonists
that are more subtle, apparently reflecting differences in the changes in polarity at positions
3 and 7 of the ligand, as well as varying numbers of mutant receptors at the cell surface.

Mutations that affect the environment of bound antagonist—Several analogs of
α-factor with truncations or alterations of residues in the N-terminal end of the peptide
behave as antagonists toward normal α-factor receptors 26; 27; 28. In addition, we report here
the use of a new antagonist, [DTyr3,Lys7(NBD),Nle12]α-factor, that binds to normal Ste2p
with an affinity similar to that of normal α-factor, while exhibiting minimal activation of
signaling (Supplementary Fig. 5). We refer to these compounds as “antagonists”, despite the
fact that they exhibit very weak partial agonist activity toward normal receptors and
substantial agonist activity toward some mutant receptor alleles, as discussed below.

When bound to wild-type receptors, analogs of three antagonists, all modified with NBD at
Lys7, [des-Trp1,des-His2, Nle12]α-factor, [des-Trp1Ala3, Nle12]α-factor, and [DTyr3,Nle12]α-
factor, all exhibit significant red-shifts compared to the Lys7-labeled agonist, indicating that
their NBD groups reside in more polar environments than in the similarly labeled agonist
(see Table 1). These red-shifts must reflect the fluorophores’ environments when the
antagonists are bound to the receptor, since the unbound antagonists all exhibit essentially
identical emission spectra to similarly labeled agonist in buffer or 2-propanol
(Supplementary Fig. 1). Further evidence for differences in the binding modes of the
agonists and antagonists was provided by examining binding of DTyr3[Lys7(NBD),Nle12]α-
factor to a number of the mutations that exhibited strong effects on agonist emission (Table
2). None of the tested mutations resulted in any shifts in the emission of bound
[DTyr3,Lys7(NBD),Nle12]α-factor (Supplementary Table 3).

To identify mutations that affect the emission of receptor-bound labeled antagonist, we
conducted flow cytometry-based screens of randomly mutagenized receptors incubated in
the presence of the antagonist [DTyr3,Lys7(NBD),Nle12]α-factor. These screens failed to
detect any significant population of cells expressing mutant receptors with emission spectra
that were red-shifted compared with the already-red-shifted emission of the antagonist
bound to normal receptors. However, we recovered seven different mutant alleles that
exhibited blue-shifted spectra (see Table 4). Three of these involved residues Q253 and
P258, sites of the two strongest known constitutively activating mutations in Ste2p 29; 30 and
re-testing of the recovered alleles confirmed ligand-independent activation of the FUS1-lacZ
reporter. P258L, the strongest previously-described constitutively activating mutation of
STE2, was not recovered from the current screen, most likely because of low levels of
expression at the cell surface 30. However, site-directed introduction of the P258L
substitution did result in slight blue-shifting of the emission of receptor-bound antagonist
(Table 4). M218K, an additional mutation that shifted antagonist emission, also resulted in
constitutive activation of the FUS1-lacZ reporter, despite the fact that it had not been
recovered by previous screens for activating mutations.
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Mutations that constitutively activate Ste2p were previously shown to simultaneously confer
the ability to activate receptor signaling responses upon binding the ligand [des-Trp1Ala3]α-
factor, which behaves as an antagonist toward normal receptors 30. Consistent with this, the
constitutive mutations recovered from the current screen also can be activated by antagonists
such as [DTyr3,Lys7(NBD),Nle12]α-factor (Table 4). Three additional mutations, recovered
from the screen, M54I, F55L, and L222R, also confer the ability to be activated by
antagonists without exhibiting any detectable constitutive signaling. None of the mutations
recovered from the antagonist screen had any effect on the emission spectrum of bound
agonist. Most of the mutations that result in altered fluorescence of bound antagonist also
increase the binding affinity for both antagonist and agonist (Table 4 and Supplementary
Table 4), despite their lack of effects on the emission spectrum of bound agonist. The only
mutation from the antagonist screen that failed to enhance affinity for antagonist was F55L,
which did, however, exhibit higher affinity for agonist. To further analyze the role of F55,
we examined the binding of antagonist to receptors containing the substitution, F55S,
recovered from the agonist screen. Substitution of serine at this position reduces the binding
of the antagonist [DTyr3,Lys7(NBD),Nle12]α-factor to undetectable levels (Supplementary
table 3), even though binding of agonist to this allele was nearly normal (Table 2).

Discussion
We have developed and tested a rapid protocol for identifying amino acid residues that,
when altered, affect the chemical environment of a ligand bound to a receptor. The method
uses fluorescence activated cell sorting to screen libraries of randomly mutated receptors for
mutations that alter the emission wavelengths of bound fluorescent ligand analogs. It is
selective for mutations that preserve high affinity ligand binding at the cell surface, thereby
minimizing or eliminating confounding classes of mutations such as those that alter yields of
receptor synthesis, folding, or subcellular targeting. The usefulness of the approach was
evaluated in two separate screens focusing on the different interactions of the yeast α-
pheromone receptor with the bound agonist and antagonist.

Mutations affecting the fluorescence emission of receptor-bound agonist all led to red-
shifting of the spectrum, indicative of increased polarity of the fluorophore environment.
They were all located at sites predicted to reside at the interface between the predicted
transmembrane region of Ste2p and its extracellular surface. Several of the substitutions
were at amino acid residues that had previously been identified as likely sites of interaction
with α-factor, including: 1) S47R and F55S at the extracellular end of TM1. A previous
genetic analysis implicated residues S47 and T48 of Ste2p in direct interactions with the
Gln10 of α-factor 14. Furthermore, crosslinking has been observed between α-factor
derivatized at Tyr13 and regions of Ste2p encompassing residues F55-R58 13 or F55-M6918

and between the unnatural amino acid p-benzoyl-L-phenylalanine incorporated at position
55 in Ste2p and α-factor 31. 2) F204I, F204L, N205H, and N205Y at the extracellular ends
of TM5 and TM6. Mutational approaches and crosslinking have previously implicated
residues F204, N205, and Y266 in interactions with the N-terminal region of the
ligand 15; 16; 25; 32. Residue Y266 has been implicated in interactions with ligand 15; 16.
Although mutations at Y266 were not recovered from the screen, presumably because of
low levels of cell surface expression, the site-directed substitution at Y266C resulted in a
significant emission shift of bound [Lys7(NBD),Nle12]α-factor. 3) D275E and D275G in the
short extracellular loop. Mutations at D275 have previously been reported to affect ligand
binding and receptor activation 22.

The screen also led to the recovery of mutations at particular residues that have not
previously been implicated directly as sites of ligand interaction, even though they reside in
known interacting regions. These sites include amino acids L44, N46, Q51, and I53, located
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in a region of TM1 in which other ligand-interacting residues have been identified.
Similarly, mutations that we recovered at residues S207, Q272, G273, and T274 are located
in the third extracellular loop, which mutagenic and crosslinking studies have previously
implicated in interactions with ligand 15; 16; 17; 25; 32.

Additional mutations affecting the fluorescence of bound agonist were recovered at the
extracellular ends of TM2 (at F99, Y101, and L102) and TM3 (at Y128) in the predicted
first extracellular loop of Ste2p, which has not previously been identified as a site of contact
with ligand. A previous cysteine-scanning study of residues 100–135 in the first
extracellular loop of Ste2p uncovered no substitutions that affected ligand binding
affinity 33, consistent with the binding data presented in Table 2 33; 34. Evidence the
recovered mutations in the first extracellular loop alter the emission of bound
[Lys7(NBD),Nle12]α-factor through direct interactions indicative proximity of these residues
to ligand, is provided by the following observations: 1) In accordance with the screening
paradigm, these substitutions do not significantly alter affinities for α-factor. In addition,
most of them also do not alter receptor signaling function, making it unlikely that they alter
receptor conformation. 2) We identified additional site-directed substitutions at positions
F99, Y101, and Y128 that do, in fact, alter ligand binding (see Table 3). 3) The mutations in
the first extracellular loop are the only substitutions recovered in the screen that are not
located at, or near, previously-known sites of receptor-ligand interactions. 4) None of the
sites of mutations recovered in the agonist screen reside at positions that are deep in the
predicted transmembrane regions or at the intracellular surfaces of the receptor. If the
mutations could induce changes in emission of NBD-labeled agonist via indirect effects (as
was observed for the antagonist screen, see below) the recovered set of alleles would have
been expected to include mutations at distant sites.

Three possible mechanisms for direct effects of mutations on the fluorescence of bound
ligand all involve short distances between the altered residue and the ligand binding site: 1)
Direct physical contact between the site of the mutation and the NBD-group of the bound
ligand or its immediate site of attachment to ligand. Such contact could only occur if the
mutated residue is within a few Å of the fluorophore or the linker. 2) Alteration of the
electrostatic or dielectric environment of the bound fluorophores by substitutions at amino
acid residues that are not in direct contact with fluorophore. The range of interactions
capable of altering fluorescence emission of the bound ligand should be comparable to the
range over which electrostatic effects are found to affect pKas of ionizable groups in
proteins, generally less than about 10 Å 35; 36. 3) Alteration of the accessibility of the
fluorophores to solvent. In structures of GPCRs in complex with small molecule
ligands 2; 6; 7; 37; 38, the ligands are bound in cavities facing the extracellular surfaces of
receptors. If this is also the case for peptide ligands, mutations affecting accessibility to
solvent of groups on the ligand would be most likely to occur on surfaces lining these
cavities.

The fluorescence changes observed on binding of [Lys7(NBD),Nle12]α-factor to
receptors 19; 20, together with the fact that the screen was only able to recover mutations
resulting in red-shifting of the NBD emission (indicative of increasing polarity) suggests
that the side chain of Lys7 resides near a non-polar region when bound to wild-type Ste2p.
Further indications of the polarity of the environments of different regions of bound ligand
can be derived from comparisons of the behaviors of the two differentially labeled agonists.
Mutations N205H, Q272P, G273S, and D275E in the predicted second and third
extracellular loops of the receptor result in increased [Dap3(NBD),Arg7,Nle12]α-factor
emission intensity compared with normal receptors (indicative of decreased polarity)
whereas the same mutations cause decreased emission and red-shifting of bound
[Lys7(NBD),Nle12]α-factor (indicative of increased polarity, perhaps accompanied by a
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decrease in the number of surface-exposed receptors). Together with additional differential
interactions between particular mutated residues and the Dap3 and Lys7 positions on the
ligand listed in Table 2, these observations support the existence of specific interactions
between the substituted residues and the affected fluorophores and argue that the changes in
emission are not due to mutation-induced global conformational changes in the receptor.

The environment of NBD in bound antagonists appears to differ significantly from that of
NBD in bound agonist. Three different antagonists, all labeled with NBD at the equivalent
of position Lys7 of normal α-factor, exhibit emission spectra upon binding to receptor that
are considerably red-shifted (indicative of a shift to a polar environment) compared to the
spectrum of similarly-labeled bound agonist (Table 1). Furthermore, in sharp contrast to the
mutations affecting agonist fluorescence, the amino acid substitutions identified as causing
changes in the fluorescence emission of receptor-bound antagonist all caused blue-shifting
of the spectrum of NBD-labeled ligand, indicative of decreased polarity of the fluorophore
environment. These changes in fluorescence appear to result from overall changes in the
receptor conformation based on the following:

1. Most of the recovered mutations affecting [DTyr3,Lys7(NBD),Nle12]α-factor
fluorescence were located at positions in the protein that are unlikely to interact
directly with ligand, based on the predicted seven-transmembrane segment
topology. This suggests that they are affecting fluorescence via a mechanism that
does not involve direct contact with ligand.

2. None of the tested mutations that affect the emission of bound agonist had any
significant effect on the emission spectrum of bound antagonist (Supplementary
Table 3). Thus, either the NBD group of receptor-bound antagonist
[DTyr3,Lys7(NBD),Nle12]α-factor does not interact with the regions of the receptor
that appear to be in close proximity with agonist, or the NBD group of the
antagonist resides in a highly solvent-exposed environment that can not be directly
altered by mutations in the receptor.

3. None of the mutations that alter the emission spectrum of bound Lys7-labeled
antagonist had any effect on the fluorophore of receptor-bound Lys7-labeled
agonist (Supplementary Table 4). This implies either that these mutation-induced
conformational changes do not alter the environment of bound agonist, or that these
mutations do not alter the conformation of agonist-bound states.

4. All of the recovered mutations that alter the emission spectrum of receptor-bound
antagonist [DTyr3,Lys7(NBD),Nle12]α-factor also confer on the mutant receptors
the ability to signal in response to binding of ligands that act as antagonists of
normal receptors (Table 4). In addition, most of the mutations affecting the
[DTyr3,Lys7(NBD),Nle12]α-factor fluorescence also conferred constitutive signaling
activity on the receptor. In contrast, none of the mutations affecting the emission of
bound agonist resulted in significant (greater than 2-fold) constitutive activation of
signaling with the exception of the I53F substitution, which exhibited an activation
of 3.1 (± 0.8)-fold over normal receptors.

5. All but one of the mutations that alter the fluorescence emission of bound
antagonist α-factor also resulted in enhanced binding affinity for antagonist (Table
4). In addition, some of these mutations also increased affinity for agonist
(Supplementary Table 4). Thus, mutations of the receptor that directly alter the
environment of the Lys7 position of antagonists without inducing wider
conformational rearrangements that affect ligand affinity must be rare or non-
existent. In contrast, receptor mutations affecting the fluorescence of bound agonist
generally did not affect ligand binding affinity (Table 2).
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When compared to the native agonist, α-factor, all known antagonists toward the α-factor
receptor contain alterations in the N-terminal region of the peptide, such as deletion of
extreme N-terminal amino acids, while maintaining the same C-terminal region as α-factor.
Thus, the C-terminal region appears to mediate initial binding to receptor while the N-
terminal region provides interactions necessary for receptor activation 26; 28 Viewed in this
context, mutations that blue-shift the emission of bound antagonists may be seen as restoring
agonist-type interactions with the N-terminal of the antagonist, driving the receptor into the
conformation that it would normally have when bound to agonist and causing the antagonist
to function as a weak agonist. Consistent with this, most such mutations enhance the
receptor’s overall binding affinity for both antagonist and some increase the affinity for
agonist (Table 4; Supplementary Table 4).

As a test of the idea that mutation-induced conformational shifts of the receptor moves the
NBD fluorophore of bound antagonist into an environment similar to that of the fluorphore
of bound agonist, we combined the mutations Q51H and D275E (which shift the
fluorescence of bound agonist but do not, by themselves, affect the emission of bound
antagonist) into alleles that also contain the constitutively activating mutation P258S (which
does not affect the emission of bound agonist but shifts the emission of bound antagonist).
The presence of the Q51H or D275E mutations in the same allele as the P258S substitution
red-shifts the emission of the bound antagonist [DTyr3,Lys7(NBD),Nle12]α-factor compared
to alleles containing the constitutive P258S mutation alone (Table 4). Thus, once the labeled
region of the antagonist is induced (by the constitutively activating mutations) to interacting
with receptor, its emission can be shifted by the same mutations that shift the emission of
bound agonist.

The mutations recovered at positions M54 and F55 in the first transmembrane segment of
Ste2p exhibit several properties indicative of direct interactions of these amino acids with N-
terminal regions of the ligand that determine its efficacy: 1) The effects of mutations at these
positions are ligand-specific: The F55S substitution reduces binding of both the antagonist
[DTyr3,Lys7(NBD),Nle12]α-factor and the agonist [Dap3(NBD),Arg7,Nle12] α-factor to
undetectable levels without significantly diminishing binding or signaling responses of the
normal agonist [Lys7(NBD),Nle12] α-factor. 2) The F55L substitution is the only identified
mutation that provides a spectral shift in the emission of bound antagonist without
enhancing overall binding affinity or the EC50 of the antagonist. 3) The M54I and F55L
substitutions shift the fluorescence emission of antagonist and enhance the maximal
signaling responses to antagonists without causing any significant enhancement of
constitutive signaling. These findings indicative of specific interactions between the first
transmembrane segment of the receptor and the different N-terminal regions of the tested
series of ligands observations are difficult to reconcile with previous evidence for direct
contact between the extracellular regions of transmembrane segments 5–7 of the receptor
and the N-terminal region of the ligand 26; 28. Taken together, the current and previous
results suggest either that the N-terminal of the ligand interacts simultaneously with both the
first transmembrane segment and segments 5–7 of the receptor, or that the mutations at M54
and F55 exert their effects via indirect effects on the conformation of nearby helices in
Ste2p.

Overall analysis of the binding and signaling responses of normal and mutant receptors to
agonists and antagonists is consistent with the mechanistic model of receptor action shown
in Fig. 4. In the figure, the conformational change associated with activation is
schematically represented as a close approach of two regions of the receptor that allows both
the N- and C-termini of the agonist to make separate interactions with different portions of
the ligand binding site (Fig. 4a). Under all conditions, the receptor undergoes transitions
between the activated and un-activated states, however the relative populations of receptors
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in the different states is altered by ligands and mutations. The interaction between the C-
terminal of the ligand and the receptor is the major contributor to initial binding. Weaker,
but highly specific, binding between the activated-receptor conformation and the N-termini
of agonists is required to maintain the receptor in the activated state (Fig. 4b). (If the ligand
is held in position by binding to the C-terminal, avidity effects could allow the interaction
with the N-terminal to be quite weak.) The interaction with the N-terminal region of the
ligand stabilizes the active state of the receptor (close approach of two regions of the
receptor in the model). When interactions with both the N- and C-termini of ligands occur, a
fluorophore attached to Lys7 of α-factor is brought into a non-polar environment at the
receptor-ligand interface, causing a blue-shift in emission. Mutations at the boundary
between the predicted aqueous and transmembrane regions of each extracellular loop are
capable of red-shifting the emission of bound ligand by increasing the polar nature of the
environment of bound agonist (Fig. 4c).

Viewed in the framework of the model, binding of true neutral antagonists to normal
receptors would involve only the component of the receptor-agonist interactions involving
the C-terminal of the ligand, leaving the fluorophore attached to Lys7 exposed to solvent and
insensitive to effects of mutations that alter the environment of bound agonist (Fig. 4d). The
loss of activating interactions of the N-terminal regions of antagonists with receptors may be
overcome by mutations such as M54I and F55L in Ste2p that could directly enhance
interactions between the N-terminal portions of agonists and the activated state of the
receptor (Fig. 4e). Such mutations can alter the relative affinity of the ligand for the
activated vs. un-activated states, converting a neutral antagonist to an agonist. Such a
conversion could occur without any enhancement of the overall binding affinity for the
ligand, as is observed for the F55L substitution.

Most of the mutations recovered from the antagonist screen provide simultaneous shifting of
the emission spectrum, constitutive activation of receptors, enhanced overall binding affinity
for ligands, and ability of receptors to be activated by ligands that serve as antagonists
toward normal receptors (Table 4 and Supplementary Table 4). Based on the specific
locations of these mutations, and their degree of dispersion throughout the sequence and
predicted topology of the receptor, it is unlikely that they all could exert their affects by
directly altering receptor-ligand interactions. Instead, it seems more likely that they act
indirectly by altering the equilibrium of the receptor between activated and un-activated
states as shown in Fig. 4f. Such an alteration would not be expected to alter the signaling
responses to a true neutral antagonist, which, by definition, binds both states with equal
affinity. Thus, the observed effects are most likely a result of the weak partial agonist
activity of the antagonistic α-factor analogs, which has been reported previously 30, and can
be seen in the dose response curves presented in Supplementary Fig. 5b and the notes to
Table 4. Increased population of the activated state (which preferentially interacts with
agonists), enhances the binding affinity of partial agonists for receptors, in addition to
promoting constitutive signaling activity. Such behavior is consistent with an analytical
expression describing the two-state model for receptor signaling (see 39), which predicts that
constitutive signaling and signaling responses to weak partial agonists will exhibit similar
dependencies on the equilibrium constant relating the populations of activated and un-
activated ligand-free receptors (see supplementary text). However, it is surprising that
substantial changes in the fluorescence emission of bound antagonist/partial agonist are
observed for mutants that cause only small shifts in the population of activated receptors, as
indicated by relatively weak constitutive activity. This suggests that, upon binding the weak
partial antagonist, the mutant receptors may be efficiently converted to a conformation that
is actually different from the normal antagonist-stabilized activated state. This new state
could be intermediate between the normal activated and un-activated states, providing
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significant alteration of the environment of the bound ligand, but only inefficient activation
of G protein.

The fluorescence-based screen described here provides a relatively rapid procedure for
identifying receptor-ligand interactions that can complement existing biochemical
approaches. The selectivity of the screen for mutant alleles that retain correct folding,
efficient targeting to the cell surface, and high affinity ligand binding makes it more direct
and specific than genetic approaches based on detection of loss of ligand binding or
signaling. Since many mammalian GPCRs and other receptors can be expressed in
functional form in yeast 10; 11, and since fluorescent ligand analogs are available for a
variety of receptors 40, these procedures should be useful for characterizing ligand binding
sites on a range of different receptors. Differential application of this approach to agonist
and antagonist binding to the yeast α-factor receptor has provided a view of the distinct
interactions of the two classes of ligands with receptors, leading to a mechanistic model for
receptor responses to the different types of ligands.

Materials and Methods
Plasmid and Strains

The plasmids and strains used in this study are listed in Supplementary Table 5. Receptors
for α-factor were expressed from multicopy plasmids with URA3 markers derived from
plasmid pMD1230 19. STE2 in this plasmid contains a natural HpaI site at position 136
(numbered as base pairs from the beginning of the start codon) and XbaI, NheI, and KpnI
restriction sites introduced as translationally silent mutations at positions 362, 617, and 822
in the predicted N-terminal region and extracellular loops 1, 2, and 3, respectively 41. The
backbone of plasmid pMD1230 contains extra HpaI and XbaI sites that were removed as
follows: To remove the extra HpaI site, plasmid pMD98519 was subjected to site directed
mutagenesis to remove the HpaI site from its origin of replication, creating pMD1129. The
STE2-containing SacI-SphI fragment was then excised from pMD1230 and then ligated into
SacI-SphI-cut plasmid pMD1129, creating plasmid pMD1349. To remove both the extra
HpaI and XbaI sites, plasmid pMD1383 was constructed by site-directed mutagenesis of
plasmid pMD228 30. The SacI-SphI fragment from pMD1230 was then ligated into SacI-
SphI-digested pMD1383, creating vector pMD1450.

Plasmid pMD228, lacking any STE2 insert, was used to transform negative control strains.
Site-directed mutagenesis was performed as described previously42. The host
Saccharomyces cerevisiae strain used for all studies was A57530, which has the genotype:
MATa ste2-Δ far1-Δ bar1− cry1R ade2-1 his4-580 lys2oc trp1am tyr1oc SUP4-3ts leu2 ura3
FUS1∷p[FUS1-lacZ TRP1].

Library construction and screening
The starting allele of STE2 used for mutagenesis contained a truncation of cytoplasmic C-
terminal residues 305–431. This deletion of the C-terminal tail of the receptor inhibits
endocytosis, increasing the number of receptors at the cell surface and providing an
enhanced fluorescence signal upon binding of [Lys7(NBD),Nle12]α-factor 19. C-terminally
truncated receptors exhibit similar ligand binding affinities and hypersensitive responses to
pheromone, compared to full-length versions 19; 43; 44.

Error-prone PCR was performed essentially as described previously 45 using plasmid
pMD1230 encoding the truncated version of Ste2p as the template and four sets of primer
pairs flanking the regions of interest in the STE2 gene (Supplementary Table 1 and Fig. 2).
Following amplification, strain A575 30 was transformed with a mixture of the PCR product
and linearized plasmid (Fig. 1), allowing homologous recombination between the PCR

Mathew et al. Page 11

J Mol Biol. Author manuscript; available in PMC 2012 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fragment and the plasmid. Transformants were cultured on synthetic medium lacking uracil
(SD-ura). Approximately 10,000 transformants were obtained for each of the libraries except
that covering the third extracellular loop, for which approximately 500 transformants were
obtained. Co-transformations of linearized plasmid with PCR product resulted in 50 – 100
times the number of transformants obtained with linearized plasmid alone. The average
mutagenesis rate ranged from 1.2 – 3.4 bases and 0.7 – 2.4 amino acids per plasmid.

Prior to cell sorting, the library of yeast strains containing mutagenized receptors was
cultured in SD-Ura medium to an OD600 of approximately 1, then incubated in 15 mM MES
buffer (pH 5.8) with 50 nM [Lys7(NBD),Nle12]α-factor for an hour in the dark on ice,
essentially as described 19. The screen with [DTyr3,Lys7(NBD),Nle12]α-factor was
performed in 15 mM sodium acetate buffer (pH 4.6) with 75 nM ligand. Cell sorting was
conducted using a FACSVantage (Becton Dickinson) instrument with excitation at 488 nm,
collecting cells exhibiting an increased ratio of emission in the FL2 channel (565–605 nm)
to emission in the FL1 channel (515–545 nm) compared with an unmutagenized population.
The collection parameters used for gating are represented by the rectangle in the two-
dimensional dot plot in Fig. 1. For the N-terminal and EC3 libraries, two independent
populations of potential mutants were collected, a “stringent” screen consisting of cells
exhibiting the most significant change in FL1/FL2 ratio, and a “relaxed” screen for cells
with more modest changes in channel ratio. Only a “relaxed” screen was performed for the
other two libraries. Approximately 2 to 4 million cells were screened per library. For each
library, approximately 600 – 5000 cells were collected, but only about 10% of these
produced colonies when the cultures were plated on SD-ura.

Characterization of mutant alleles
In cases where the recovered alleles contained multiple substitutions, individual mutations
were re-created by site-directed mutagenesis. In cases where substitutions of interest were
originally recovered as single mutations in an allele, the sequence of the entire coding region
of STE2 was obtained to verify the absence of additional substitutions. Plasmids encoding
STE2 alleles with verified single amino acid substitutions of interest were re-transformed
into a fresh yeast host for further testing. Approximately 50% of alleles failed to recapitulate
the original phenotype following retransformation. The presence of such “false positive”
isolates did not significantly affect the time required to isolate and characterize mutants.

Fluorescent Ligand Binding Assays
Normal α-factor was purchased from Bachem. All α-factor analogs were synthesized by
solid phase synthesis, purified to near homogeneity, and characterized by MS, as described
previously 46. Shifts in emission spectrum were quantitated based on equilibrium saturation
binding curves for [Lys7(NBD),Nle12]-α-factor detected by analytical flow cytometry as
described previously 19. 15 mM sodium acetate buffer (pH 4.6) was used instead of the MES
buffer used during the screening process because ligand binding is more consistent and
tighter at the lower pH. The mean fluorescence for each sample was measured using an
Accuri C6 or Becton Dickinson FACSCalibur or FACScan flow cytometers.
Autofluorescence of the yeast cells was determined in the absence of ligand for each
independent yeast transformant and subtracted from each measurement. The levels of
autofluorescence were generally 10–15 fold less than the maximal fluorescence seen with
[Lys7(NBD),Nle12]α-factor-bound to normal receptor. Overall Bmax and Kd values were
calculated by fitting the mean fluorescence per cell at each ligand concentration to an
equation that allows for single-site specific binding as well as a non-specific component
using the ligand-binding module of Sigmaplot (SPSS Inc.). Fluorescence in each channel,
FL1 and FL2, was fit separately. The ratio of the Bmax values obtained from these fittings
(referenced to the ratio for normal receptors measured in parallel on the same day) was taken
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as as the measure of the extent of shift in emission spectrum. Such ratios are expected to be
relatively unaffected by experimental variations in the concentrations of ligand stocks or cell
densities. Errors are reported as the standard error of the mean for assays conducted on three
independent yeast transformants including, propagated contributions from assays with the
wild-type receptors.

β-Galactosidase Assays
Assays of FUS1-lacZ induction in response to pheromone were performed as described 23.
The EC50s and maximal induction levels were determined by fitting the relative β-
galactosidase activity at each α-factor concentration to a sigmoidal dose-response equation
using the ligand-binding module of Sigmaplot (SPSS Inc). The results are presented relative
to the EC50 and maximal induction of the wild-type receptor in response to α-factor,
determined in parallel. Errors are reported as the standard error of the mean for assays
conducted on three independent yeast transformants, including, propagated contributions
from assays of wild-type receptors. Assays with the antagonist were performed with the
fluorescent analog.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

GPCR (G Protein Coupled Receptor)

NBD 7-nitrobenz-2-oxa-1,3-diazol-4-yl
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Figure 1.
Predicted transmembrane topology of C-terminally truncated Ste2p. The black circles
indicate residues that, when mutated, alter the FL1/FL2 ratio of fluorescence emission of
[Lys7(NBD),Nle12]α-factor bound to C-terminally truncated Ste2p receptor. The gray circles
indicate residues that, when mutated, alter the FL1/FL2 ratio of fluorescence emission of
[DTyr3,Lys7(NBD),Nle12]α-factor bound to Ste2p receptor. The cross-hatched residue (F55)
alters fluorescence ratio of both types of ligand. The arrows indicate the start- and end-
points of the regions targeted for mutagenesis in the four screened libraries.
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Figure 2.
Schematic view of the procedures for mutagenesis and screening. The abscissas and
ordinates of the dot plots represent the fluorescence detected in the FL1 and FL2 channels of
a flow cytometer. Each dot represents a cell.
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Figure 3.
[Lys7(NBD),Nle12]α-factor binding curves for selected Ste2p mutants from each of the four
libraries. The closed symbols and the unbroken lines represent information obtained from
the flow cytometer channel FL1. The open symbols and broken lines represent FL2.
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Figure 4.
Model for the binding and activation of normal and mutant α-factor receptors by different
ligands. Ligand-interacting surfaces on the receptor are indicated by cross-hatching. Site I
interacts with the C-termini of ligands and is likely to consist of the extracellular end of the
first transmembrane segment. Site 2 interacts with the N-termini of ligands and most likely
consists of the extracellular end of the sixth transmembrane segment and the third
extracellular loop of the receptor (see 13;14;15;16;17;18;32). The conformational equilibrium
between inactive and activated states of the receptor is schematically represented as a
change in the distance between Site 1 and Site 2. a) In the absence of ligand, the receptor
favors the unactivated state with a large separation between ligand contact sites. b) Binding
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of agonist to normal receptors favors the activated state. c) Mutations affecting the emission
spectrum of bound agonist change the environment of the fluorophore (red-shift) without
altering receptor ligand binding or, generally, activation. d) Binding of ligands that act as
antagonists toward normal receptors (labeled as “antagonist”) does not alter the receptor’s
conformational equilibrium. Activation-specific interactions with the N-terminal of the
ligand are blocked by the DTyr3 substitution (orange circle), leaving the NBD group attached
at Lys7 exposed to solvent while the C-terminal region of the antagonist (which is identical
to the corresponding region of agonist) maintains a high affinity interaction with receptor. e)
Mutations that restore receptor binding to the altered N-terminal region of antagonist allow
signaling responses to “antagonist” ligands. The altered binding mode to the mutant
receptors allows the NBD group to be protected from solvent. f) Mutations that
constitutively activate the receptor by favoring the activated conformation, enhancing the
interaction of Site 2 of the receptor with antagonists that exhibit weak partial agonist
activity. The altered binding mode allows the NBD group to be protected from solvent.
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Table 1

α-factor analogs

Ligand
type Ligand name Sequence

Relative Bmax

Ratioa

Agonist
α-factor TrpHisTrpLeuGlnLeuLysProGlyGlnProNleTyr 1

[Dap3,Arg7,Nle12]α-factor TrpHisDapLeuGlnLeuArgProGlyGlnProNleTyr 0.48 ± 0.03

Antagonist

[des-Trp1,Ala3,Nle12]α-factor HisAlaLeuGlnLeuLysProGlyGlnProNleTyr 0.49 ± 0.03

[DTyr3,Nle12]α-factor TrpHis(DTyr)LeuGlnLeuLysProGlyGlnProNleTyr 0.33 ± 0.02

[desTrp1,desHis2,Nle12]α-factor TrpLeuGlnLeuLysProGlyGlnProNleTyr 0.42 ± 0.05

a
Relative Bmax ratio is the ratio of FL1 emission to FL2 emission of the indicated ligand labeled with NBD at Lys7 when bound to normal Ste2p.

The ratio is normalized to the Bmax ratio of [Lys7(NBD),Nle12]α-factor bound to normal Ste2p
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Table 3

Effects of site-directed substitutions in Ste2p on binding of agonist [Lys7(NBD),Nle12]α-factor.

Mutation Bmax Ratio
(FL1/FL2)

Rel Kd
a

(FL1)
Rel Bmax

b
(FL1)

WT 1.0 1.0 100

Substitutions adjacent to mutations recovered in screen

V49S 0.9 ± 0.1 0.8 ± 0.1 73 ± 5

T50F 0.8 ± 0.2 0.6 ± 0.2 74 ± 11

A52S 1.1 ± 0.3 1.1 ± 0.4 130 ± 21

M54S 0.9 ± 0.2 0.8 ± 0.2 76 ± 10

Y98C 1.1 ± 0.1 1.6 ± 0.3 60 ± 5

L268S 1.0 ± 0.2 0.2 ± 0.1 3.3 ± 0.4

K269A 1.0 ± 0.2 1.1 ± 0.4 138 ± 24

P270S 0.9 ± 0.2 1.0 ± 0.3 95 ± 14

L277S 0.9 ± 0.1 0.8 ± 0.1 67 ± 5

T278A 1.0 ± 0.2 1.0 ± 0.3 148 ± 18

Alternative substitutions at F99, Y101, and Y128

F99R No detectable binding

F99W 0.8 ± 0.1 0.7 ± 0.2 67 ± 5

F99A 0.7 ± 0.1 0.7 ± 0.1 71 ± 56

Y101R 0.9 ± 0.2 4.3 ± 0.8 46 ± 4

Y101W 0.9 ± 0.1 0.7 ± 0.1 47 ± 3

Y101A 0.6 ± 0.1 0.7 ± 0.1 57 ± 5

Y128R 0.8 ± 0.1 8.8 ± 1.5 56 ± 4

Y128W 0.6 ± 0.3 17.9 ± 4.4 51 ± 10

Y128A 1.0 ± 0.1 1.4 ± 0.3 79 ± 8

a
computed as the ratio Kd(mutant)/Kd(wild type) (for [Lys7(NBD),Nle12]α-factor)

b
computed as 100× Bmax(mutant)/Bmax(wild type) (for [Lys7(NBD),Nle12]α-factor)
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