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Evaluation of diverse leader sequences to ensure maximal functional expression, proper
plasma membrane delivery, and optimal fluorescence of FAP-Ste2 constructs

To optimize expression, folding, membrane insertion, and capacity for fluorogen labeling of the
FAPa2-Ste2-FLAG-(His)s chimera, a variety of different signal sequences, alone and in
combination, were tested (Fig. S2A; Table S1), including: the signal sequence of human
immunoglobin kappa light chain (Igk) (Szent-Gyorgyi et al., 2008); the prepro-leader segment of
one of the precursors (MFa1) from which yeast a-factor pheromone is generated (Flessel et al.,
1989); the endogenous N-terminal secretion signal of Ste2 itself (Konopka & Thorner, 2013);
and, the signal sequence of the secreted isoform of yeast invertase (Suc2) (Carlson et al.,
1983). We took special interest in the prepro-leader of MFa1 because it has been used
successfully to direct efficient secretion of many other proteins from yeast cells (Emr et al.,
1983; Brake, et al., 1984; Zsebo et al., 1986). Synthesis and export of mature bioactive a-factor
(13 residues) occurs in the yeast secretory pathway of MATa cells (Julius et al., 1984b).

Production of the pheromone requires processing of prepro-a-factor (165 residues) and excision



of the four copies of a-factor embedded in this precursor by four proteases: signal peptidase
(Waters et al., 1988); endoprotease Kex2 (Julius et al., 1984a); dipeptidyl aminopeptidase
Ste13 (Julius et al., 1983); and, carboxypeptidase B Kex1 (Dmochowska et al., 1987). After
import into the secretory pathway, signal (pre-) sequence removal, and N-linked glycosylation of
the pro-segment, Kex2, which is highly specific for cleaving on the carboxyl side of -KR- sites
situated upstream of each a-factor repeat (Rockwell & Thorner, 2004), is essential for initiating
the maturation process, and thereby removes the pro-segment (Julius et al., 1984a). For
secretion of heterologous proteins mediated by the prepro-leader of MFa1, several studies have
demonstrated that Kex2 cleavage is important for efficient secretion (Brake et al., 1984, Yang et
al., 2013; Fitzgerald & Glick, 2014). Hence, in constructs containing the MFa1 prepro-leader, we
tested versions that either lacked (MFa1'®%) or carried (MFa1'®) the most upstream Kex2
cleavage site (Fig. S2A). The rationale for generating hybrid constructs that included either the

original (Igk) or a truncated version (Igk'°)

of the Igk signal sequence from the FAPa2 tag itself
was to assess whether it might be important for the stability and/or folding of the rest of this
immunoglobulin-derived fluorogen-activating protein. Likewise, the reasoning behind testing the
N-terminal sequence of Ste2 itself (Ste™') was to ascertain whether native N-glycosylation,
which normally occurs at two Asn residues within this region, might be important for efficient
secretion of our FAPa2-Ste2 fusion protein, even though mutational analysis indicates that N-
glycosylation is unnecessary for proper translocation of Ste2 itself to the plasma membrane
(Mentesana & Konopka, 2001). On the other hand, and not surprisingly, it has been shown that
a large deletion (residues 11-30) within this N-terminus segment of Ste2 abrogates delivery of
the receptor to the plasma membrane (Uddin et al., 2015). The reason we also examined the
efficacy of the signal sequence (residues 1-19) of Suc2 is that it has also been used

successfully to direct secretion of a number of heterologous proteins from yeast cells (Chang et

al., 1986, Driedonks et al., 1995, Hashimoto et al., 1998).



To ensure that every cell had the capacity to express the variant of interest, and did so from
the endogenous STEZ2 promoter, each of these constructs was integrated, as follows, into the
genome at the STEZ2 locus on chromosome VI in MATa strain JTY4470 (Table 1), a derivative of
BY4741 containing a ste2A::KanMX allele. For integration of the Igk-FAPa2-Ste2-FLAG-(His)es
cassette, which includes the CYC1 transcription terminator (CYC14) and URA3 as the selectable
marker, into the STE2 locus by homologous recombination, we used a PCR-based approach
(Longtine et al., 1998). The Igk-FAPa2-Ste2-FLAG-(His)s sequence in CEN plasmid pAEA30
[PRS416-STE2,,0m(560 bp)-lgk-FAPa2-Ste2-FLAG-(His)e-CYC14364 bp)-URA3] was amplified
by PCR using a forward primer corresponding to the Igk leader sequence (including its ATG
start codon), which also included at its 5’-end 40 nucleotides homologous to the sequence
upstream of the ATG start codon of the STEZ2 locus, and a reverse primer corresponding to the
sequence downstream of the URA3 marker, which also included 40 nucleotides homologous to
the sequence downstream of the TAA stop codon of the STE2 ORF. The resulting PCR product
was used for DNA-mediated transformation (Amberg et al., 2006), selecting for Ura®
transformants and scoring them for concomitant loss of kanamycin (G418) resistance. To
remove the Igk signal sequence and substitute alternative leader sequences, or to combine the
Igk signal sequence with different leader sequences, we spliced the relevant sequences
together using the PCR method known as overlap extension (Horton et al., 1993). In brief, DNA
fragments containing the desired leader sequences and containing appropriate complementary
ends to permit their annealing to each other and to the FAPa2-Ste2 cassette were amplified by
PCR; these fragments were annealed to each other and to either Igk-FAPa2-Ste2-FLAG-(His)s
or FAPa2-Ste2-FLAG-(His)s DNA and then extended in a second round of PCR using the same
forward and reverse primers described above. The resulting PCR products were used to
transform the MATa cells. Correct assembly and proper integration of each construct was
confirmed by colony PCR and direct sequencing of the DNA spanning the entire STEZ2 locus.

The level of expression of each FAPa2-Ste2 variant was assessed by immunoblot analysis



(Fig. S2B), as described in Materials and Methods. Depending on the length and composition of
its respective leader sequence and in the absence of any posttranslational modification, the
FAPa2-Ste2 variants should have molecular masses of 89-92 kDa; however, all of the FAPa2-
Ste2 constructs that contained any combination of MFa1 or STE2"" were N-glycosylated,
yielding species with molecular masses of ~120 kDa. The weakest expression was observed for
the Igk leader alone and for the composite STE2!"*"-Igk leader (Fig. S2B, lanes 1 and 8). All of
the other constructs yielded a level of expressed protein quite comparable to the otherwise
native Ste2-FLAG-(His)s control (Fig. S2B, left side). For variants harboring the Kex2 cleavage
site, the ~120 kDa species was processed to the size expected for FAPa2-Ste2 (~95 kDa) (Fig.
S2B, lanes 2, 4 and 7). However, we also noted that for all of the constructs, except those with
the Suc?2 leader (Fig. S2B, lanes 10 and 11), a species was present equivalent in size to the
Ste2-FLAG-(His)s control, which indicated that non-specific proteolysis was cleaving the FAPa2
domain off of these chimeras. The source of this cleavage and how this problem was
surmounted in described in the main text.

Aside from a near-native level of expression, the next most important criterion to assess to
settle on the most desirable construct was whether the receptor portion of each construct was
properly folded and functional. For this reason, the ability of cells expressing each construct to
respond to a-factor was examined using a standard agar diffusion bioassay that measures
mating pheromone-induced growth arrest (Reneke et al., 1988). Strikingly, only those chimeras
that were not proteolyzed to a size corresponding to Ste2-FLAG-(His)s yielded a distinctly
weaker (Fig. S2B, lane 10) or much weaker (Fig. S2B, lanes 1 and 11) response than all of the
other constructs or the control cells expressing Ste2-FLAG-(His)s (Fig. S2C). Hence, even
though the FAPa2-Ste2 chimera generated using the composite Suc2(1-19)-Igk was full-length
and yielded a readily detectable pheromone response, we were concerned that this assay might

not accurately reflect the properties of the intact FAPa2-Ste2 chimera, but might be confounded



by how readily each construct was converted to a form that had lost its FAPa2 tag. However, as
demonstrated in the main text, when completely intact, the FAPa2-Ste2 chimera generated
using the composite MFa1(1-83)-Igk leader, which we used in the bulk of our work, yields a
response to pheromone equivalent to that of control cells expressing Ste2-FLAG-(His)s (see Fig.
3D).

Finally, to choose the most desirable construct for our purposes, we also had to assess the
folding and function of the FAP2a portion of each chimera, a criterion just as important as the
expression level and receptor competence of each construct. Toward that end, cells expressing
each of the constructs were incubated with fluorogen, as described in detail in Materials and
Methods, and the pixel intensities of 200-300 cells per strain were quantified (Fig. S2D) using
CellProfiler (see modified CellProfiler code provided in the accompanying cell_analysis.cppipe
file). The FAPa2-Ste2 chimera generated using the Igk leader alone yielded readily detectable,
but rather dim fluorescence (Fig. S2D, lane 1; see also Fig. S1C). This property cannot be
attributed to its low level of expression because the FAPa2-Ste2 chimera generated using the
composite Ste2(1-51)-Igkx leader was also poorly expressed, but yielded distinctly brighter
fluorescence (Fig. S2D). Conversely, despite their very robust expression (Fig. S2B), the
FAPa2-Ste2 chimeras generated using the composite Suc2(1-19)-Igk leader or the Suc2(1-19)
signal sequence alone yielded very poor fluorescent signals (Fig. S2D), indicating misfolding of
the FAP2a tag in these constructs. Reproducibly, however, the FAPa2-Ste2 chimera generated
using the composite MFa1(1-83)-Igk leader exhibited the brightest fluorescent signal.
Interestingly, its nearly identical sister construct in which the MFa1 sequence used included the
Kex2 cleavage site, the fluorescent signal was routinely reduced by at least 50% (Fig. S2D).

Based on expression level, receptor functionality, and fluorogen activation, we selected the
MFa1(1-83)-lgk-FAPa2-Ste2-FLAG-(His)s chimera for the majority of the experiments described

in this study.



Access to Custom CellProfiler Pipeline

CellProfiler is free, open-source software for measuring and analyzing digital images (Carpenter
AE et al.,, 2006; Kamentsky L et al., 2011) [see also: http://cellprofiler.org]. The CellProfiler
software needs instructions about how to handle the features in the images of interest; the
developers of CellProfiler refer to that set of instructions as a "pipeline" and the corresponding
ASCII code containing those instructions is designated a .cppipe file. The file ending must be
.cppipe because the .cppipe appendage / descriptor is how the CellProfiler program recognizes
it as the specific pipeline to use.

For the purposes described in this paper, we developed a customized .cppipe to process
and analyze the features of interest to us (plasma membrane, endosomes, vacuolar membrane,
vacuole contents) in images of yeast cells captured by fluorescence microscopy. So that this
resource is readily available to any other investigator, upon final acceptance of this manuscript
for publication, we will provide our .cppipe itself (or in .zip file format) to any researcher free-of-

charge upon request.
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SUPPLEMENTAL TABLES

Table S1. Yeast strains used for testing different signal sequences.

yAEA144 | BY4741 STEZ2,0m-1gk-FAP02-STE2-FLAG-(His)e::URA3 This study
yAEA143 | BY4741 STEZ2,0m-Igk-FAPB1-Ste2-FLAG-(His)s::URA3 This study
yAEA145 | BY4741 STEZ2,0m-MFa1(1.87-FAPa2-STE2-FLAG -(His)s::URA3 This study
yAEA152 | BY4741 STEZ2,0m-MFa1(1.83)-Igk-FAPa2-STE2-FLAG -(His)s::URA3 [FAP-Ste2] | This study
yAEA153 | BY4741 STEZ2,0m-MFa1(1.87-Igk-FAPa2-STE2-FLAG -(His)s::URA3 This study
yAEA169 | BY4741 STE2,0m-MFa1(1.83-FAPa2-STE2-FLAG-(His)s::URA3 This study
yAEA170 | BY4741 STEZ2,0m-MFa1(1.83)-lgK(1-10-FAPa2-STE2-FLAG-(His)s:: URA3 This study
yAEA171 | BY4741 STEZ2,0m-MFa1(1.87)-1gK(1-10-FAPa2-STE2-FLAG-(His)s:: URA3 This study
yAEA172 | BY4741 STEZ2,0m-Ste2151-1gk-FAPa2-STE2-FLAG-(His)s::URA3 This study
yAEA173 | BY4741 STEZ2,0m-Ste2151-FAPa2-STE2-FLAG-(His)s::URA3 This study
yAEA205 | BY4741 STEZ2,0m-Suc2(1.19)-Igk-FAPa2-STE2-FLAG-(His)e:: URA3 This study
yAEA206 | BY4741 STEZ2,0m-Suc2(1.19-FAPa2-STE2-FLAG -(His)s::URA3 This study
yAEA256 | BY4741 ste2A::STE2,,m-FAP-STE2 sst2A::Hyg This study




Table S2. Nucleotide sequence of MFa11.s3)-Igk-FAPa2-STEZ2 [abbreviated FAP-Ste2].

Underlined, MFa1,.3) prepro-leader; bold, Igk signal sequence; blue, HA-tag; iigentd, FAPa2;
green, myc-tag; italics, full-length STEZ2; red, FLAG tag; , (His)e-tag.

ATGAGATTTCCTTCAATTTTTACTGCAGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACA
GAAGATGAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTTAGATTTAGAAGGGGATTTCGATGTTGCT
GTTTTGCCATTTTCCAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGA

AGAAGGGGTATCTTTGGATATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCAC
TGGTGACTATCCATATGATGTTCCAGATTATGCTGGGGCCCAGCCGGCC

GAACAAAAACTCATCTCAGAAGA
GGATCTGATGTCTGATGCGGCTCCTTCATTGAGCAATCTATTTTATGATCCAACGTATAATCCTGGTCAAAGCACCA
TTAACTACACTTCCATATATGGGAATGGATCTACCATCACTTTCGATGAGTTGCAAGGTTTAGTTAACAGTACTGTT
ACTCAGGCCATTATGTTTGGTGTCAGATGTGGTGCAGCTGCTTTGACTTTGATTGTCATGTGGATGACATCGAGAA
GCAGAAAAACGCCGATTTTCATTATCAACCAAGTTTCATTGTTTTTAATCATTTTGCATTCTGCACTCTATTTTAAATA
TTTACTGTCTAATTACTCTTCAGTGACTTACGCTCTCACCGGATTTCCTCAGTTCATCAGTAGAGGTGACGTTCATGT
TTATGGTGCTACAAATATAATTCAAGTCCTTCTTGTGGCTTCTATTGAGACTTCACTGGTGTTTCAGATAAAAGTTAT
TTTCACAGGCGACAACTTCAAAAGGATAGGTTTGATGCTGACGTCGATATCTTTCACTTTAGGGATTGCTACAGTTA
CCATGTATTTTGTAAGCGCTGTTAAAGGTATGATTGTGACTTATAATGATGTTAGTGCCACCCAAGATAAATACTTC
AATGCATCCACAATTTTACTTGCATCCTCAATAAACTTTATGTCATTTGTCCTGGTAGTTAAATTGATTTTAGCTATTA
GATCAAGAAGATTCCTTGGTCTCAAGCAGTTCGATAGTTTCCATATTTTACTCATAATGTCATGTCAATCTTTGTTGG
TTCCATCGATAATATTCATCCTCGCATACAGTTTGAAACCAAACCAGGGAACAGATGTCTTGACTACTGTTGCAACA
TTACTTGCTGTATTGTCTTTACCATTATCATCAATGTGGGCCACGGCTGCTAATAATGCATCCAAAACAAACACAATT
ACTTCAGACTTTACAACATCCACAGATAGGTTTTATCCAGGCACGCTGTCTAGCTTTCAAACTGATAGTATCAACAA
CGATGCTAAAAGCAGTCTCAGAAGTAGATTATATGACCTATATCCTAGAAGGAAGGAAACAACATCGGATAAACA
TTCGGAAAGAACTTTTGTTTCTGAGACTGCAGATGATATAGAGAAAAATCAGTTTTATCAGTTGCCCACACCTACGA
GTTCAAAAAATACTAGGATAGGACCGTTTGCTGATGCAAGTTACAAAGAGGGAGAAGTTGAACCCGTCGACATGT
ACACTCCCGATACGGCAGCTGATGAGGAAGCCAGAAAGTTCTGGACTGAAGATAATAATAATTTAGACTACAAGG
ACGACGATGACAAGACCGGTGTGCCGCGCGGCAGCGGCAGCAGC AGCAGCGGCTAA




Table S3. Plasmids used in Fig. S1

Plasmid Genotype Reference or source
pRS416 CEN URAS3 (Sikorski & Hieter, 1989)
pAEAG6 PRS416-STE2,0m-STE2-FLAG-(His)s This study

pAEA30 pPRS416-STE2,,0m-Igk-FAPa2-Ste2-FLAG-(His)s This study

pAEA31 PRS416-STE2,,0m-Igk-FAPB1-Ste2-FLAG-(His)s

This study
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early-exponential phase at 20°C, membrane protein extracts prepared, resolved on an SDS-
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Fig. S2. Effect of endogenous yeast secretory signals on expression level, receptor function,
and fluorescence intensity of FAPa2-Ste2. (A) The FAPa2 tag includes at its N terminus the
leader peptide of a mammalian IgG kappa light chain (Igk) as the secretion signal. The prepro-
leader sequence of the a-factor precursor (MFa1), without (residues 1-83) or with (residues 1-



87) its Kex2 cleavage site, the N-terminal leader of Ste2 (residues 1-153), or the N-terminal
signal peptide-containing sequence (residues 1-57) of secreted yeast invertase (Suc2) were
inserted upstream of, or in place of, the Igk sequence in FAPa2-Ste2, as indicated. (B) MATa
ste2A strain (JTY4470) or derivatives expressing either STE2-Flag-(His)s (YAEA201) or each of
the eleven constructs shown in (A), Igk-FAPa2-STE2 (yAEA144), Mfa1l.g7-FAPa2-STE2
(YAEA145), Mfa1(1.s3-Igk-FAPa2-STE2 (yAEA152), Mfal.g7-lgk-FAPa2-STE2 (yAEA153),
MfG1(1.83)-FAP02-STE2 (yAEA1 69), MfG1(1_83)-|gK(1.1o)-FAPG2-STE2 (hereafter "FAP-SteZ")
(yAEA170), MfG1(1_87)-|gK(1_10)-FAP02-STE2 (yAEA171), St€2(1_51)-ng-FAPGZ-STEZ (yAEA172),
Ste2(1_51)-FAP0(2-STE2 (yAEA173), SLIC2(1.1g)-ng-FAPGZ-STEZ (yAEAZOS), and SUC2(1_19)-
FAPo2-STE2 (yAEA206), from the endogenous STEZ2 promoter were grown to early-
exponential phase, harvested, lysed, and the membrane fraction prepared, resolved by SDS-
PAGE, and analyzed by immunoblotting. (C) Left, pheromone sensitivity of each strain listed in
(B) was assessed using an agar diffusion (halo) bioassay for a-factor-induced growth arrest.
Plates contained BSM medium and a-factor in aqueous solution was spotted on each filter (15
ug total per disk). A representative experiment is shown. Right, average halo diameters from
two independent experiments each performed in triplicate are plotted as a bar graph. Error bars,
standard error of the mean (SEM). (D) The strains listed in (B) were grown to early-exponential
phase, incubated with fluorogen at 30°C for 15 min and imaged by fluorescence microscopy and
fluorescence intensities quantified using CellProfiler, as described in Materials and Methods.
The data are plotted as box-and-whisker plots, in which each box represents the interquartile
range (IQR) between the lower quartile (25%) and the upper quartile (75%), the horizontal black
line indicates the median value, and the whisker ends represent the lowest and highest data
point still within 1.5 IQR of the lower and upper quartile, respectively.
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Fig. S3. Response of FAP-Ste2-expressing cells to a-factor. (A) Pheromone sensitivity of MATa
sst2A cells lacking Ste2 (ste2A) (yDB103) (top), or otherwise isogenic derivatives also lacking
yapsins (ypsTA mkc7A) and expressing either Ste2-FLAG-(His)s (YAEA260 and yAEA372,
respectively) or FAP-Ste2 (yAEA256 and yAEA373, respectively) from the endogenous STE2
locus was determined as described in the legend to Fig. S2C, except that 0.25 pg of a-factor
was applied to each filter disk. (B) The strains shown in (A), as well as MATa sst2A cells
expressing Ste2-EGFP (yAEA257) or Ste2-mCherry (yYAEA258), were analyzed as in (A) over a
range of a-factor amounts (0.125 - 30 pg) and the average values of halo diameter from
independent trails (n = 6) plotted against the amount of pheromone.



Constitutive endocytosis of FAP-Ste2
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Fig. S4. FAP-Ste2 internalized by basal endocytosis is delivered to and degraded in the
vacuole. Cultures of MATa FAP-Ste2 Vph1-EGFP yps1A mkc7A cells (yYAEA380) were grown to
early-exponential phase, incubated with LatA and fluorogen, mounted onto glass bottoms of
imaging chambers, as described in detail in Materials and Methods. After LatA wash out (which
also removes any excessive fluorogen), localization of FAP-Ste2 was monitored by
fluorescence microscopy over the course of 90 min. The resulting fluorescent images were
quantified using CellProfiler and plotted as in Fig. 6B. Inset, half-time for removal of FAP-Ste2
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Fig. S5. Removal of specific a-arrestins enhances in an additive manner the pheromone
sensitivity of yapsin-deficient cells expressing FAP-Ste2. Otherwise isogenic derivatives of a
MATa yps1A mkc7A FAP-STE2 Vph1-EGFP strain ("WT") (YAEA380) lacking Rod1 (rod1A)
(YAEA384), or Rog3 (rog3A) (yAEA385), or both Rod1 and Rog3 (rod7A rog3A) (YAEA388), or
Ldb19 (Idb19A) (yAEA383), or all three a-arrestins (3arrd) (yAEA381), were tested for
pheromone responsiveness as described in the legend to Fig. S2C. Representative data from a
single experiment are shown. (B) Average halo diameters from two independent experiments
each performed in triplicate are plotted as a bar graph. Error bars, standard error of the mean
(SEM). Double asterisk (**), p<0.0001, determined by two-tailed Student's t-test.



