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The biogenesis of multipass membrane proteins challenges the endoplasmic reticu-
lum (ER) quality control, particularly when transmembrane segments contain polar or
charged residues required for function. Fks1, the catalytic subunit of yeast p-(1,3)-glucan
synthase, exemplifies this challenge because its large multipass transmembrane archi-
tecture must support glucan synthesis at the plasma membrane while also undergoing
efficient biogenesis in the ER. Here, we investigate the cellular role of PBRI (YNL181W),
an essential gene whose role remains uncharacterized even though its predicted product
has similarity to oxidoreductases. By integrating quantitative morphological profiling
with global genetic interaction analysis, we found that PBRI function converges on
cell-wall biosynthesis and closely parallels that of FKSI. Partial loss of Pbrl function
caused temperature-sensitive growth defects but also impaired -(1,3)-glucan synthesis,
and weakened cell-wall integrity. Under these conditions, Fks1 failed to accumulate at
the cell surface and, instead, accumulated in ER-associated compartments, where it
exhibited reduced stability. Biochemical analyses revealed the accumulation of immature
Fks1 species, including forms defective in glycosylation, consistent with compromised
ER quality control. A spontaneous missense suppressor allele of FKS1 partially restored
Fks1 stability and growth, supporting a functional relationship between the two proteins.
Pbr1 is a cytosol-facing ER membrane protein that physically associates with Fks1, and
structural modeling suggests that it adopts a Rossmann-like fold capable of binding
pyridine nucleotides despite divergence from canonical catalytic motifs. Together, these
findings identify Pbrl as an ER-associated, chaperone-like factor required for the folding
and maturation of Fksl.

yeast | ER quality control | glucan synthase

Transmembrane (TM) proteins must attain precise folding and insertion into biological
membranes to achieve accurate topological and functional configuration. Most TM
domains traverse the lipid bilayer as a-helical segments enriched in hydrophobic resi-
dues. Single-pass membrane proteins whose N termini face the cytosol encounter a
unique topological constraint: their TM helices must undergo inversion within the
endoplasmic reticulum (ER) membrane to achieve the correct orientation. Similarly,
during the biogenesis of multipass membrane proteins, alternate TM segments must
adopt inverted topologies. The orientation of TM helices is determined by intrinsic
biophysical parameters, including their length, hydrophobicity, and the distribution of
charged or polar residues within the helix, or at the cytosol-membrane interfacial
boundary (1-4).

The misfolding of TM proteins is implicated in the etiology of numerous human dis-
eases. For example, cystic fibrosis arises from misassembly of the CFTR chloride channel,
Niemann-Pick disease from conformational defects in the NPCI cholesterol transporter,
and retinitis pigmentosa from structural destabilization of the rhodopsin photoreceptor
(5-7). In many such cases, single—amino acid substitutions within TM segments—
particularly hydrophobic-to-polar or charged replacements—perturb helix stability, resulting
in protein aggregation or loss of proteostasis (8, 9).

Hydrophobic a-helices spontaneously embed in the nonpolar core of the lipid bilayer,
yet exposure to the aqueous cytosol predisposes them to structural destabilization and
aggregation. Conversely, membrane proteins that mediate translocation of polar substrates,
such as transporters and channels, must strategically position hydrophilic residues within
TM helices to form aqueous translocation conduits (10). A prototypical example is Fks1,
a multipass plasma membrane glycosyltransferase responsible for synthesizing and export-
ing B-(1,3)-glucan, a principal structural polymer of the yeast cell wall (11, 12). The
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biological and clinical importance of Fks1 is underscored by the
fact that B-(1,3)-glucan synthase is the target of echinocandins,
including caspofungin, whose inhibitory interaction with Fksl
has recently been resolved structurally (13). Cryoelectron micros-
copy revealed that Fks1 spans the membrane with 17 TM helices,
forming a channel for glucan translocation (11). Especially because
these membrane spanning domains contain a number of hydro-
philic amino acids within the channel, the correct folding and
assembly of such complex multipass TM proteins pose a formi-
dable cellular challenge. Eukaryotic cells have therefore evolved
an intricate ER-associated proteostasis network that facilitates
co- and posttranslational folding (14). In yeast, the small TM
protein Ilm1 appears to act as a specialized molecular chaperone
that promotes the cotranslational folding of nascent Fks1 poly-
peptides (15). Ilm1 functions cooperatively with the highly con-
served ER membrane protein complex (EMC)—an octameric
assembly (Emc1-6, Sop4, and Emc10)—that coordinates the mem-
brane insertion and topogenesis of multipass TM proteins (15, 16).
Consistent with this functional relationship, Fks1 and Ilm1 were
identified together with multiple EMC components in an Emc3
coimmunoprecipitation and mass spectrometry analysis (15).
Notably, the same Ilm1 coimmunoprecipitation experiment also
recovered Pbrl (Ynl181w) (15).

Here, we functionally delineate PBR1, one of the few remain-
ing uncharacterized essential genes in Saccharomyces cerevisiae.
PBRI encodes a putative ER-resident oxidoreductase with a
Rossmann-like fold. By integrating genetic, cell biological, and
biochemical analyses, we uncover a previously unappreciated
role for Pbrl in ER quality control during the biogenesis of
multipass membrane proteins.

Results

PBR1 Morphological Profile. To systematically probe S. cerevisiae
gene function, we analyzed a comprehensive collection of
temperature-sensitive (ts) and gene-deletion mutants. Each
strain was cultured at a semipermissive temperature, imaged by
fluorescent microscopy, and quantified for 501 morphological
parameters using CalMorph (17). A generalized linear model was
then applied to extract morphological trait values for each mutant
and generate morphological profiles (MPs). We next compared the
profile of each target mutant to all the other ts and deletion strains
to identify genes sharing similar MPs. Genes with highly correlated
profiles were inferred to act in the same biological processes (18),
and these relationships were visualized as a correlation network.

'The PBRI profile showed significant MP correlations (FDR =
0.05, Fisher’s exact test) with genes involved in several cell-wall
biosynthetic pathways. The strongest enrichment was for
GO:0042546 and GO:0016757 (P =2.7 x 10°9), encompassing
B-(1,6)-glucan biosynthesis, N-linked glycosylation, and glyco-
sylphosphatidylinositol (GPI)-anchor synthesis (Fig. 14) (19, 20).
These results suggest that PBRI contributes somehow to cell-wall
maintenance. Comparison of the PBRI MP with those of all non-
essential gene-deletion mutants revealed a significant morpholog-
ical similarity between PBRI and FKSI, akey gene in $-(1,3)-glucan
biosynthesis (Fig. 1B). Together, these data indicate that PBRI
plays a central role in yeast cell-wall biosynthesis.

PBR1 Genetic Interaction Profile. Global yeast genetic interaction
mapping provides another unbiased approach for identifying genes
with similar functions (21). In this analysis, mutant alleles of
specific query genes were crossed to the set of ~5,000 nonessential
gene deletion mutants and a set of ~870 conditional, essential
gene ts mutants (screened at a semipermissive temperature), and
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the resultant double mutants were scored for both negative and
positive genetic interactions (21). Previously, we constructed 6
different pbrl ts alleles by error prone PCR, generating alleles
with 2 to 4 amino acid substitutions (S/ Appendix, Fig. S1 A and
Band Table S1). A global analysis of yeast genetic interactions (21)
revealed that all of the pbr! ts alleles showed a similar pattern of
genetic interactions (Fig. 1C). For example, pbr1 ts alleles displayed
negative genetic interactions with different genes and their
corresponding pathways, including 1) components of the PKC1
kinase pathway, which controls cell wall remodeling and polarized
cell growth during budding and mating, 2) CNBI, encoding the
regulatory subunit of calcineurin, a calmodulin-regulated type
2B protein phosphatase that governs the Crzl-mediated cell wall
stress response, 3) the CHS3 cell wall chitin synthesis pathway
(19), 4) genes encoding the EMC subunits, which coordinates
the membrane insertion of multipass TM proteins.

PBRI also showed positive genetic interactions with several
genes involved in the P-(1,6)-glucan biosynthetic process,
N-linked glycosylation, GPI-anchor synthesis, and sphingolipid
biosynthesis (Fig. 1C). These relatively weak positive interactions
indicate that the growth defects caused by perturbation of these
pathways are either captured or buffered in the pbr/ mutant
background.

Genes that display highly similar genetic interaction profiles
often share a coordinated functional relationship. The pbr!
mutants exhibited high profile similarity with each other and with
the fks/A mutant (Fig. 1D), suggesting PBRI and FKSI may
operate in a shared functional context related to p-(1,3)-glucan
synthesis. We also found that smi/A and im 1A mutants showed
genetic interaction profile similarity that overlapped with that of
pbrl mutants (Fig. 1D). Like fks/IA mutants, smilA cells are
known to have reduced $-(1,3)-glucan synthesis activity (20). Ilm1
appears to function as a molecular chaperone that collaborates
with the EMC complex in the cotranslational folding of Fksl
(15). These findings place Pbrl within the functional network
governing Fksl and p-(1,3)-glucan synthesis. To dissect PBRI
function in more detail, we focused on the analysis of three ts
alleles, pbri-5014, pbri-5002, and pbri-5006 (SI Appendix,
Fig. S1 A-C).

Isolation of a Spontaneous Suppressor of the pbr1-5006 Mutant.
To further explore the role of PBR1, we isolated a spontaneous,
extragenic suppressor mutant of the temperature sensitivity of
pbr1-5006 (SI Appendix, Supplementary Materials and Methods).
Genetic suppressors are rare examples of strong positive genetic
interactions that can identify genes whose products work in
the same functional module and may interact physically (21).
Tetrad analysis showed that the suppression was mediated by
a single gene. Subsequent genetic mapping (22) and whole-
genome sequencing identified a missense mutation in FKSI,
resulting in a single—amino acid substitution, Fks1-A768D. The
suppression phenotype associated with the fks7-A768D allele
cannot bypass the lethality of a pbrIA deletion allele, indicating
that pbr1-5006 remains partially functional at the restrictive
temperature. Moreover, tetrad analysis showed that the genetic
suppression phenotype is allele specific (S7 Appendix, Fig. S1D).
The FKSI-PBRI genetic suppression interaction provides
additional evidence suggesting that Pbrl may be particularly
important for establishing Fks1 function.

B-(1,3)-Glucan Synthesis Is Perturbed in pbr1 Mutants. We
analyzed the cell wall of pbrI ts mutants using multiple assays. Cell-
wall integrity was evaluated by calcofluor white (CW) sensitivity.
CW binds strongly to chitin, and mutants with weakened cell
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Fig. 1. Morphology-based profiling and genetic interaction mapping highlight a close relationship between PBRT and FKS7. (A) Morphological profile of
pbri1-5014 was significantly correlated with subsets of genes annotated to GO:0042546 and GO:0016757 in multiple cell-wall biosynthetic pathways. Orange,
blue, and purple dots highlight mutants of the annotated genes defective in N-linked glycosylation, p-(1,6)-glucan biosynthesis, and GPl-anchor synthesis,
respectively. The red horizontal line indicates the significance threshold (FDR = 0.01, two-tailed t test for correlation coefficient). P value of Fisher's exact test
indicates significance for an enrichment of the highlighted mutants in the significantly correlated mutants with pbr7-5074 at FDR = 0.01 by the one-tailed
t test. (B) Correlation network showing that pbr1-5074 clusters with glucan synthase (fks1, fks2, fks3), N-glycosylation (pmi40-5007), and GPIl-anchor synthesis
(gpi2-1-7b) mutants. (C) Heatmap of quantitative genetic interaction scores for selected double mutant. Negative interactions are shown in blue and positive
interactions in yellow. Query gene mutants are indicated on the y-axis and array gene mutants are grouped according to function and indicated on the x-axis.
(D) Genetic interaction profile similarity network. Genes (purple and blue nodes) that share similar genetic interaction profiles are connected by a gray edge.
The thickness of the edge in (B and D) reflects the morphological similarity and genetic interaction profile similarity, respectively, as measured by Pearson’s
Correlation coefficient, as described elsewhere (17, 21).

walls display hypersensitivity, which serves as a classical indicator ~ the $-(1,3)-glucan—deficient fksI-1154 strain, suggesting that Pbrl
of cell-wall defects (23, 24). We found marked hypersensitivity ~  is required for efficient f-(1,3)-glucan synthesis. Consistently, in vitro
in all pbr] mutants tested, but not in the pbr1-5006 fks1-A768D B-(1,3)-glucan synthase activity in membrane fractions from pbr1
suppressor (SI Appendix, Fig. S24). CW staining was also more ~ mutants was significantly reduced relative to WT (P < 0.05,
intense than in wild-type (WT) cells, resembling the fks/-17154  Student’s # test; Fig. 2D).

mutant (Fig. 24), likely reflecting chitin accumulation in a Notably, the ts growth of pbrI mutants was rescued by sorbitol,
weakened wall. Together, these observations indicate that pbr/ ~ a common osmotic stabilizer that protects cell-wall-defective
mutations compromise cell-wall integrity. strains, including those with impaired Rho1-dependent activation
We next examined f-(1,3)-glucan using aniline blue, which of Fks1 (25) (SI Appendix, Fig. S2A).
preferentially stains f-(1,3)-glucan in the yeast cell wall. The flu- Finally, electron microscopy revealed that the p-(1,3)-glucan
orescence signal was weaker in pbr] mutants than in WT, particu-  layer was significantly thinner in pbr/ mutants than in WT
larly at the bud, where wall synthesis is normally active (Fig. 2B). (SI Appendix, Fig. S2 B and C; P < 0.05, Students 7 test).
Quantification of cells showing visibly reduced bud signal confirmed ~ Collectively, these results demonstrate that Pbrl is essential for

that this phenotype was significantly more frequent in pb7/ mutants ~ p-(1,3)-glucan synthesis and cell-wall assembly, and that defects
(P < 0.01, Students ¢ test; Fig. 2C). This phenotype mirrors that of  in this process underlie the ts phenotype of pbr! mutants.
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Fig. 2. pbr1 mutants have defective cell wall. (A) Calcofluor white (CW) fluorescence images (top) and differential interference contrast (DIC) images (bottom)
of yeast cells. Cells were shifted from 25 °C to 37 °C for 4 h and then stained with CW. Fluorescence microscopy shows stronger CW staining in pbr7 mutants
compared with WT. (B) Aniline blue (AB) staining of the yeast cells. Cells in log phase were stained with AB and observed by fluorescence microscopy. The
arrowheads indicate reduced AB signal in the bud. (C) Percentage of cells with reduced AB signal in the bud. Cells were scored as having reduced bud signal
when AB fluorescence in the bud was visibly weaker than that in the mother-cell wall within the same cell. Values represent mean + SD from three independent
experiments. **P < 0.01 (Student's t test). (D), p-(1,3)-glucan synthesis activity in the membrane fraction was measured. Values represent the mean + SEM from

three independent experiments. *P < 0.05, **P < 0.01 (Student's t test).

Fks1 Is Mislocalized to the ERAC in pbr1 Mutants. Because pbr/
mutants exhibit reduced p-(1,3)-glucan synthesis, we examined
whether the subcellular localization of Fks1 was altered. In WT
cells, GFP—Fks1 was primarily detected at the plasma membrane
of the bud, where cell-wall synthesis occurs, at both 25 °C and
37 °C (Fig. 34). In contrast, the bud-localized signal was markedly
weaker in pbrl ts mutants, particularly at 37 °C (Fig. 3 A and B).
Importantly, this defect was rescued in the pbrI-5006 fks1-A768D
suppressor mutant, indicating that partial loss of Pbrl function
leads to Fks1 mislocalization.

Because punctate intracellular structures appeared concomi-
tantly with the loss of the bud signal (Fig. 3C), we reasoned that
Fks1 might be trapped within the secretory pathway, likely in
the ER or Golgi. The ER-associated compartment (ERAC) is a
peri-ER structure in which misfolded proteins accumulate for
ER-associated degradation (ERAD) (26). Colocalization analysis
revealed that the GFP-Fks1 puncta overlapped with mCherry—
Hlj1, an ERAC marker (Fig. 3D), confirming that Fks1 accumu-
lates in the ERAC of pbrI mutants.

We next asked whether other ER quality-control factors pro-
duce similar phenotypes. Among them, /LM 1, which displays a
genetic interaction profile similar to PBRI, was a prime candidate.
In ilmIA cells, GFP-Fksl signals at the bud were reduced and
instead accumulated in intracellular puncta reminiscent of the
ERAC, although less pronounced than in pbr] mutants (Fig. 3 E
and F). Deletion of EMC6, SOP4, or CUE4—encoding a core
EMC subunit, a peripheral subunit, and a ubiquitin-binding ER
protein that copurifies with Ilm1—caused a milder but detectable

reduction in bud-localized Fks1 (Fig. 3 E'and F).

https://doi.org/10.1073/pnas.2612792123

Together, these findings indicate that Pbrl and other ER
quality-control factors cooperate to ensure the proper folding and
trafficking of Fks1, and that disruption of this process leads to its
retention within the ERAC, where it is likely targeted for
ERAD-mediated degradation.

Pbr1 Stabilizes Fks1 by Promoting Its Maturation in the ER.
Fluorescence microscopy suggested that in pbrl mutants, Fksl
accumulates in the ERAC. To confirm this at the protein level, we
compared cellular Fks1 abundance between WT and pbr] mutants
by immunoblotting. Fks1 levels were significantly reduced (P <
0.01, Students ¢ test) in pbrI cells at both 26 °C and 37 °C (Fig. 4
Aand B). In the pbr1-5006 fks1-A768D suppressor mutant, Fksl
levels were partially restored relative to the parental pbri-5006
strain (Fig. 4 A and B), consistent with its improved growth at
37 °C.

Additional bands with higher electrophoretic mobility appeared
in pbrl mutants and were designated as Fks1’ (arrowheads in
Fig. 44) and Fks1” (arrows in Fig. 44). These forms accumulated
in pbr1-5002 hrd1A doalOA cells, which lack the E3 ubiquitin
ligases required for the ERAD. This observation indicates that loss
of Pbrl leads to incomplete maturation of Fks1 in the ER, and
suggests that these immature species are normally eliminated via
the ERAD pathway.

To determine whether the altered electrophoretic mobility of
Fks1 in pbr! mutants reflects defective glycosylation, we analyzed
both N- and O-linked modifications. Endo H digestion caused a
slight downshift of Fks1 bands, confirming that Fks1 is normally
N-glycosylated (51 Appendix, Fig. S3A). Inhibition of O-glycosylation
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Fig. 3. Fks1 is sequestered to the ERAC in pbr1 mutants. (A) Localization of GFP-Fks1 in WT, pbr1-5002, pbr1-5006, and pbr1-5006 fks1-A768D cells at 25 °C
and after 4 h at 37 °C. (B) Quantification of GFP-Fks1 intensity in the bud region from (A). Box plots show distribution of >190 cells from three independent
experiments. (C) Cells were grown and imaged at 25 °C. Percentage of cells with intracellular punctate GFP-Fks1 structures. Values represent mean + SD of
>320 cells from three independent experiments. (D) Colocalization of GFP-Fks1 (green) with the ERAC marker mCherry-Hlj1 (magenta). Arrowheads indicate
GFP-Fks1 accumulation at the ERAC at 25 °C. (E) Localization of GFP-Fks1 in pbr1-5002 and ER quality-control mutants (iim7A, emc6A, sop4A, cue4A) at 25 °C. (F)
Quantification of GFP-Fks1 intensity in the bud region from (E). *P < 0.05, **P < 0.01 [Student's ¢ test; for (B, C, and F)].

PNAS 2026 Vol.123 No.29 2612792123 https://doi.org/10.1073/pnas.2612792123 5 of 11



Downloaded from https://www.pnas.org by UNIVERSITY OF MASSACHUSETTS WORCESTER; MEDICAL SCHOOL LIBRARY on July 13, 2026 from | P address 146.189.160.103.

6 of 11

>

26°C 37°C 26°C 37°C
g 8 g 8
S S 2 Q Q
S 8§ 88 S 3 88 g 838 S 88
S 8 33 S 8 33 S 3R S 3R
® g ®a ] RS R
[ G e - T ¥ % - S X% - S I%
Q Q Q Q Q Q Q Q
2 3 £ &< 2 3 &£ 88 2 3§ &= = 8 a=
Wre . o = [(eepn - o
< v v v v

C N ©o (D%
S S O ©
S S ON
® R ®s « 38 3 g
- T v g 8 ¥
5 3 3825 g £ §& §
S &2 a2 = & o 3
o - - ¥ Fks1

‘ Fks1
[ ] e

exposure

B *x Hex *
1.2
P *k *ke dek *k &
1.04— = I ]
°
o 0.8
-
©
i
o 06
2
E04
© 0.4
Fks1 o
0.2
Pgk1 oLl || || 7i
E N 9N = N 9N | © ©QF © ©Q
2 3232282322888 88%
8 383 B 38z 8BS~ 3B
188 i i In
o8 S2% 1% £
T B T B = =
< < < <
26°C 37°C 26°C 37°C

Relative Fks1 level

N © ©
E8 88338 3 %
S SSB8E & 3 ©
L eSS & 9 3
- = =< ¢ » ©
T T T
3 83%
<

Fig. 4. Fks1 levelis reduced in pbr1 and the EMC mutants. (A) Levels of Fks1 and Pgk1, a loading control protein, in WT and pbr1 mutants. Cells were cultured
to log phase and harvested at 26 °C and 2 h at 37 °C. Arrowheads / arrows indicate the second band seen in lysates of pbr7 mutants / the third band seen in
pbr1-5002 hrd1A doa10A lysate. (B) Fks1 levels were normalized with those of Pgk1 and shown as a relative value to WT. (C) Levels of Fks1 and Pgk1 in WT and
indicated mutants grown to log phase at 26 °C. (D) Fks1 levels were normalized and shown as in (B). In (B and D) values represent the mean + SD from three

independent experiments. *P < 0.05, **P < 0.01 (Student’s t test).

with R3A-5a (27, 28) produced a band identical to Fks1’ observed
in untreated pbrI-5002 cells, indicating that Fks1” corresponds to
an O-glycosylation—defective form (87 Appendix, Fig. S3 A and B).
Blocking both V- and O-glycosylation generated a faster-migrating
band identical to Fks1”, also seen in pbrI-5002 hrd1A doalOA cells
(Fig. 44 and ST Appendix, Fig. S3 A and B). N- and O-glycosylation
have been implicated in the correct folding of proteins and, thereby,
in ER quality control (29, 30). Notably, when glycosylation of Fks1
was inhibited by R3A-5a or tunicamycin, the protein was no longer
retained in the ERAC but instead trafficked to the vacuole and cell
surface (I Appendix, Fig. S4 A and B). This behavior differs from
that of pbri-5002 cells, in which Fksl accumulates within the
ERAC (Fig. 3D). Therefore, the ERAC localization of Fksl in
pbr1-5002 is not simply a consequence of defective glycosylation.
Rather, Pbr1 likely facilitates proper maturation of Fks1 within the
ER, ensuring its stability and accurate trafficking.

Finally, in ilmIA cells, Fksl levels were markedly reduced,
accompanied by an O-glycosylation defect similar to that observed
in pbrl mutants (Fig. 4 Cand D). Together, these findings demon-
strate that Pbrl promotes the maturation and stability of Fks1 in
the ER by facilitating its proper quality control.

Fks1 Transmembrane Helices Are Enriched in Charged
Residues. Nascent Fksl synthesized at the ER membrane is
unstable in pbr! mutant cells. To explore the molecular basis of
this instability, we analyzed the amino acid composition of its
transmembrane (TM) regions (11). Several TM helices of Fks1

https://doi.org/10.1073/pnas.2612792123

were found to be enriched in charged and polar residues (Fig. 54
and S/ Appendix, Fig. S5A). This enrichment likely reflects Fks1
function in translocating f-(1,3)-glucan chains across the plasma
membrane, yet it may simultaneously complicate TM folding
within the ER.

The cytosolic region following the 6th TM helix contains res-
idue A768 (Fig. 5A4) and substitution of this residue with Asp
(A768D) suppresses the temperature sensitivity of the pbrI-5006
mutant. A768 lies within a short coil region between two con-
served a-helices (57 Appendix, Fig. S5B). Structural prediction
suggests that the A768D substitution induces only local confor-
mational changes while increasing the negative charge of the short

coil region (SI Appendix, Fig. S5C).

Pbr1Is Inserted Into the ER Membrane from the Cytosolic Side.
Pbrl is predicted to contain a single hydrophobic helix (Fig. 58
and SI Appendix, Fig. S1A). C-terminally tagged Pbr1-GFP
colocalized with the ER marker Sec61-mCherry (S7 Appendix,
Fig. S1E) (34-38). We examined Pbrl topology in the context
of a C-terminally tagged auxin-inducible degron (AID) fusion
protein, Pbr1-HA-AID, which partitioned into the membrane
fraction and was solubilized by Triton X-100 but not by high
concentrations of NaCl or urea, indicating that Pbr1 is an integral
membrane protein (Fig. 5C). We found that both N- and C-
terminally AID-tagged Pbrl proteins were efficiently degraded in
the presence of auxin (Fig. 5D), demonstrating that both termini
are exposed to the cytosol, indicating that Pbrl is a cytosol-facing
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Fig.5. Pbr1 is inserted into the ER membrane and physically interacts with Fks1. (A) Schematic diagram of the membrane topology of Fks1 (11, 31, 32).
Acidic, basic, and polar residues within transmembrane (TM) helices are shown in purple, blue, and light blue, respectively. (B) Schematic diagram of Pbr1.
(C) Biochemical fractionation of chromosomally expressed Pbr1-HA-AID under the control of its native promoter. T, total lysate; P, pellet fraction after
ultracentrifugation at 100,000% g; S, supernatant fraction after ultracentrifugation at 100,000x g. (D) Auxin-inducible degron analysis of Pbr1-HA-AID and
AID-Pbr1 (33). Efficient degradation upon treatment with auxin [indole-3-acetic acid (IAA)] indicates that both the N and C termini of Pbr1 are exposed to the
cytosol. (E-H) Cells were cultured to log phase at 26 °C and subjected to coimmunoprecipitation analysis. (/) Summary of the protein-protein interaction network

revealed by integrated membrane yeast two-hybrid analysis.

ER membrane protein anchored by a single hydrophobic helix
that is embedded in the ER membrane.

Pbr1 Forms a Complex with Fks1. We found that Pbrl
coprecipitated with Hisg—FLAG-Fks1 and vice versa (Fig. 5 E
and F). However, only a small fraction of Pbrl was copurified
with Fks1, suggesting that the interaction is transient.

In pbri-5002 cells, both Hisg—FLAG-Fksl and Pbr1-5002
levels were markedly reduced (Fig. 5G and SI Appendix, Fig. S1
Fand G), yet the amount of Pbr1-5002 coimmunoprecipitated
with Hisg—FLAG-Fks1 was comparable to that of WT Pbrl in
WT cells (Fig. 5G). A similar pattern was observed in pbrI-5006
cells, where Hisg—FLAG-Fksl exhibited stronger binding to
Pbr1-5006 than to WT Pbrl (Fig. 5H). These enhanced interac-
tions suggest that Pbrl preferentially associates with folding-
impaired Fks1 species, consistent with a chaperone-like role.

A network of Pbrl protein interactions involving Fks1, IIml,
and the EMC complex. To examine the possibility of a network
of interactions among Pbrl, Fks1, IIm1, and components of the
EMC complex, we employed the integrated membrane yeast
two-hybrid (iMYTH) assay (39, 40). We constructed iMYTH
bait fusions for three genes whose products have cytosolic C ter-
mini, including PBRI, EMC3, and EMC5, whereas iIMYTH prey

fusions were constructed for six genes whose products have

PNAS 2026 Vol.123 No.29 2612792123

cytosolic N termini, including PBRI, ILM1, EMC2, EMC4,
EMCE6, and FKS1. These iMYTH assays recapitulated the Pbrl—
Fks1 interaction (SI Appendix, Fig. S6), and highlighted a highly
interconnected network of interactions among Pbr1, IIm1, Fks1,
and EMC complex components as shown in Fig. 51.

Structural Analysis and Modeling of the Pbr1-Fks1 Interaction.
The tertiary structure of Pbrl was predicted using the AlphaFold3
program (41). Sequence and structural analyses indicated that
Pbr1 consists of a Rossmann-like fold, a structural motif frequently
found in nucleotide-binding proteins, and a hydrophobic helix
domain that interacts with the membrane, from which both N-
and C-terminal helices extend (Fig. 64). In contrast, the structure
of Fks1 (11) comprises 17 TMs and two cytoplasmic domains:
a catalytic glycosyltransferase (GT) domain and an N-terminal
accessory (AC) domain. When the predicted structure of Pbrl
and Fks1 were subjected to AlphaFold-Multimer analysis, the AC
domain of Fks1 was found to interact with the Rossmann-like fold
side of Pbr1 (Fig. 6B). However, in the model including full-length
Fks1, steric clashes were observed, as the TM and GT domains
of Fks1 overlapped the position of Pbrl (S Appendix, Fig. S7A).

To validate this structural model, we employed a system in
which a TurboID tag, which labels proteins within ~10 nm of the
fusion site (42), was fused to the C terminus of Pbr1 (87 Appendix,
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Fig. S7B). In the structural model, Fks1 GT domain is located
close to the C-terminus of Pbrl. The analysis revealed that all
biotinylated lysine residues on Fks1 were localized within the GT
domain (87 Appendix, Fig. S7C), consistent with the predicted
model in which the GT domain lies in proximity to the C termi-
nus of Pbrl.

Based on these results, a possible model for the Pbr1-Fksl
interaction is as follows. Pbrl initially binds to the N-terminal
AC domain of Fks1 during the early stages of translation (Fig. 6C).
As Fksl elongation and folding proceed, spatial competition with
other domains arises. Because Pbrl coimmunoprecipitates with
full-length Fksl, it is likely that Pbrl remains transiently associ-
ated with Fks1 during late stages of Fks1 folding. Ultimately, Pbr1l
would dissociate from the AC domain, allowing fully folded Fks1
to be generated.

Structural Basis for Pyridine Nucleotide Recognition by Pbr1.
Using AlphaFold3, we assessed the binding stability between Pbrl
and potential cofactors (Fig. 6D). NAD (ipTM = 0.95), NADP
(ipTM = 0.94), and NADPH (ipTM = 0.94) yielded highly
confident interface predictions, whereas heme (ipTM = 0.72)
and FAD (ipTM = 0.85) showed lower values, consistent with a
structural compatibility between Pbrl and pyridine nucleotides.

Canonical oxidoreductases have a GxxxGxG nucleotide-binding
motif but S. cerevisiae Pbrl contains a Gln residue insertion

80of 11  https://doi.org/10.1073/pnas.2612792123

resulting in the variant sequence GxxxQGxG. This insertion does
not appear to interfere with cofactor binding, as the corresponding
GIn64 side chain projects away from the diphosphate moiety of
NADPH, thereby avoiding steric hindrance (ST Appendix, Fig. S7D).
We constructed single, double, and triple glycine-to-alanine substi-
tutions within this motif and found that they are expressed relatively
normally, localized to the ER, although the triple mutant was some-
what compromised for localization, and retained detectable Pbrl
function in vivo; none of these changes markedly lowered the
pLDDT score at the NADPH-binding site in the structural model
(SI Appendix, Fig. S8 A-E), suggesting that the Rossmann-like
glycine-rich loop of Pbr1 tolerates structural variation in the model.

Beyond this loop, the catalytic pocket also shows notable devi-
ations from canonical oxidoreductases. Although the canonical
catalytic Tyr232 is replaced by Phe232, the Lys236 residue within
the FxxxK motif still interacts with the hydroxy group of the
nicotinamide-linked ribose in the model (S Appendix, Fig. S8F).
There are examples of functional oxidoreductases known to deviate
from the classic YxxxK active site motif (43, 44). To test whether
the Pbrl FxxxK motif has a functional role, we constructed a
Lys236-to-Ala236 substitution to generate a FxxxA motif and
found that the resultant protein was expressed normally, localized
to the ER, and capable of rescuing the lethality of a pbr] A mutant
(SI Appendix, Fig. S8 A-D). Thus, while Pbrl retains the overall

architecture of oxidoreductases, alterations at the potential key
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catalytic residues imply either it lacks catalytic activity or functions
with a noncanonical mode of catalysis.

Within the Rossmann-like fold cavity, an unstructured loop
spanning Val142-Pro149 crosses the center of the domain
(SI Appendix, Fig. S8G). Ser144 and Gly145 in this loop contact
the ribose moieties of the nicotinamide mononucleotide and ade-
nine groups of NADPH, respectively (S/ Appendix, Fig. S8F). The
pbr1-5002 allele substitutes Serl44 with Pro (SI Appendix,
Fig. S1), and structural modeling shows that this change lowers
the pLDDT score at the NADPH-binding site (S/ Appendix,
Fig. S8H). Another allele, pbrI-5006, carries an S281P substitu-
tion (87 Appendix, Fig. S1 B and C) that likewise decreases the
predicted confidence of the NADPH-binding region (SI Appendix,
Fig. S8 H). These structural changes are predicted to perturb the
modeled NADPH-binding region and are consistent with the
reduced in vivo function of the pbrI-5002 and pbri-5006 mutants.

At the bottom of the Rossmann-like fold, Met279, Ser281, and
Ser283 interact with the nicotinamide and diphosphate groups of
NADPH (87 Appendix, Fig. S8F). The cavity opens toward the
membrane surface (Fig. 6E), suggesting that the putative substrate
of Pbrl may access the active site directly from the ER membrane.
When viewed from the membrane surface, this region reveals a
small opening, with the Gln64 residue inserted in the GxxxGxG
motif forming part of the rim (Fig. 6F). Another opening is also
visible at the back of the pocket (Fig. 6G). Together, these results
suggest that Pbrl adopts a Rossmann-like fold compatible with
pyridine nucleotide binding and functions either as a noncatalytic
chaperone or as a noncanonical, oxidoreductase-related factor in
ER membrane protein biogenesis.

Discussion

This study assigns a biological process to Pbrl, one of the last
uncharacterized essential genes in budding yeast. By combining two
unbiased and mechanistically distinct omics strategies, we show that
both lines of evidence converge on cell-wall biosynthesis and spe-
cifically implicate p-(1,3)-glucan synthesis via FKSI. Mechanistically,
we demonstrate that Pbrl is an ER membrane protein with both
termini exposed to the cytosol. This topology enables Pbrl to pro-
mote the cotranslational folding and ER maturation of Fksl in
cooperation with IIm1 and the EMC complex. In pbr] mutants,
Fks1 becomes ERAC-retained and ERAD-sensitive, and its abun-
dance declines. Pbrl physically associates with Fks1, and an fksI-
A768D suppressor allele partially restores Fks1 stability and growth,
suggesting that Fks1 folding represents a major essential function
of Pbrl. Together, these findings indicate that Pbrl is a component
of the ER folding machinery required for Fks1 biogenesis. Although
our data support Fks1 as a major functional client of Pbr1, they do
not exclude the possibility that Pbrl also contributes to the biogen-
esis or function of additional membrane proteins. A remaining
limitation is that we cannot fully distinguish whether the pheno-
types of individual pbr! ts alleles reflect altered expression, reduced
protein stability, allele-specific functional defects, or differences in
ERAC formation.

Pbr1 Functions as a Dynamic Folding Scaffold for Fks1 Bio-
genesis. We envision that Pbrl dynamically engages nascent
Fks1 during its biogenesis at the ER, acting as a folding scaffold
that transiently associates with distinct domains as translation
proceeds. First, membrane topological analysis indicates that
Pbrl anchors to the cytosolic face of the ER through a short
hydrophobic helix, with both termini exposed to the cytosol.
Second, AlphaFold3 structural modeling supports this topology
and reveals a spatial configuration consistent with Pbr1’s predicted

PNAS 2026 Vol.123 No.29 2612792123

membrane orientation. The Rossmann-like fold domain of Pbrl
is positioned to contact the cytosolic N-terminal accessory (AC)
domain of Fks1, whereas its C-terminal region lies adjacent to the
glycosyltransferase (GT) domain. Third, this interaction model is
further supported by TurboID proximity-labeling data. Based on
these complementary findings, we propose a sequential binding
model in which Pbrl associates with the AC domain early during
translation, maintains transient contact during folding of the TM
and GT regions, and releases upon Fks1 maturation. This dynamic
association likely enables Pbrl to monitor the folding trajectory
of Fks1 and prevent premature aggregation.

Evolutionary Conservation and Diversification of Pbr1 Ortho-
logs. Comparative analyses reveal that Pbrl orthologs across
ascomycetes retain the Rossmann-like fold structure but differ in
catalytic motifs and cofactor-binding sites.

Candida albicans Pbr1 preserves the canonical YxxxK catalytic
motif, whereas S. pombe and S. cerevisiae variants exhibit substi-
tutions, VxxxK and FxxxK, respectively, lacking a catalytic
tyrosine.

This evolutionary diversification suggests that Pbrl proteins
have gradually diverged from canonical short-chain dehydroge-
nase/reductase (SDR) enzymes toward noncanonical redox or
chaperone-like functions. In this context, Pbrl may represent a
unique evolutionary example of an SDR-derived ER factor repur-
posed for membrane-protein quality control rather than enzymatic
catalysis.

Redox Potential and Chaperone-Like Activity of Pbr1. Structural
modeling indicates that Pbrl retains high-affinity binding to
pyridine nucleotides (NAD'/NADH/NADPH) despite its
atypical motifs (GxxxQGxG, FxxxK). Notably, oxidoreductases
are increasingly recognized to exert noncatalytic functions in
proteostasis. For example, PDI family proteins act as ER luminal
chaperones and folding sensors that recognize misfolded proteins
and facilitate ER-associated degradation, whereas NOQ1 stabilizes
client proteins independently of catalytic activity (45-48). Because
these characterized noncatalytic functions are typically exerted
in the ER lumen or cytosol, Pbrl may represent a membrane-
embedded counterpart, operating at the level of the lipid bilayer.

One plausible scenario is that Pbrl locally adjusts lipid oxida-
tion or bilayer thickness via NAD(P)H-dependent processes,
optimizing the folding environment for Fksl TM helices.
Alternatively, Pbrl may generate lipophilic metabolites function-
ing as nonprotein chaperones, analogous to the retinal-mediated
stabilization of rhodopsin during its folding (49-51).

Indeed, lipophilic compounds have been shown to rescue mis-
folded variants of rhodopsin and other multipass membrane pro-
teins such as NPC1 (52-55), suggesting a more general principle
in which lipid-derived molecules facilitate membrane-protein
folding. Thus, Pbrl may function as an “SDR-like chaperone,”
employing a conserved Rossmann-like fold for redox modulation
rather than catalysis and thereby linking metabolic redox state to
ER proteostasis.

Future Perspectives. Future studies should aim to reconstitute the
Pbr1-Fks1 complex in vitro to delineate its folding intermediates
and to test whether Pbrl mediates lipid redox modifications
or generates lipophilic cofactors during membrane-protein
maturation. A critical next step is to determine whether Pbrl
possesses any oxidoreductase activity through biochemical assays
using purified protein. Although we made attempts to purify Pbrl
from several different systems, the protein proved unstable and
could not be obtained in soluble form, underscoring the technical
challenges of working with this membrane-associated factor.
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Investigating PBRI orthologs in filamentous and pathogenic
fungi could further reveal whether this redox—chaperone mecha-
nism is evolutionarily conserved. Given the essential role of
f-(1,3)-glucan synthesis in fungal viability, such studies may high-
light ER quality-control factors dedicated to cell-wall biogenesis
proteins as novel antifungal targets and have the potential to
expand our understanding of how essential ER factors coordinate
lipid metabolism with protein biogenesis.

Materials and Methods

Detailed materials and methods are available in S/ Appendix. This includes the
following: yeast strains and media, reagents, genetic manipulation and plasmid
construction, morphological profiling of PBR7, morphological data acquisition
and normalization, similarity and statistical evaluation, immunoblot analysis,
cell fractionation, deglycosylation, fluorescence microscopy and data analysis,
electron microscopy, in silico analysis of Fks1, integrated membrane yeast two-
hybrid (iMYTH), pbr1-5006 suppressor isolation, FKST suppressor validation,
pbr1A complementation, genetic crosses and tetrad analysis, TurbolD analysis,
and coimmunoprecipitation.

Data, Materials, and Software Availability. Study data are included in the
article and/or S/ Appendix.
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