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Pmt4 recognizes two separate acceptor sites
to O-mannosylate in the S/T-rich regions of
substrate proteins

MingeDu1,2, ZuanningYuan1,2, AmandaKovach 1,MeinanLyu 1&Huilin Li 1

Protein O-mannosyltransferases (PMTs) add mannose to serine/threonine (S/
T)-rich proteins in the endoplasmic reticulum, facilitating proper folding and
trafficking through the secretory pathway. These enzymes share a conserved
architecture that includes a large transmembrane domain housing the cata-
lytic pocket and a lumenal β-trefoil-folded MIR domain. Although S/T-rich
regions in acceptor proteins are generally disordered, it remains unclear how
PMTs selectively target these regions over other intrinsically disordered
sequences. Here, using cryo-EM and X-ray crystallography, we demonstrate
that the Saccharomyces cerevisiae Pmt4 dimer recognizes an S/T-rich peptide
at twodistinct sites. A groove above the catalytic pocket in the transmembrane
domain binds the mannose-accepting S/T site, while the lumenal MIR domain
engages an S/T-X-S/T motif. Notably, the substrate peptide is simultaneously
bound by the catalytic pocket of one Pmt4 protomer and the MIR domain of
the other, revealing an unexpected cooperative dual substrate recognition
mechanism. This mechanism likely underpins the invariant dimeric archi-
tecture observed in all PMT family members.

Protein O-mannosylation is an essential posttranslational modification
conserved across eukaryotes and certain bacteria, playing a pivotal
role in protein folding, stability, and intercellular communication1,2.
Catalyzed by protein O-mannosyltransferases (PMTs in yeast and
POMTs in mammals)3,4, this process transfers mannose from dolichol
phosphate-activated mannose (Dol-P-Man) to serine or threonine
residues on target proteins5–7. This modification is crucial not only for
the quality control of unfolded proteins but also for regulating
receptor recycling, immune responses, and overall cellular
homeostasis8. Alterations in O-mannosylation have been implicated in
a range of human diseases9. For example, mutations in the
POMT1–POMT2 complex cause congenital muscular dystrophies such
as Walker–Warburg syndrome and muscle–eye–brain disease10,11.
Defective O-mannosylation has also been linked to cancer metastasis
and viral entry, underscoring its broad clinical significance12,13. In
addition to the PMT/POMT, proteins can also be O-mannosylated by
the TMTC1-4 enzymes14,15 or C-mannosylated to a tryptophan by the

DPY19 family of enzymes16,17. These enzymes all belong to the evolu-
tionarily conserved GT-C family of protein glycosyltransferases18,19.

In fungal pathogens, impaired O-mannosylation disrupts cell wall
integrity and morphogenesis20, leading to attenuated virulence21. Simi-
larly, in plant pathogens like Ustilago maydis22, aberrant PMT activity
undermines proper appressorium formation and host invasion, thereby
contributing to disease development20,22,23. Together, these findings
highlight the evolutionary conservation of proteinO-mannosylation and
its critical role in maintaining cellular function, with far-reaching impli-
cations for organismal health across different kingdoms.

While the substrate recognition and catalytic mechanisms of
protein N-glycosylation are well characterized24–26, those governing
protein O-mannosylation remain poorly understood. In Sacchar-
omyces cerevisiae, six PMT proteins are classified into three
subfamilies27: PMT1 (comprising Pmt1 and Pmt5), PMT2 (Pmt2, Pmt3,
and Pmt6), and PMT4 (Pmt4), each displaying unique substrate spe-
cificity properties28,29. Notably, Pmt1 and Pmt2 form heterodimers to
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modify substrates such as Aga2, Bar1, Cts1, Kre9, and Pir230, whereas
Pmt4 forms homodimers that preferentially modify proteins with
serine/threonine (S/T)-rich regions, including Ccw5, Axl2, Fus1, Gas1,
and Kex231. This functional divergence underscores the specificity
within the PMT family and their distinct roles in cellular processes.
Recent structural studies on the Pmt1–Pmt2 complex have revealed an
architecture featuring an 11-transmembrane helix bundle and a lume-
nal MIR domain32. Furthermore, crystal structures of the MIR domains
from Pmt2 and Pmt3 suggest the presence of mannose-binding sites
within these regions33. Despite these advances, several studies have
highlighted that PMT4’s substrate recognition is far more complex,
relying ondeterminants beyonda simple linear peptide sequence,with

membrane association playing a critical role (Fig. 1a)34. It remains
unclear whether PMT enzymes have evolved specific mechanisms to
recognize intrinsically disordered S/T-rich regions or if these regions
merely serve as general targets for mannosylation35,36. Crucially, high-
resolution structural information for PMT4 is conspicuously absent,
and its working mechanism remains elusive. This gap in our structural
and mechanistic understanding of PMT4 underscores the need for
further research to elucidate its precise role inO-mannosylation,which
may ultimately reveal novel targets for therapeutic intervention in
diseases linked to aberrant glycosylation.

In thiswork,we report the structures of the S. cerevisiaePmt4dimer
alone and in complex with an acceptor peptide. We show that the MIR
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Fig. 1 | Structure of the Pmt4dimer. a Sketch of Pmt4-mediatedmannosylation of
a nascent protein) (Created in BioRender, Fontana, T). The questionmark indicates
the unknownmolecularmechanism.Created in BioRender. https://BioRender.com/
wdqk9wc. bDomain architecture. cCryo-EMmap processed by EMReady (left) and
atomicmodel in cartoon view (right) of the apo Pmt4 dimer. Protomers A and B are
in cyan and teal, respectively. d Crystal structure of the MIR domain. e Ribbon

diagram of Pmt4 topology, with transmembrane helices, horizontal helices
(HH), and β-strands (S1/S2) numbered and colored in a rainbow scheme. The
MIR domain is depicted as a green disk. The HH1-4 and S1-2 form the catalytic
pocket with a substrate-peptide-binding groove. f Two contacts at lumenal and
cytosolic sides between Pmt4 A and B. Created in BioRender. https://BioRender.
com/wdqk9wc.
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domain of one Pmt4 subunit recognizes a S/T-X-S/Tmotif while theMIR
domain of the other Pmt4 subunit recognizes the acceptor residue S/T.
Therefore, the Pmt4 dimer has evolved a trans-recognition mechanism
that detects the coincidence of these two acceptor features to ensure
mannosylation only to the S/T-rich region of target proteins.

Results and discussion
Overall structure of the Pmt4 dimer
We added a 3× FLAG purification tag at the carboxyl terminus of Pmt4
and produced the enzyme in baker’s yeast (Supplementary Fig. 1a, b).
Cryo-EM analysis of the as-purified Pmt4 resulted in a 3D map at an
average resolution of 3.9Å (Supplementary Figs. 1c, 2). As expected,
Pmt4 assembled as a dimer (Fig. 1a–c). The 3D map in the transmem-
brane regions had good main chain connectivity and side chain density
for atomic modeling. However, the two lumenal MIR domains had weak
density, indicative of partial mobility. To remediate the modeling pro-
blem in the MIR domain, we determined the crystal structure of the
truncated Pmt4MIRdomain (amino acids 327 to 522) at 1.65Å resolution
and then rigid-body docked theMIR domain atomicmodel into the low-
resolutionMIRdensities to derive a near full-length atomicmodel for the
Pmt4 dimer, missing only the amino-terminal 34 residues (Fig. 1c, d).

The Pmt4 dimer is pseudo twofold symmetric, with an overall
size of 105 × 80 × 67 Å3 (Fig. 1c). The overall architecture can be
divided into the top MIR domains in the lumen and the large TMD
regions. The Pmt4 MIR domain has the expected β-trefoil fold com-
prised of four β-strands and one short α-helix (Fig. 1d). While the
overall fold of Pmt4 MIR is similar to that of Pmt1–Pmt2, there are
two distinctions: First, the twoMIR domains in Pmt1–Pmt2 tilt toward
their opposing subunits and have a largely symmetrical arrangement,
but in the Pmt4 dimer, the two MIR domains are asymmetrically
arranged, with the Pmt4-AMIR domain sitting above Pmt4-A, and the
Pmt4-B MIR domain leaning toward Pmt4-A. Second, the Pmt4 MIR
domain has an extended loop in the MIR motif 1 that interacts with
the acceptor peptide, to be described below (Fig. 1c). The TMD
contains the donor dolichol-P-Man-binding site. Above the TMD and
facing the ER lumen resides the catalytic pocket comprised of
lumenal TMH-connecting loops, including two short horizontal α-
helices (HH1 and HH2) connecting TMH1 and TMH2, and two addi-
tional horizontal α-helices (HH3a/b and HH4) and a two-stranded β-
sheet (S1 and S2) connecting TMH7 and TMH8 (Fig. 1c, e). Below the
TMD-facing cytosol are the N-terminal short α-helix and short TMH-
connecting loops. This small section maintains Pmt4 dimerization,
which is important for Pmt4 activity.

Unlike the Pmt1–Pmt2 dimer interface that is largely stabilized by
the N-terminal β-hairpin of Pmt132, the Pmt4 dimer is stabilized in both
cytosolic and lumenal regions but with minimal contacts in the TMD
region (Fig. 1f). The lumenal contact ismediated by the ends of the two
TMH9s, involving two L656 residues of the two protomers, as well as
two ordered lipid molecules. The cytosolic interface involves Pmt4-B
W260 π-stacking with Pmt4-A H622, and Pmt4-B L263 and D264
interacting with Pmt4-A H622. There is a 20-Å cavity in the dimer
believed to facilitate the diffusion of the membrane-embedded Dol-P-
Man into either one of the two catalytic pockets.

Acceptor and donor binding in the TMD catalytic pocket
The yeast cell wall protein 5 (Ccw5)was previously shown to be a good
Pmt4 substrate29. Therefore, we synthesized an S/T-rich (50%) peptide
of Ccw5 (108-ASKTSTNATSSSCATPSLKD-127) as a model acceptor and
used Man-1-P as a donor mimic to understand how the acceptor sub-
strate protein is selectively recognized by Pmt4. Cryo-EM analysis
yielded two 3D EM maps: a binary Pmt4–Ccw5 complex at 3.2 Å reso-
lution and a ternary Pmt4–Ccw5–man complex at 3.5 Å resolution
(Supplementary Figs. 1d, 3).

The 3D map of Pmt4–Ccw5 contains densities for both Ccw5
peptide (Fig. 2a, b) andDol in the TMDcavity, and the location of Dol is

similar to that of Dol-P in Pmt1–Pmt232. The thin and zigzagged density
in the Pmt4 map lacks the phosphate moiety. We presume the phos-
phate is disordered and therefore modeled a dolichol in the donor EM
density. Thehydrophobic dolichol chain resides in an extendedgroove
between TMH10 and TMH11 and is stabilized by hydrophobic side
chains of V245 andV256of TMH10 and F278, L282, andV286ofTMH11.

Surprisingly, theCcw5peptide interactswith two separate regions
of the Pmt4 dimer, with the N-terminal segment (N-segment) being
sandwiched between the two MIR domains and the C-terminal seg-
ment (C-segment) interacting with the catalytic pocket of Pmt4-A
(Fig. 2d–f). The two MIR domains both move toward the center to
interact with the N-segment of the Ccw5 peptide (Fig. 2d, Supple-
mentary Fig. 4a–d). Compared to the apo Pmt1 structure, the Pmt4-B
MIR domain is rotated 16° and shifted 36 Å toward Pmt4-A, and the
Pmt4-A MIR domain is rotated 15° and shifted down by 16Å (Fig. 2d,
Supplementary Figs. 5 and 6). These movements enabled the two MIR
domains to sandwich and interact with the Ccw5 peptide. The side-by-
side arrangement of the two MIR domains may have evolved to facil-
itate substrate-peptide trapping and threading. The primary substrate
interaction is mediated by the twoMIRmotif loops of the Pmt4-B MIR
domain (Fig. 2e). However, the local resolution is too low to identify
the peptide sequence in this region, due to the partialmobility of these
MIR domains. This problem is remediated by our additional crystal-
lographic study, to be described below.

The peptide C-segment fits snugly in a shallow groove near the
catalytic pocket of Pmt4-A (Fig. 2f). This groove has a surface area of
370Å2, is lined by HH1, HH3, HH4, S1, and S2 and their connecting
loops (Supplementary Fig. 7), and stabilizes a 10-residue region of the
Ccw5 C-segment (116-TSSSCATPSL-125). The HH1 residues F79, D80,
H83, and N759 near S1 and S2, and the HH4 residues H563 and L559
interact with the CCW5 C-segment (Fig. 2f). Therefore, both the MIR
domain and the catalytic pocket contribute to the acceptor substrate
selection.

The substrate-bindinggroove in theTMDregion is important for
Pmt4 function
Using a structure-based homology sequence alignment server (Dali)37,
we compared the acceptor binding grooves of all seven S. cerevisiae
PMT family members Pmt1–7 and found that all acceptor binding
grooves contain three horizontal α-helices (HH1-3) and an intervening
loop (Fig. 2g). HH1-3 are arranged similarly across the family, but the
intervening loops vary: the loop is 9–10 residues long in Pmt1, 4, and 5,
and is 12-13 residues in Pmt2, 3, 6, and 7. The longer intervening loops
make the acceptor binding grooves larger. The 80-DE-81 dipeptide is
conserved and essential for Pmt activity38. Six additional residues are
also well conserved: H83, L559, H563, F662, F313, and N759. To
examine their functional importance, we generated three double
mutations: H83A/H563A, L559A/F662A, and F313A/N759A, and pur-
ified the WT and mutant Pmt4 enzymes (Supplementary Fig. 8). We
examined their ability to hydrolyze Man-1-P in the presence of the 20-
residue Ccw5 peptide acceptor. In this assay, free phosphate released
from Man-P is detected by the Biomol Green reagent. We found that
the peptide acceptor drastically stimulated the WT Pmt4 activity but
not the H83A/H563A and F313A/N759A double mutant activity
(Fig. 2h), indicating that these regions are crucial for proper enzymatic
function. In contrast, the L559A/F662A mutation did not affect the
Pmt4 activity, suggesting this region may be less critical for peptide
binding or function.

Pmt4 MIR domain recognizes a S/T-X-S/T motif of an acceptor
substrate
As mentioned above, the side chains of the Ccw5 peptide were not
resolved in the binding N-segment with the Pmt4-B MIR domain. To
address this ambiguity, we expressed the Pmt4 MIR domain in E. coli,
co-crystallized it with the same 20-residue Ccw5 peptide that was used
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in the cryo-EM study (Supplementary Fig. 9), and solved the co-crystal
structure at a resolution of 1.69 Å (Fig. 3a–d, Supplementary Table 2).
We found that one asymmetric unit contains three copies of the MIR
domain and identified two distinct binding modes between the MIR
domain and the Ccw5 peptide. Specifically, two MIR domains each
bind a TST motif, and the remaining MIR domain binds a TSS motif in
the Ccw5 N-segment (109-SKTSTNATSSS-119) (Fig. 3a–d). In both
binding modes, the same loops from the MIR-1 and MIR-2 motifs
engage with the S/T-rich regions of the peptide, i.e., 111-Thr–Ser–Thr-
113 and 117-Thr–Ser–Ser-119 (Fig. 3d).

In the TST binding mode, the Ccw5 T111 forms two hydrogen
bondswith I367 in theMIR-1 loop and one hydrogen bondwith A425 in
theMIR-2 loop. T113 forms one hydrogen bondwith D423 of theMIR-2
loop and one hydrogen bond with K507 of the MIR-3 loop (Fig. 3b).
N114, immediately following the TST motif, also forms a hydrogen
bond with P430. The TSS binding mode is highly similar to the TST
binding mode: T116 forms two hydrogen bonds with the MIR domain,
and S118 forms one hydrogen bondwith D423 and one hydrogen bond
with K507 in theMIR-3 loop (Fig. 3d, e). Notably, themiddle S112 in the
TST binding mode and the middle S117 in the TSS binding mode are
both oriented away from theMIR domain and do not participate in the
substrate-enzyme interaction (Fig. 3d, e). Therefore, we suggest that
the central residue in the tripeptide motifs is inconsequential and
propose that the Pmt4MIRdomain recognizes an S/T-X-S/Tmotif. The
recognition mode may account for Pmt4’s preference for acceptor
substrates with multiple S/T-rich regions31.

Remarkably, the co-crystal structure of Pmt4 MIR domain–Ccw5
peptide fits very well as a rigid body into the cryo-EM density of the
acceptor peptide (Fig. 3f). This enabled us to build a hybrid model for
the stabilized 17-residue region of the 20-residue Ccw5 peptide in the
EM map, including the rigid-body docked N-terminal six residues
interacting with the Pmt4 MIR domain, and the C-terminal 11 residues
situated above the TMD in and around the Pmt4’s catalytic pocket. This
unique spatial arrangement suggests that the MIR domain may recog-
nize the S/T-X-S/Tmotif on Ccw5 and guide the acceptor to the catalytic
site for mannosylation. While the S/T-X-S/T alone is rather nonspecific,
the enzyme’s detection of the coincidence of two suchmotifs (the other
being the acceptor S/T site) likely increases the substrate specificity.

To investigate the importance of the MIR motif loops interacting
with the S/T-X-S/T motif, we introduced two mutations in the Pmt4
MIR: either by shortening the MIR-1 motif loop by seven residues
(Δ362–368) or by swapping a 9-residue region of the MIR-2motif loop
with a poly-alanine peptide of the same length (423–431>Ala). The
mutant Pmt4 MIR domains were produced in E. coli and purified for
isothermal titration calorimetry (ITC) assay (Supplementary Fig. 9).
The WT Pmt4 MIR domain bound the 20-residue Ccw5 peptide with a
dissociation constant (KD) of 12 ± 0.9μM. However, the twomutations
largely abolished the MIR domain’s binding capacity to the substrate
peptide (Fig. 3g, Supplementary Fig. 10). This result underscores the
importance of the observed S/T-X-S/T recognition mechanism by the
Pmt4 MIR domain.

The MIR domain peptide-binding site is distinct from the pro-
posed Man-binding site
TheMIR domains of Pmt2 and Pmt3were previously found to have low
mM affinity for Man, and it was suggested that the Pmt2 MIR domain
contains four potential Man-binding sites (α, β, γ, and δ) and the Pmt3
MIR domain one site (α)33 (Fig. 4a, b).We aligned the current structure
of the Pmt4 MIR-Ccw5 complex with the structures of the Pmt2 MIR
(PDB 6ZQP) and Pmt3 MIR domains (PDB 6ZQQ) and found that the
Ccw5peptide-binding site is extended and spans the triangular surface
of the Pmt4MIR domain (Fig. 4c, d). Therefore, the substrate-peptide-
binding site is distinct from and has no overlaps with the proposed
Man-binding sites, which are at the sides of the triangular Pmt2 and
Pmt3 MIR domains. However, the side chains of Ser-112 are oriented

such that a covalently linked Man might be positioned toward and
occupy the proposed Man-binding site β (Fig. 4c). Therefore, in addi-
tion to recognizing unmodified substrate peptides, we speculate the
PMT MIR domain may play a secondary role in binding mannosylated
peptide products.

Pmt4–Ccw5–Man structure and the mannose transfer
mechanism
As mentioned above, we obtained a 3.5-Å resolution 3D map of the
Pmt4–Ccw5 peptide–Man ternary complex (Supplementary Fig. 3). In
this map, an isolated planar density was observed about ~2.5 Å below
the acceptor residue T122 of the Ccw5 peptide (Fig. 5a), and we
assigned this density as mannose that was likely derived from hydro-
lysis of the donor mimic Man-1-P added to the cryo-EM sample. A thin
and zigzag density was also present in the donor Dol-P-Man-binding
groove, but only dolichol region can be modeled because the density
lacked the phosphate moiety (Supplementary Fig. 3c). The lack of
phosphate density in our EMmaps is likely due to the steric conflict of
the two phosphate moieties, one fromMan-1-P and the other from the
endogenous donor product dolichol-P co-purified with the enzyme,
leading to their displacement and therefore, the lack of their densities.
Therefore, our modeling of the Dol is tentative, and future studies
using alternative donor analogs or time-resolved cryo-EM may be
required to capture the intact donor-bound state.

Next, we computationally aligned the published Pmt1-2 structure
with the Pmt4–Ccw5–Man ternary structure and found that the
phosphate moiety of Dol-P in Pmt1-2 is ~2.4 Å further below the
observed mannose in the Pmt4 structure, apparently suitable for
covalent bond formation with Man (Fig. 5b, c). The predicted phos-
phate site is suitably coordinated by five positively charged residues,
H101, K241, R659, H664, and H665 (Fig. 5c, Supplementary Fig. 6a–d).
Therefore, the observed Pmt4–Ccw5–Man structure is likely in a post-
mannosylation state, in which the phosphate has been released, and
theMan has been transferred to the accepting T122, which is stabilized
by H83 and H563. The structure is consistent with the SN2 inverting
transfer mechanism, in which the nearby D80 first deprotonates the
-OH group of the acceptor T122, which goes on to nucleophilically
attack the mannose anomeric C1, leading to the covalent attachment
of the Man to T122 and glycosyl transfer (Fig. 5d). Because the phos-
phate is below Man C1, and T122 is above C1, the new β-linkage
between T122 and Man is an inversion of the α-linkage between Man
and phosphate in the donor, consistent with the inverting transfer
mechanism. Although this mechanism is supported by structural
alignment and chemical reasoning, it remains speculative and requires
further validation by targeted mutagenesis and visualization of addi-
tional reaction intermediates.

Dual acceptor recognition and the dimeric PMT architecture
The Ccw5 peptide binding in the ternary Pmt4–Ccw5–Man structure is
similar to that described above in the binary Pmt4–Ccw5 structure
(Figs. 2e, f, 4c, d). If we label theO-mannosylated T122 as position 0, the
residues N-terminal to T122 will have negative position numbers, and
residues C-terminal to T122 will have positive position numbers. The
substrate groove at position 0 is lined by H83 and H563 that sandwich
T122, apparently stabilizing the residue for accepting the mannose
moiety (Fig. 6a).We showed above that, although they are not catalytic,
these two His residues are essential to Pmt4 function (Fig. 2h). How-
ever, the MIR domain binding site at positions −9 to −11 (S/T-X-S/T) is
about 10 residues upstream of the accepting T122. Therefore, the
interaction between Pmt4 and Ccw5 involves two sites in the substrate.
We suggest that this dual-site recognition is the mechanism Pmt4 has
evolved to ensure modification on highly S/T-enriched regions.

All PMT family members form dimers—either heterodimers or
homodimers—and dimerization is required for their function, even
though individual PMT proteins contain both acceptor and donor
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Crystal structure of MIR–Ccw5 peptide 

Ccw5 
peptide

MIR motif 1
loop

MIR motif 2
loop

f

MIR domain 

Ccw5 peptide
(TST)

Ccw5 in EM    VS   Ccw5 in crystal structures

T111T111
T113

Ccw5 peptide(TST)
in crystal

Pmt4-B
MIR domain 

NT

In Pmt4-A TMD 
binding groove

CT 

a c

Ccw5 peptide
in EM map

S112

MIR motif 1
loop

MIR motif 2
loop

b

T111

T113

D423

K507

I367

P430

V424

N114

2.5 Å

2.7 Å

3.0 Å

3.0 Å

3.1 Å 2.9 Å

Ccw5 peptide
(TST)

0.4 0.8 1.2

-30

-10

Molar Ratio

ΔH
 (k

J/
m

ol
)

-50

-70

1.6 2.00 0.4 0.8 1.2

-30

-10

Molar Ratio

ΔH
 (k

J/
m

ol
)

-50

-70

1.6 2.00 0.4 0.8 1.2

-30

-10

Molar Ratio

ΔH
 (k

J/
m

ol
)

-50

-70

1.6 2.00

g WT MIR domain MIR motif 2 loop mutation
(423-431>Ala)

MIR motif 1 loop mutation
(Δ362-368)

kD =12 ± 0.9 μM kD = N.D. kD =N.D. 

S112

Ccw5 peptide
(TST)

Ccw5 peptide
(TSS)

Mode 1 (TST) Mode 2 (TSS)VS

T111T111
S112S112 T113T113

T116T116
S117S117 S118S118

D423
I367

D423

I367

K507

V424
V424

MIR motif 1
loop

MIR motif 1
loop

MIR motif 2
loop

MIR motif 2
loop

I36

.... .. ..

D423

I367

V424

MIR motif 1
loop MIR motif 2

loop

MIR-peptide
binding Mode 1

KTSTNATSSS KTSTNATSSS

MIR-peptide
binding Mode 2

T S

T/S

d

e

A425

Fig. 3 | Co-crystal structure of MIR domain–Ccw5 peptide complex. a Cartoon
view of the co-crystal structure of the MIR-Ccw5 peptide complex. b Detailed
interactions of the Ccw5 peptide with the Pmt4 MIR domain. c The MIR domain is
shown in surface charge, and the Ccw5 peptide in sticks. d TwoMIR-Ccw5 peptide-
bindingmodes, in which the bound Ccw5 peptides in sticks are superimposed with
the electron density in graymeshes. Created in BioRender. https://BioRender.com/

o0zfox5. e Superimposition of two crystal structures of the MIR domain–Ccw5
peptide complex (Model 1 in gray andModel 2 in color). f Superimposition of cryo-
EM (gray) and crystal (color) structures of theMIR domain–Ccw5 peptide complex.
g Fittings of ITC titration of WT Pmt4 MIR (left), MIR motif loop 2 mutant
(423–432>Ala,middle), andMIRmotif loop 1mutant (Δ362–368). Themutant Pmt4
MIR domains had little affinity for the Ccw5 peptide.

Article https://doi.org/10.1038/s41467-025-64729-9

Nature Communications |         (2025) 16:9726 6

https://BioRender.com/o0zfox5
https://BioRender.com/o0zfox5
www.nature.com/naturecommunications


binding sites4. This raises an intriguing question about the underlying
biological reason. We have elucidated Pmt4’s strategy for recognizing
andbinding acceptor proteins.Our cryo-EManalysis of the Pmt4dimer
under saturating Ccw5 peptide has revealed that each Pmt4 protomer
contains two peptide-binding sites. However, the peptide is bound at
two separate locations in trans,with thefirst site containing anS/T-X-S/
T motif that is recognized by the MIR domain of Pmt4-B, and the
second site about 10 residues downstream containing the Man-
accepting residue S/T. This second peptide site is recognized by a
groove above the TMD of Pmt4-A (Fig. 6b). Therefore, the recruitment
of a single Ccw5 peptide requires both Pmt4 protomers. We suggest
that such a trans-dual-site recognition mechanism is the underlying
reason for the conserved dimeric architecture, whether a homodimer
or a heterodimer. Finally, based on the previously reported mannose
binding by the MIR domains33, the MIR domains may also function in
mannosylated product substrate threading, as indicated by the purple
dots on the substrate peptides (Fig. 6b).

Methods
Pmt4 protein expression and purification
The pmt4 gene was amplified from the yeast genome DNA and cloned
into the integrated and galactose-inducible vector pRSII403 with a
C-terminal 3xFLAG tag. All constructs were verified by sequencing. The
pRSII403-Pmt4 plasmidwas transformed into yeast strainW303(MATa

leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11) for protein over-
expression. The yeast cells were grown in SD growth medium w/o HIS
before being inoculated into 18 L of the YPGmedium (1% yeast extract,
2% peptone, 2% glycerol) at 30 °C. When cell density reached
OD600 = 1.0, galactose (2% w/v) was added to induce Pmt4 over-
expression for about 6 h at 30 °C. The cellswereharvested by 4000× g
centrifugation, then the pellet was resuspended in the lysis buffer
(20mM Tris, pH 7.5, 200mM Sorbitol, 300.0mM CH3COOK, 2.0mM
EDTA) supplemented with protease inhibitor cocktail (1.0mM phe-
nylmethylsulphonyl fluoride, 2mM pepstatin, 0.8μM aprotinin, and
2.0μg/mL leupeptin). The suspensions were frozen into “yeast pop-
corn” in liquid nitrogen, and the cells were pulverized using a freezer
mill (SPEX CertiPrep 6850 Freezer Mill). The yeast powder was slowly
thawed in a cold room, and insoluble material was removed by cen-
trifugation at 4000 × g for 10min. The yeast membranes containing
Pmt4 were pelleted by ultracentrifugation at 125,440 × g for 1 h. The
membrane pellet was solubilized by gentle mixing in a cold room for
1 h in the lysis buffer plus 1% w/v DDM. The detergent-solubilized
membrane was centrifuged at 100,000× g for 45min, and the super-
natant containing detergent-solubilized Pmt4was incubated with anti-
FLAG affinity resin (GenScript) at 4 °C for 2 h. Pmt4 was eluted by Flag
peptide (0.2mg/ml) in the elution buffer (20mMTris, pH 7.5, 150mM
NaCl, 1.0mM MgCl2, 1.0mM MnCl2, 1.0mM CaCl2, 0.005% LMNG,
0.0005% CHS). The eluent was further separated by size exclusion
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chromatography (Superose 6 10/300GL column, GEHealthcare) in the
elution buffer. The gel filtration fractions were analyzed by SDS-PAGE,
and the fractions containing Pmt4 were pooled, concentrated to
2.4mg/ml, and stored.

Three Pmt4 mutants, H83A/H563A, L559A/F662A, and F313A/
N759A, were cloned, expressed, and purified using the same protocol
as for the wild-type Pmt4 protein. Each mutant was concentrated to
approximately 2.0mg/ml and stored accordingly for the subsequent
activity assay. We did not attempt cryo-EM structural analysis on these
mutant Pmt4 proteins.

Expression and purification of wild-type and mutant forms of
the Pmt4 MIR domain
The PCR products corresponding to the MIR domain of Pmt4 (amino
acids 330–521) were cloned into the pSUMO expression vector.

Expression was carried out in Escherichia coli BL21 (DE3), producing
an N-terminal 6×His−SUMO fusion protein. The bacterial cultures
were grown in LB medium at 30 °C until the OD600 reached 0.8,
followed by induction with 0.05mM IPTG at 16 °C overnight. Initial
purification involved Ni-affinity chromatography using a buffer
containing 20mMTris (pH 7.5), 200mMNaCl, and 10% glycerol, with
elution in the same buffer supplemented with 300mM imidazole.
The 6×His−SUMO tag was subsequently cleaved using Ulp1 protease,
and the cleaved protein was re-bound to a nickel HP column. Final
purification was achieved via gel filtration chromatography (Super-
dex 75 10/300) in a buffer containing 20mM Tris (pH 7.5) and
200mM NaCl. Two Pmt4 MIR domain mutants, the MIR motif loop 2
mutant (423–432>Ala) and the MIR motif loop 1 deletion mutant
(Δ362–368), were produced following similar protocols (Supple-
mentary Figs. 9 and 10).
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Crystallization, data collection, and structure determination
Crystallization screen for the purified MIR domain alone and the
MIR domain−Ccw5 complex was conducted using the sitting-drop
vapor diffusion method at 20 °C. Crystals of the MIR domain alone
emerged in 3 days from drops comprising 0.1 μl of a protein solu-
tion at 10.0mg/ml and 0.1 μl of a reservoir solution containing 1.0M
LiCl, 0.1 M citric acid, and 30% PEG 6000 (w/v) at pH 8.0. Crystals of
the MIR domain−Ccw5 peptide complex also appeared in 3 days
from drops containing 0.1 μl of a MIR domain at 10.0mg/ml mixed
with Ccw5 peptide at 1:1.5 molar ratio and 0.1 μl of a reservoir
solution containing 25% polyethylene glycol monomethyl ether
2000 at pH 8.0 (Supplementary Fig. 11). The crystals were harvested
by flash freezing by liquid nitrogen in 15% glycerol. X-ray diffraction
datasets were collected at the Life Sciences Collaborative Access
Team (LS-CAT) beamlines at the Argonne National Laboratory, at
100 K with an X-ray wavelength of 1.078 Å. Diffraction data were
processed in HKL-200039. Initial phasing was determined by the
molecular replacement method in the PHENIX program40, using our
previously published EM structure of the Pmt1 MIR domain (PDB ID
6P2R) as the search model. Subsequent manual model adjustments
and rebuilding were done in Coot41. Further refinement of the
manually built model was carried out using Refmac in the
CCP4 suite42 and PHENIX43. Several iterations of real-space manual
adjustment and reciprocal refinement led to the final Rwork of 19.0%
and Rfree of 22.7% for the MIR domain model, and the final Rwork of

18.4% and Rfree of 20.8% for the MIR domain−Ccw5 model (Supple-
mentary Table 2).

Cryo-EM
Purified full-length Pmt4 was mixed with the 20-residue Ccw5 peptide
(108-ASKTSTNATSSSCATPSLKD-127) at a molar ratio of 1:10 to form
the enzyme−acceptor peptide complex. Man-1-P of 5mg/ml was sub-
sequently added to themixture of Pmt4 and Ccw5 peptide to form the
ternary enzyme−acceptor−donor complex. To prepare cryo-EM grids,
we applied a 2.0-μl droplet of either the purified Pmt4 or the above-
described ternary mixture to glow-discharged C-flat 2/1 holey carbon
grids held by a pair of tweezers in an FEI Vitrobot (mark IV) with the
sample chamber environment set to 6 °C and 95% humidity and
incubated for 10.0 s before blotting for 3.0 s, then plunging the grids
into liquid-nitrogen-cooled liquid ethane. The grids were stored in a
liquid nitrogen dewar. Pmt4 particles frozen on the C-flat R 2/1 grids
were well distributed with no aggregation problem. We collected a
cryo-EM dataset semi-automatically by SerialEM44 in a Titan Krios
electron microscope operated at a high tension of 300 kV. Micro-
graphs were recorded at a nominal scope magnification of ×130,000
and a defocus range from −1.5 to −2.5μm in a Gatan K3 direct electron
detector operated at the super-resolutionmode. A Gatan BioQuantum
energy filter installed in front of the K3 detector was used in zero-
energy-loss mode with an energy slit of 20.0 eV to remove inelastically
scattered electrons and improve image contrast. At the used
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magnification, each detector pixel corresponds to 0.828Å at the
sample level. The exposure dose rate was 10.0 electrons per Å2

per second, and the exposure time for each 30-frame movie micro-
graph was 6.0 s (i.e., 0.2 s per frame), leading to a total exposure dose
of 60 e/Å2.

Image processing and 3D reconstruction
We collected in TFS Titan Krios a dataset of 2010 raw movie micro-
graphs for apo Pmt4. The movie frames were first aligned and super-
imposed by the program Motioncorr 2.0. The contrast transfer
function parameters of each alignedmicrographwere calculated using
the program CTFFIND445. All the remaining steps, including particle
auto selection, 2D classification, 3D classification, 3D refinement, and
density map post-processing, were performed using Relion-4.046. The
template for automatic picking was generated from a 2D average of
about ~10,000manually picked particles in different views. Automatic
particle selection was performed for the entire dataset, and 192,368
particles were initially picked.We then carefully inspected the selected
particles, removed “bad” ones, re-picked some initially missed “good”
ones, and sorted the remaining good particles by similarity to the 2D
references, in which the bottom 10% of particles with the lowest z-
scores were removed from the particle pool. 2D classification of all
good particles was performed, and particles in the classes with
unrecognizable features by visual inspection were removed. A total of
92,548 particleswere used for further 3D classification.Wederived five
3D models from the dataset and chose the best model for the final
refinement, in which classes 3–5 were combined for further refine-
ment. The final datasets have 45,052 particles. They were used for
further 3D refinement, resulting in 3.9 Å 3D density maps. The reso-
lution of each map was estimated by the gold-standard Fourier shell
correlation, at the correlation cutoff value of 0.143. The final map was
sharpened by applying a negative B-factor of −172 Å2.

We next collected in a TFS TitanKrios a dataset of 7033 rawmovie
micrographs for the ternarymixture of Pmt4, Ccw5 peptide, andMan-
1-P. Using a similar data processing approach as with the Pmt4 apo
sample, we auto-picked 492,368 particles and carried out 2D and 3D
classification and 3D refinement. This resulted in a 3Dmap at 3.2 Å for
the binary Pmt4–Ccw5 complex and another at 3.5 Å for the ternary
Pmt4–Ccw5–Man complex. The resolutions of these 3D maps were
estimated by the gold-standard Fourier shell correlation with a corre-
lation cutoff value of 0.143. The 3.2 Å and 3.5 Å density maps under-
went sharpening through the application of negative B-factors of
−177 Å2 and −163 Å2, respectively.

Atomic modeling, refinement, and validation
For apo Pmt4modeling, themodel of the Pmt4was initially built using
the Swiss model online server (https://swissmodel.expasy.org/), and
the resultant model was then manually updated in COOT41; guided by
residueswith bulky side chains likeArg, Phe, Tyr, and Trp. The twoMIR
domains were shifted and docked into the corresponding density. For
Pmt4–Ccw5 and Pmt4–Ccw5-Man modeling, the above-described apo
Pmt4modelwasfirst docked as a rigid body into the EMmaps. TheMIR
domains were shifted separately as rigid bodies into the EMmap. With
the sequence information of the Ccw5 peptide, a 17-residue peptide
model was built de novo into the density map. These twomodels were
then refined by rigid-body refinement of individual chains in the
PHENIX program47, and subsequently adjusted manually in COOT.
Finally, the atomic models were validated using MolProbity48. Struc-
tural figures were prepared in Chimera49 and Pymol (https://www.
pymol.org).

Pmt4 activity assay
Three double mutant Pmt4 proteins, H83A/H563A, F313A/N759A, and
L559A/F662A, were purified using the same procedures as for wild-
type Pmt4. To perform the activity tests, 1ml of buffer (25mMHEPES,

pH 7.4; 50mMNaCl, 5.0mMMgCl2, 0.005% LMNG, and 0.0005%CHS)
was prepared. Recombinant proteins and Ccw5 peptide were added to
40μl assay buffer and incubated in a 96-well plate for 5min. The final
protein concentrations were: Pmt4 WT or mutations (~1.5μM), and
Ccw5 peptide (2.0μM). 45μl of Man-1-P was added at a final con-
centration of 100 μM to begin the reactions. After 35min at room
temperature, reactions were stopped with 50μl of BIOMOL Green
reagent (Enzo Life Sciences). Absorbance at 635 nm was measured
after 15min and the relative activity was calculated. Reactions were
performed in duplicates and repeated three times.

Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) was performed to determine the
interaction between the MIR domain mutant and the Ccw5 peptide.
Two mutant MIR domains were expressed in E. coli and purified. The
ITC studies were performed using a Nano ITC LV (190μL) (TA Instru-
ments, New Castle, DE) at 4 °C. A 190μL solution of 100μM WT or
mutant MIR domain in buffer with 10mM HEPES (pH 7.5), 100mM
NaCl, and 0.005% (v/v) Tween-20 was added to the sample cell. The
Ccw5 peptide used for cryo-EM at 1.0mM in 50μL buffer solution was
put into the instrument’s syringe. After achieving temperature equili-
brium, 25 injections of 2-μL droplets of peptide were used for titration.
The ITC data was then entered into the NanoAnalyze software (TA
Instruments, New Castle, DE). After correcting the titration baseline,
the ΔH and KD values for MIR-peptide binding were calculated using
the software. Three independent experiments were conducted.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The 3D cryo-EM maps of S. cerevisiae apo Pmt4 at 3.9 Å, the binary
Pmt4−Ccw5 complex at 3.2 Å, and the ternary Pmt4−Ccw5−Man com-
plex at 3.5 Å have been deposited in the EMDB under accession codes
EMD-47541, EMD-47566, EMD-47601, respectively. Their correspond-
ing atomicmodels have beendeposited in the ProteinData Bankunder
accession codes 9E61, 9E6I, and 9E6V, respectively. The crystal struc-
tures of the Pmt4 MIR domain and the MIR domain−Ccw5 peptide
complex were deposited in the RCSB PDB with accession codes 9E79
and 9E7A. Source data are provided with this paper.
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