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The structural basis for the human
procollagen lysine hydroxylation and
dual-glycosylation

Junjiang Peng1,2,5, Wenguo Li1,2,5, Deqiang Yao 3,5, Ying Xia2, Qian Wang2,
Yan Cai2, Shaobai Li2, Mi Cao2, Yafeng Shen2, Peixiang Ma 1,4, Rijing Liao 2,
Jie Zhao 1,4, An Qin 1,4 & Yu Cao 1,2

Theproper assembly andmaturation of collagens necessitate the orchestrated
hydroxylation and glycosylation of multiple lysyl residues in procollagen
chains. Dysfunctions in this multistep modification process can lead to severe
collagen-associated diseases. To elucidate the coordination of lysyl processing
activities, we determine the cryo-EM structures of the enzyme complex
formed by LH3/PLOD3 and GLT25D1/ColGalT1, designated as the KOGG
complex. Our structural analysis reveals a tetrameric complex comprising
dimeric LH3/PLOD3s and GLT25D1/ColGalT1s, assembled with interactions
involving the N-terminal loop of GLT25D1/ColGalT1 bridging another
GLT25D1/ColGalT1 and LH3/PLOD3. We further elucidate the spatial config-
urationof thehydroxylase, galactosyltransferase, and glucosyltransferase sites
within the KOGG complex, along with the key residues involved in substrate
binding at these enzymatic sites. Intriguingly, we identify a high-order oligo-
meric pattern characterized by the formation of a fiber-like KOGG polymer
assembled through the repetitive incorporation of KOGG tetramers as the
biological unit.

Post-translational modifications (PTMs) are fundamental mechan-
isms for regulating the structure and function of proteins within the
cell. Among the myriad PTMs, glycosylation stands out as one of the
most intricate and heterogeneous, profoundly influencing protein
stability, intracellular trafficking, and molecular recognition1,2. The
cellular landscape of protein glycosylation encompasses N-linked
glycosylation on asparagine residues and O-linked glycosylation on
residues featuring hydroxyl sidechains, including serine, threonine,
and tyrosine. Additionally, lysine residues can undergo O-linked
glycosylation, following pre-hydroxylation into hydroxylysine (Hyl).
Lysyl O-glycosylation (Lys-O-glyco) takes place within the

endoplasmic reticulum (ER) and holds a pivotal role in the matura-
tion of both secreted and membrane-bound proteins3–5. In the con-
text of collagen, proper Lys-O-glycosylation is integral to the
formation of mature collagen triple helices and cross-linking
processes6,7. Furthermore, collagen-like proteins such as mannan-
binding lectin and adiponectin, as well as other proteins like
fibrinogen-like protein 1 (FGL1) and cellular communication network
factor 1 (CCN1), also exhibit glucose-galactose-hydroxylysine mod-
ifications, participating in the regulation of various biological pro-
cesses, including protein secretion, stability, and hyperpolymer
formation8–11.
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The enzymatic orchestration required for Lys-O-glycosylation
involves multiple sequential steps. The initial step necessitates the
hydroxylation of lysine residues. In the context of collagen, the
enzymes responsible for lysine hydroxylation are members of the
procollagen-lysine-2-oxoglutarate-5-dioxygenase (PLOD) family, which
encompasses genes PLOD1-3, encoding multifunctional procollagen
lysine hydroxylase and glycosyltransferase LH1-3 proteins,
respectively12–14. LH2, for instance, specializes in hydroxylating lysine
residues within the telopeptide regions of procollagen. The resulting
hydroxylated lysine is subsequently oxidized by lysine oxidase, gen-
erating an aldehyde group that plays a crucial role in intermolecular
cross-linking within collagen15–17. In contrast, LH1 and LH3 pre-
dominantly catalyze lysyl hydroxylation within the helical region of
collagen18,19. The subsequent stage in collagen Lys-O-glycosylation
involves the enzymatic attachment of a galactosyl group to the
hydroxyl group of hydroxylysine, catalyzed by glycosyltransferase 25
family member 1/procollagen galactosyltransferase 1 (GLT25D1/
ColGalT1)20,21. Following this, LH3 facilitates the linkage of glucose to
the galactosyl group, ultimately forming the characteristic glucose-
galactose-hydroxylysine motif22,23. While LH3 has been traditionally
considered the primary glucosyltransferase in the PLOD family, recent
stutides revealed that LH1 and LH2 also exhibit glucosyltransferase
activity in vitro24,25, albeit at lower levels compared to LH322,26. This
intricate enzymatic cascade, LH1/2/3-ColGalT1-LH1/2/3, is central to
the structural integrity and functional diversity of Lys-O-glycosylated
proteins, particularly in the context of collagen and collagen-like
molecules.

LH3/PLOD3 is a multifunctional enzyme that serves as a pivotal
player in the Lysyl O-glycosylation (Lys-O-glyco) pathwayby catalyzing
both the initial lysyl hydroxylation and the final glucosyl transfer
reactions. Notably, LH3/PLOD3 demonstrates robust glucosyl-
transferase activity. Studies in mice embryos with homozygous PLOD3
knockout have shown a remarkable reduction of approximately 85% in
glucosyltransferase activity compared to wild-type embryos26. LH3
works together with ColGalT1 to comprise the minimal functional unit
performing the Lys-O-glycosylation of collagen, and the dysfunction of
either enzyme can result in collagen defects, ultimately leading to
severe disorders in connective, muscular, and cerebrovascular tissues.
Mutations in the COLGALT1 gene are associated with small cerebral
vessel disease in humans27,28, whilePLOD3mutations are closely related
to the occurrence of connective tissue diseases29,30. This underscores
the critical roles of both GLT25D1/ColGalT1 and LH3/PLOD3 in main-
taining the structural and functional integrity of collagen and related
connective tissues.

Previous crystallographic studies have unveiled the structural
architecture of the LH3 protein, revealing a tripartite domain organi-
zation. These domains consist of the C-terminal lysine hydroxylase
domain, the N-terminal glycosyltransferase domain, and an inter-
mediary accessorydomain31,32. In contrast, GLT25D1/ColGalT1 has been
predicted to comprise a two-domain structure, with its C-terminal
domain taking on the primary responsibility for the galactosyl transfer
reaction33. While individual enzymatic functions of the proteins
involved in collagen glycosylation have been elucidated through bio-
chemical and cell biological studies, the precise mechanisms under-
lying the coordinated enzymatic cascade remain incompletely
understood. Similarly, the intricate details of the catalytic process
involved in glycosyl transfer await a more comprehensive
investigation.

In this study, we show that LH3 and ColGalT1 form a procollagen
lysine hydroxylation and dual-glycosylation complex (KOGG complex
for short) and present the cryo-electron microscopic (cryo-EM)
structures of KOGG complex. The structures reveal a stoichiometry of
2:2 between the two enzymes in the LH3-ColGalT1 quaternary complex
and show the spatial configuration of catalytic domains of the Lys-O-
glyco reactive cascade. Additionally, through further EManalysis of the

KOGGcomplex, we observe the existence of an enzymematrix formed
by interactions between quaternary complexes. These findings sug-
gest a coupling mechanism for lysyl hydroxylation-galactosylation-
glucosylation reactions in collagen processing.

Results
The human LH3/PLOD3 and GLT25D1/ColGalT1 form functional
enzymatic complex
Recombinant human LH3 and ColGalT1 were successfully over-
expressed via transient co-transfection of modified pcDNA3.4 vectors
in HEK293F cells. Affinity chromatography targeting the twin strep tag
at the N-terminus of ColGalT1 facilitated the purification of a stable
protein complex, as confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Supplementary
Fig. 1a). Subsequent purification through size-exclusion chromato-
graphy (SEC) yielded a mono-dispersed elution peak, indicating a
1:1 stoichiometry of LH3 and ColGalT1 as evaluated by SDS-PAGE
(Supplementary Fig. 1b and c). The enzymatic activities of the LH3-
ColGalT1 complex, including lysine hydroxylase (LH), galactosyl-
transferase (GalT), and glucosyltransferase (GlcT), were evaluated
using pooled SEC peak fractions. The 2-oxoglutarate (2-OG)-depen-
dent oxidation, indicativeof LH activity, wasdetected using a synthetic
peptide with sequence LPGTAGLPGMKGHRGFSGLDG to mimic the
collagen substrate region (Fig. 1a). This sequence is derived from the
human collagen alpha-1(I) chain (Uniprot ID P02452, residues 255-275),
and K265 corresponds to α1 Lys-87 in the triple-helical region of type I
collagen and represents a major substrate site for the hydroxylation
and glycosylation by LH334,35. Moreover, both GalT and GlcT activities
were observed in an LH activity-dependent manner, affirming the
prerequisite hydroxylation of lysine for subsequent glycosylation
(Fig. 1a). Furthermore,GlcTactivitywasmarkedly enhanced in reaction
solutions supplemented with both UDP-glucose and UDP-galactose
compared to solutions containing only UDP-glucose as the glycosyl-
donor, indicating a sequential hydroxylation-galactosylation-
glucosylation process (Fig. 1a). Consequently, we designated the
LH3-ColGalT1 protein complex as the KOGG complex (Lys-O-galacto-
syl-glucosyl).

Electronmicroscopy datawere acquired for all protein complexes
using a Titan Krios transmission electronmicroscope (FEI) operated at
300 kV. The data underwent processing utilizing RELION3 and
cryoSPARC36,37. 2-D classification of particles prepared from the KOGG
complex supplemented with 100μM UDP-galactose (KOGG/UDP-Gal)
revealed characteristic features of the quaternary complex, consisting
of two copies each of LH3 and ColGalT1 (Supplementary Fig. 2). Sub-
sequent 3-D classification and refinement yielded an electron micro-
scopy density map with an overall resolution of 3.4 Å and a local
resolution ranging from 2.5 Å to 6.5 Å at the core region of the com-
plex. A similar data collection and processing protocol was applied to
the KOGG complex supplemented with 100μM UDP-glucose (KOGG/
UDP-Glc) and the non-supplemented form (KOGG apo) (Supplemen-
tary Figs. 3 and 4). This resulted in electron microscopy density maps
with overall resolutions of 3.75 Å and 3.93 Å, respectively, and local
resolutions ranging from 3.0 Å–8.2 Å at the core regions of the KOGG/
UDP-Glc and KOGG apo complexes (Supplementary Figs. 3 and 4,
supplementary Tables 1 and 2).

The overview of the EM structure KOGG complex
Overall, the KOGG complexes, whether supplemented with UDP-
galactose, UDP-glucose, or in apo state, exhibit a similar quaternary
structure with overall RMSD (root mean square deviations) around
0.31-0.36 Å in structural comparison. For EM analysis, the KOGG/UDP-
Gal complex was utilized as the representative structure for its highest
resolution. Sequence analysis revealed that LH3 comprises three
structural domains: the GlcT domain at the N-terminal, the LH domain
at the C-terminal, and an accessory domain (AC) situated between the
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Fig. 1 | The overall architecture of the human KOGG complex. aMulti-functions
of Purified LH3-ColGalT1 Complex. Left: 2-OG-dependent oxygenase activities of
the purified KOGG complex. Oxygenase activities were minimal upon the removal
of 2-OG from the reactionmixtures and substantially reduced in the absence of the
KOGG complex sample, Fe2+, or substrate peptide. Middle: Galactosyltransferase
activities of the purified KOGG complex. The galactosyltransferase activities were
minimal upon the removal of UDP-galactose from the reaction mixtures and sub-
stantially reduced in the absence of the KOGG complex sample, Mn2+, or substrate
peptide, as well as the necessary reaction components of 2-OG-dependent oxyge-
nase activities, i.e., 2-OG and Fe2+. Right: Glucosyltransferase activities of the pur-
ified KOGG complex. The glucosyltransferase activities were minimal upon the
removal of UDP-glucose from the reactionmixtures and also substantially reduced
in the absence of the KOGG complex sample, Mn2+, or substrate peptide, as well as
the necessary reaction components of 2-OG-dependent oxygenase activities, i.e.

2-OG and Fe2+, and the necessary reaction components of galactosyltransferase
activities, UDP-galactose. (n = 3 biologically independent samples). Data are pre-
sented as mean values +/− SD. Source data are provided as a Source Data file. Data
analysis was performed using one-way ANOVA with Dunnett’s multiple compar-
isons test. **, P-value <0.01; ***, P-value < 0.001; ****, P-value < 0.0001. b Cryo-EM
map of the heterotetrametic complex of human LH3 and ColGalT1. The cryo-EM
density map of the human KOGG/UDP-Gal complex was viewed from two angles.
The cryo-EM density map is colored in light red/red for LH3A/B, cyan/blue for
ColGalT1U/V and magenta for glycosyl modifications. c Molecular model of the
KOGG complex. KOGG/UDP-Gal complexwas depicted as a cartoonmodel, colored
by protomers according to the corresponding cryo-EM maps shown above.
d Structural analysis on LH3 (left) and ColGalT1 (right). The structure of LH3B and
ColGalT1V, indicated by the frames in the complex model above, are depicted as a
cartoon model, colored by domains to the schemes shown below.
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LH and GlcT domains23,31, whereas ColGalT1 possesses two GalT
domains33, GalT-N and GalT-C, at the N- and C-termini, respectively
(Supplementary Figs. 5 and 6). In the cryo-EM structure of the KOGG/
UDP-Gal complex, both LH3 and ColGalT1 form homodimers. These
two dimers then associate to form a T-shaped heterotetramer, where
the long arm (LH3 dimer) intersects the short arm (ColGalT1 dimer)
primarily at a contacting interface between the LHdomain of LH3B and
the GalT-N domain of ColGalT1V (Fig. 1b and c). Three N-linked glyco-
sylation sites were identified in the cryo-EM map: Two of them are
located in LH3 (N63 and N548), which aligns well with the observation
by the crystallographic studies31; the 3rd N-glycosylation site was
found in GLT25D1/ColGalT1, N184, located near the dimeric interface
(Fig. 1b and c).

Both LH3 and ColGalT1 dimers exhibit a linear spatial configura-
tion of structural domains. For the LH3 dimer, the arrangement is
GlcTA/ACA/LHA/LHB/ACB/GlcTB, while for the ColGalT1 dimer, it is GalT-
CU/GalT-NU/GalT-NV/GalT-CV (Fig. 1c and d). Interestingly, structural
comparisons reveal a high similarity between GalT-N and AC (overall
RMSD ~ 3.958Å) and a moderate similarity between GalT-C and GlcT
(overall RMSD ~ 14.468Å), despite relatively low sequence identity
between thesedomainpairs (23.83% forGalT-N vs. AC; 22.58% forGalT-
C vs. GlcT) (Supplementary Fig. 7a, b). Further analysis using structural
alignment of the core β-strands and helices of the GalT-C and GlcT
domains provided a more reliable comparison, yielding a local RMSD
of 5.385 Å (Supplementary Fig. 7c), suggesting a swapped N-to-C
domain arrangement in GLT25D1/ColGalT1 compared to LH3/PLOD3
(Supplementary Fig. 7a).

The interfaces mediating the KOGG complex formation
The KOGG complex is a heterotetramer that is formed by the dimer-
ization between the LH3 dimer and ColGalT1 dimer. Within the KOGG
complex, the long LH3 dimer arm exhibits an overall structure similar
to previously reported crystal structures (Supplementary Fig. 8), and
the RMSDs between the cryo-EM and crystal structures range
approximately from 1–3 Å (2.041 Å for LH3EM vs. PDB ID 6TE3; 1.995 Å
for LH3EM vs PDB ID 6FXT)31,32. In addition to the hydrophobic inter-
actions centered by the sidechain of L715 surrounded by F639 and
Y642 from neighboring protomer, as established in the structural
studies by Scietti et al.31., the cryo-EM structure reveals electrostatic
interactions between R695 and D565 as a crucial mediating force for
dimerization (Fig. 2a, b). The ColGalT1 dimer forms through contact
between two GalT-N domains, where electrostatic interacting pairs
(E46-K185, R53-D160, andE82-R248), aswell as hydrogenbonds linking
Q50 with R243/R248 and the glycosyl on N184 with the backbone
carbonyl of S47, stabilize the ColGalT1 dimeric interface (Fig. 2c).

Critical to KOGG complex formation, the GalT-N domains not
only mediate ColGalT1 dimerization but also facilitate ColGalT1
assembly onto LH3. Illustrated in Fig. 2a, d, the LH3-ColGalT1 inter-
face entails a complex network involving GalT-NV, GlcTB, and the
N-terminal loop from ColGalT1U (N-loopU), where GalT-NV and GlcTB

form large, non-contacting surfaces, with a minimal slit width of
approximately 7-8 Å between them. TheN-terminal loop of ColGalT1U

extends from the neighboring ColGalT1 protomer, deeply inserting
into the slit and engaging in electrostatic interactions with GalT-NV

(R42U-E277V and E46U-K185V) and LH3B (E40U-R452B, E41U-R241B, and
R42U-E446B). Additionally, N-loopU (Y37, F38, and P39) binding into a
hydrophobic groove, flanked by GlcTB and ACB (L226, V229, V230,
L231, and L265) further stabilizes the interface (Fig. 2d, e). The co-
immunoprecipitation assay revealed that mutations in the N-loop of
ColGalT1, including single alanine substitutions at residues 37-42, 44,
and 46, disrupted the formation of the KOGG complex while leaving
the expression level of ColGalT1 largely unaffected (Fig. 2g). Simi-
larly, alanine substitutions at interacting residues on LH3, such as
229-231, 241, 264, 265, 446, and 452, also resulted in a decrease or
complete loss of complex formation (Fig. 2f).

The glycosyltransferase sites in GLT25D1/ColGalT1
The KOGG complex is a multi-functional enzyme assembly composed
offive structural domains:GlcT, AC, and LHdomains fromLH3/PLOD3,
and GalT-N and GalT-C domains from GLT25D1/ColGalT1 (Fig. 3a). It
executes three enzymatic functions: hydroxylase, galactosyltransfer-
ase, and glucosyltransferase. In both KOGG/UDP-Gal and KOGG/UDP-
Glc structures, large blobs of non-proteinous densities were identified
within ColGalT1 protomers (Supplementary Fig. 9). The morphology
and continuity of the non-proteinous density in the GalT-N domain
correspondedwell with UDP-Gal andUDP-Glc supplemented in KOGG/
UDP-Gal and KOGG/UDP-Glc samples, respectively, thereby enabling
us to model the respective substrates (Supplementary Fig. 9a, b).
Conversely, the non-proteinous map in the GalT-C of KOGG/UDP-Gal
exhibited a smaller size, and the density corresponding to the galac-
tosyl group appeared fragmented (Supplementary Fig. 9b), suggesting
an uncoupled enzymatic activity for the GalT-C domain in the cryo-EM
sample preparation. Consequently, we modeled UDP, the hydrolysis
product of UDP-Gal, in the GalT-C of KOGG/UDP-Gal. Intriguingly,
almost no additional density was observed in the GalT-C of the KOGG
complex supplemented with UDP-Glc, corroborating the established
catalytic preference for galactosyl transfer by ColGalT132.

Many glycosyltransferases feature a metal ion-coordinating motif
characterized by two aspartates separated by one or two residues and
flanked by hydrophobic residues on both sides (DXD motif)38,39. In
GLT25D1/ColGalT1, a previous study identified threeDXDmotifs based
on sequence analysis, including residues 166-168 in theGalT-Ndomain,
and residues 461-463 and 585-587 in the GalT-C domain. However, the
third DXDmotif (585-587) was found not to impact glycosyltransferase
activity33. In the cryo-EM structure of GalT-N, the Mn2+ ion coordinates
with the sidechains of D166 and D168, as well as the diphosphate
moiety of UDP-Gal or UDP-Glc (Fig. 3b and Supplementary Fig. 9). The
uridine moiety was positioned deeply into the binding pocket and
stabilized by hydrogen bonds between the hydroxyl groups on ribosyl
with the backbone carbonyl groups of L59 and A60, as well as the
carbonyl on the uracil ring with the sidechain of Y126. The galactosyl
group, on the other side of the diphosphate moiety, interacted with
GalT-N via hydrogen bonds between its hydroxyl groups and the
sidechains from R147, S236, D264, and D265 (Fig. 3b). Similarly, in
KOGG/UDP-Glc, the UDP-Glcmolecule was stabilized byMn2+, the DXD
motif, and surrounding residues of GalT-N (Supplementary Fig. 9a).
Mutations in the DXD motif and interacting residues of GalT-N within
the KOGG complex, such as D166A, D168A, Y126A, R139A, and R147A,
resulted in impaired galactosyltransferase activities in functional
assays, corroborating the substrate-binding basis revealed by the
structures (Fig. 3d).

Remarkably, structural analysis of the GalT-C domain of KOGG/
UDP-Gal revealed that the proposed DXD motif, i.e., residues 461-463,
is located on the outer surfaceof ColGalT1, far from the enzymatic site.
Instead, a non-canonical EXD motif (E435-X-D437) was found within
the inner cavity and coordinated with the Mn2+ ion (Fig. 3c). The
diphosphate moiety of UDP interacted with the Mn2+ ion and R354,
while the uridine moiety was stabilized by hydrogen bonds with the
sidechain of S415 and the backbone amine groups of G377 and T571
(Fig. 3c). Mutations of the interacting residues identified within the
GalT-C domain, including R354A, E435A, D437A, and T571A, abolished
galactosyltransferase activity in functional assays, supporting the
substrate-binding basis revealed by the structures (Fig. 3d). Distin-
guishing the specific role of GalT-N and GalT-C in the galactosyl
transfer reaction could be challenging, as variations in the residues on
substrate-binding pockets in either domain might disrupt ColGalT1’s
function. A closer examination of the local structures around the
substrate-interacting residues in GalT-N and GalT-C reveals a hydro-
phobic environment around the β-face of the phosphate-sugar bond in
GalT-N (Supplementary Fig. 9c), with no side-chain carboxylate avail-
able to serve as the base catalyst required for an inverting
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glycosyltransferase reaction40. The only carboxylate-containing resi-
due near the β-phosphate in GalT-N, D265, is positioned on the distal
side of the sugar anomeric carbon, making it unlikely to participate
directly in the glycosylation reaction. In contrast, in the GalT-C
domain, two carboxylates--D522 and E572--are located near the β-
phosphate of UDP (Supplementary Fig. 9c). Structural comparisons
with other functional GT-A enzymes, such as Bacillus subtilis SpsA
(PDB ID: 1QGQ) and rabbit N-acetylglucosaminyltransferase GNT-I
(PDB ID: 1FOA), reveal that D522 in ColGalT1 is structurally related to
the catalytic residues D191 in SpsA and D291 in GNT-I (Supplementary
Fig. 9c), positioning it as a likely candidate for the base catalyst in the
inverting mechanism typical of Clan I GT-A enzymes40,41. This obser-
vation suggested that while GalT-N is essential for the functional

integrity of ColGalT1, it might not play a direct catalytic role but rather
contributes to maintaining the enzyme’s structural stability.

The glycosyltransferase and lysyl hydroxylase sites in LH3
Similar structural analysis was conducted on the LH3 portion of the
KOGG complex, revealing large, continuous, non-proteinous densities
within the inner cavities of the LH and GlcT domains (Supplementary
Fig. 10), corresponding to the metal ions and substrate/product
molecules involved in lysyl hydroxylation (Fe and 2-OG) and glucosyl
transfer reactions (Mn2+ and UDP) (Fig. 4a, b). Mutations in key resi-
dues within the LH domain, including Y656A, H667A, D669A, and
H719A, disrupted all three enzymatic functions of the KOGG complex
in functional assays (Fig. 4c, d). This supports the pivotal role of lysyl
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Fig. 2 | Molecular architecture of KOGG quaternary complex. a Overview of the
intermolecular contacts within the KOGG complex. The protomers are depicted as
a cartoon model, with secondary structures involved in complex formation high-
lighted in pink/red for LH3 and in blue/cyan for ColGalT1. Interfaces mediating
complex assembly indicated by dotted frames. The N-linked glycosylations were
depicted as surface models in magenta. b Enlarged views of the LH3 dimeric
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tacting residues are displayed as a stick model, colored according to the elements.
The N-linked glycanmoieties were shown as stickmodels, colored according to the
elements (C-N-O: magenta-blue-red). d Enlarged view of the LH3-ColGalT1 inter-
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as stick model colored by elements. f, g The interactions between LH3 and Col-
GalT1. The 293T cells were co-transfected with LH3/PLOD3 wild-type or variants
with flag-tag and GLT25D1/ColGalT1 wild-type or variants with Strep-tag. Shown
were the representative immunoblot results from three independent experiments
of the pulldown of LH3 and ColGalT1 by the Strep-tagged ColGalT1 using strep-
tactin affinity resin (f) and the Flag-tagged LH3 using anti-Flag affinity resin (g), as
well as the immunoblot results of lysates.
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hydroxylation in initiating the hydroxylation-galactosylation-
glucosylation cascade of procollagens.

Particularly noteworthy is the identification of a long blob of
density near the C1 carboxylate group of 2-OG and Fe ion in the LH
domain of KOGG supplemented with either UDP-Glc or UDP-Gal
(supplementary Fig. 10a and b), a position characteristic of the
hydroxyl-acceptor substrate in 2-OG-dependent oxygenases42,43, sug-
gesting the presence of potential substrate peptides. The previous
studies described a flexible capping loop (residues 590-610) near the
catalytic center of the LH domain playing a gating role in response to
Fe concentration31,32. Our analysis revealed that twopotentially flexible
segments -- the loop588-612 (capping loop) and the C-terminal segment
of LH3 (residues 729-738) -- were well-resolved with clear and con-
tinuous density (supplementary Fig. 10c and d). While this observation
suggests that the unresolved density may not correspond to the cap-
ping loop, structural superpositionbetweenour cryo-EMstructure and
the previously published crystal structures shows a significant dis-
placement of the capping loop (supplementary Fig. 10c). In the crystal
structure, the second Fe ion prevents the capping loop from moving,

maintaining a closed conformation that limits space around the 2-OG,
thus decreasing accessibility to the substrate peptide. In contrast, in
our cryo-EMstructure, the capping loopmoves outward in the absence
of the second Fe ion, thereby opening up space in the reaction center
and potentially allowing the substrate to enter. Given the current cryo-
EM data, it remains challenging to definitively determine whether the
unresolved density corresponds to the alternative conformation of the
capping loop or to the substrate procollagen, which could have a low
occupancy.

The non-proteinous densities in the GlcT domains of both KOGG/
UDP-Gal and KOGG/UDP-Glc are well-fitted with UDP instead of UDP-
Gal or UDP-Glc, respectively. These two UDP-only conformations for
GlcT domains align well with observations from crystallography
(Fig. 4a and supplementary Fig. 8c), implying that LH3 has at least
hydrolytic capacity for UDP-Gal and UDP-Glc, if not a non-selective
glycosyltransferase capacity31,32. The DXXDmotif in the GlcT domain is
located near the Fe ion, coordinating with D112 and D115 in the motif,
as well as H253 and the diphosphate moiety of the bound UDP.
Mutations in the interacting residues within the GlcT domain, such as
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V44A, D112A, D115A, andH253A, strongly impaired glucosyltransferase
activity in functional assays. These findings support the substrate-
binding interactions revealed by the structural data (Fig. 4c). Loose
and fragmented densities could be found near the β-phosphate group
of UDP in GlcT (supplementary Fig. 10a, b). However, due to the low
resolution and the fragmented nature of these densities, reliably
assigning their identity remains challenging. To ensure data precision,
wehave refrained frommodeling theglycosyl portionof the substrates
and instead fit only the UDP molecule into the main body of the non-
proteinaceous densities.

The polymerization of KOGG quaternary complex
In 2D classification of cryoEM particles of KOGG, either supplemented
with glycosyl-UDP and galactosyl-UDP, or in the apo state, image
clusters displaying an elongated and continuous electron scattering
signal shape were identified, suggesting the potential existence of
KOGG in ahigher oligomeric state. To rule out thepossibility that these
featureswere artifacts introduced during cryo-EM sample preparation,
we performed a crosslinking assay with the purified LH3-ColGalT1
complex prior to cryo-EM preparation. The SDS-PAGEs showed that
upon incubation with the crosslinking agent BS(PEG)5, the migration
rates of both LH3 and ColGalT1 shifted, with appearance of bands

corresponding to tetrameric LH3-ColGalT1 complex (300-400 kD), as
well as several higher molecular weight bands, exceeding 400 kD (the
maximumsize available formolecularweight standards) indicating the
presence of even higher oligomeric states (Supplementary Fig. 11a).
Additionally, native gel electrophoresis using cell lysates from
untreated MC3T3-E1, SaoS-2, HEK293T, and Expi293F cell lines also
suggested the existence of higher-order oligomers for the LH3-
ColGalT1 complex (Supplementary Fig. 11a).

Upon data processing of the particles without the local refine-
ment focusing on the core region in the highest resolution, a Cou-
lomb potential map displaying a longer continuous signal than that
after local refinement was generated (supplementary Figs. 2a, 3a,
and 4a). Although the resolution in regions other than the core
complex, i.e., protomers A, B, U, and V, is suboptimal in KOGG
(supplementary Fig. 2d), the continuity allows for structural mod-
eling of the backbones of one copy of the LH3 dimer (protomers C
and D) and one copy of the ColGalT1 dimer (protomers W and X) on
two sides of the KOGG quaternary complex, thereby generating
KOGG octameric complexes composed of two LH3 dimers and two
ColGalT1 dimers (Supplementary Fig. 11c and d). While only octa-
meric complexes were modeled for KOGG apo and KOGG/UDP-Glc,
we designated the octameric KOGG/UDP-Gal complex as the KOGG
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elongating complex to distinguish it from the tetrameric KOGG/
UDP-Gal (Supplementary Table 1). Although the remaining parts of
themap were left unmodeled in KOGG elongating, the overall shape
and orientation suggest a linear polymerization for the KOGG
complex with the 2 + 2 tetramer as a functional repeat unit (Sup-
plementary Movie 1).

In the linear polymer of the KOGG complex, the 2 + 2 units were
assembledwith LH3-ColGalT1 interfaces.While a 2 + 2unit is formedby
the intra-unit interactions between protomers B-V, a new 2 + 2 unit
would join by the inter-unit interactions between its protomer A and
protomer U of the original 2 + 2 unit, facilitating the elongation of
KOGG in a fiber-like manner (Supplementary Fig. 11e). In this fiber-like
KOGG polymer, the length of each KOGG 2 + 2 unit is approximately
85 Å along the elongation axis, with approximately a 30° angle of
torsion between neighboring units (Supplementary Fig. 11e).

The biological significance of KOGG’s linear polymerization
remains unclear, and further efforts to visualize this polymerization
in a more native environment are needed to confirm its role as a
natural state. We speculate that this long fiber-like arrangement
might endow KOGG with the capacity to catalyze hydroxylation/
glycosylation simultaneously on multiple lysyl sites on a single
polypeptide chain, such as COL4A144. Although further studies are
warranted to elucidate the functional implications of KOGG poly-
merization, this high catalyzing efficacy in posttranslational mod-
ification could be important in the proper folding and assembly of
procollagen chains, which appear to be unstable and prone to
aggregation in the unmodified form45,46.

Discussion
In this study,weelucidated the structureof theprocollagenprocessing
enzyme complex composed of LH3/PLOD3 and GLT25D1/ColGalT1,
shedding light on diseases linked to collagen hydroxylation and gly-
cosylationdysfunction, such as connective tissue disorders. Numerous
mutations in PLOD3 have been documented as pathogenic variants in
clinical analyses or have potential pathogenicity, according to the
ClinVar database [https://www.ncbi.nlm.nih.gov/clinvar]. These muta-
tions aredistributed across all threedomains (Fig. 5a). For instance, the
N223S mutation, associated with BCARD (bone fragility with con-
tractures, arterial rupture, and deafness)30, was situated in the catalytic
site of GlcT, along with other potentially pathogenic mutations like
V116M, D191N, and G224, indicating their potential impact on enzy-
matic activities (Fig. 5b). In addition to above mutations of consensus
between the cryo-EM and crystal structures, a defect-related mutation
site, V229, was identified at the LH3-ColGalT1 interface. This residue,
corresponding to V232 in mouse Plod3, is situated in the hydrophobic
groove between the GlcT and AC domains and mediates interactions
with the N-loop of ColGalT1 (Fig. 2d and e). Substitution of Val with Glu
results in a defective phenotype known as “ugli” in mice, which is
characterized by craniofacial, ocular, and digital developmental
defects47.

On the other hand, a notable “hotspot” was identified in GalT-N,
where several mutations were found (Fig. 5a), including L151R and
A154P, linked to cerebral small vessel diseases28. Another disease-
related mutation, G377R, was identified in the catalytic site of GalT-C,
where it may disrupt the hydrogen bond between G377 and the

Fig. 5 | Structural pathological analysis of theKOGGcomplex. a The pathogenic
mutations mapping on the KOGG complex. The KOGG/UDP-Gal was depicted as a
cartoonmodel. On protomers LH3B andColGalT1V, the disease-associatedmutation
sites were highlighted as stick models colored in red for those reported in human
clinic cases, in yellow for mutation sites in the ClinVar database with potential

pathogenicity, and in green for two mutations identified in mice (plod3ugli and
colgalt1fosse). The substrates bound were shown as surface model. The protomers
LH3A andColGalT1Uwere set to transparent to facilitate observation.bThe enlarged
views on enzymatic sites and LH3-ColGalT1 interface of KOGG complex.
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carbonyl group on the uracil ring of the UDP molecule (Fig. 3c). These
mutations in the GT catalytic sites could impair collagen modification
by disrupting the galactosyltransferase activities of the KOGG complex.
Similar to the ugli phenotype, another collagen glycosylation-related
developmental defect in mice, known as the “fosse” phenotype, results
from a mutation (W130R) in mouse LH3, corresponding to W135 in
human LH348. This mutation is located in the catalytic site of GalT-N,
near the UDP-Gal molecule (Fig. 3b). As suggested by the biochemical
assays conducted here and in previous studies, although GalT-N may
not directly catalyze the reaction, its binding to UDP-sugar is essential
for stabilizing ColGalT1. The W130R mutation likely disrupts its sub-
strate binding, thereby impairing ColGalT1’s enzymatic function.

Within the KOGG complex, the enzymatic functions of the LH,
GlcT, and GalT-C domains are well-established, playing crucial roles in
procollagen modification, including lysyl hydroxylation, galactosyla-
tion, and glucosylation. However, the biological functions of the AC
and GalT-N domains remain unclear. Our structural analysis revealed a
high structural similarity between the AC domain of LH3 and the GalT-
N domain of ColGalT1 (overall RMSD ~ 3.958 Å) despite their low
sequence identity (23.83%). While the inner cavity of the AC domain
appeared void of distinguishable map density for small molecules
(supplementary Fig. 7b), large, continuous map densities were identi-
fied with shape features corresponding to UDP-Gal or UDP-Glc (sup-
plementary Fig. 9). Comparisonbetween theACandColGalT1 domains
highlighted similarities in beta-strands andmost helices, including the
DXD motif and glycosyl-contacting residues. However, structural dif-
ferences, such as the longer helix 4 in ColGalT1 compared to its
counterpart in LH3, helix 15, result in the critical residues (Y126, W135,
and R139 of ColGalT1) inmediating the UDPmoiety being absent in AC
domain of LH3, suggesting potential differences in enzymatic activity
between the two domains and the AC domain as a “silent” transferase
with an incomplete glycosyl-UDP binding pocket.

Fibrillar collagens, like type I collagen, have fewer lysine mod-
ification sites compared to basement membrane collagens. LH1
hydroxylates lysines, and the LH3-ColGalT1 complex adds glycosyla-
tion, both essential for proper triple helix formation. Studies show
Plod3 mutant mice have disorganized collagen fibers46, and GLT25D1/
ColGalT1 disruption leads to type I collagen accumulation and growth
arrest21. Basement membrane collagens, like type IV collagen, have
many lysine modification sites. Plod3 knockout mice show type IV
collagen accumulation and fragmented basement membranes46.
Mutations in COLGALT1 impair enzymatic activity and cause cerebral
small vessel disease28. This correlation between the pathological
effects of LH3/PLOD3 and GLT25D1/ColGalT1, along with their spatial
arrangement in the KOGG complex, suggests that the post-
translational modifications carried out by the LH3-ColGalT1 complex
are crucial for the proper localization and functional assembly of type
IV collagen in the basement membrane.

Our cryo-EM structure of the KOGG quaternary complex and a
potential polymerizing formprovided insights into the organization of
the LH3-ColGalT1 complex and the spatial arrangement of multi-
enzymatic sites involved in the hydroxylation-galactosylation-
glucosylation cascade of procollagens, as well as the details of sub-
strate/product binding. However, several questions remain unan-
swered. One such question pertains to the recognition of substrate
peptide chains and the forces driving them through the sequential
reactions within the KOGG complex. Given that the three major cata-
lytic sites are spaced by considerable distances, the complex must
effectively capture target lysyl residues along with their flanking
sequences in the nascent peptide and facilitate the long-distance
transversing of the substrate region among the catalytic sites. To
address this complex process, further structural studies involving
large-scale complexes between the KOGG machinery and substrate
peptides in different catalytic states are warranted to fully elucidate
this reaction cascade.

Methods
Protein expression and purification
The cDNAs of human LH3/PLOD3(UniProt ID O60568) and GLT25D1/
ColGalT1 (UniProt ID Q8NBJ5) were cloned from the CCSB-Broad
Lentiviral Expression Library. PLOD3 was cloned into a modified
pcDNA3.4 vector with a Tobacco Etch Virus (TEV) protease cleavage
site, followed by a 3×Flag tag and an 8×histidine tag at the C-terminal
of LH3/PLOD3. The cDNA of GLT25D1/ColGalT1 encoding the amino
acid 30-622 was cloned into a modified pcDNA3.4 vector with an
N-terminal haemagglutinin (HA) signaling peptide, followedby a twin
strep tag and an HRV 3 C protease cleavage site at the N-terminal of
ColGalT1. The QuikChange II Site-directed mutagenesis method was
utilized to introduce point mutations in the constructs. All the DNA
sequences of wild-type and mutants were confirmed by Sanger
sequencing.

For the recombinant expression of LH3/PLOD3 and GLT25D1/
ColGalT1, Expi293F cells (Thermo Fisher Scientific, A14527) were
cultured in Union-293 medium (Union-Biotech, UP0050) at 37 °C
with 5% CO2 in an incubator shaker. When the cell density reached
about 2 × 106 cells/mL with over 95% viability, cells were transiently
co-transfected with plasmids of LH3/PLOD3 and GLT25D1/ColGalT1
(wild-type or the mutants) using polyethyleneimine (PEI, Poly-
sciences, 24765-1). The transfected Expi293F cells were harvested
after 72 h by centrifugation and resuspended in lysis buffer con-
taining 150mM NaCl, 20mM HEPES pH7.4, and 10% glycerol, sup-
plemented with 4mM MgCl2, 0.2mgmL-1 Dnase I, and 1× protease
inhibitor (MCE, HY-K0010).

The purification of the KOGG complex began with the sonication
of the cell suspension on ice, followed by centrifugation at 46,000 g
and 4 °C for 45minutes. The supernatant obtained was then subjected
to affinity chromatography using Strep-Tactin resin (IBA, 2-1201-025).
The protein complex was eluted with lysis buffer supplemented with
50mM D-biotin (Aladdin Biochemical, B105433). The eluate was con-
centrated and further purified by size-exclusion chromatography
using a Superose 6 Increase 10/300 GL column (Cytiva, 29091596),
pre-equilibrated with a buffer containing 150mM NaCl and 20mM
HEPES at pH 7.4. Fractions corresponding to the peak with an elution
volume of about 12.5mL were pooled and concentrated to approxi-
mately 15mg/mL, ready for cryo-EM sample preparation.

For cryo-EM sample preparation, the KOGG complex was sup-
plemented with 0.05% (w/v) CHAPS (Anatrace, 75621-03-3) as a pro-
tective agent. For the preparation of KOGG complexes bound to UDP-
galactose (KOGG/UDP-Gal) and UDP-glucose (KOGG/UDP-Glc), the
respective ligands were added to the KOGG complex to a final con-
centration of 100μM. The mixtures were incubated for 30minutes,
after which 0.05% (w/v) CHAPS was added.

Cryo-EM sample preparation and data collection
Cryo-EM sample preparationwas carried out using a VitrobotMark IV
(FEI) at 8 °C and 100% humidity. A 3 μL aliquot of KOGG samples was
applied to glow-discharged holey carbon grids (Quantifoil R1.2/1.3
Au, 300 mesh), followed by a 20-second incubation. The grid was
blotted with filter paper for 1 second, quickly immersed in liquid
ethane, and cooled with liquid nitrogen. Images were captured using
a 300 kV cryo-EM (FEI, Titan Krios) with the specimen maintained at
liquid nitrogen temperature. High-resolution images were collected
automatically with EPU software (FEI) on a K3 Summit direct electron
detector (Gatan) in super-resolution counting mode. The GIF Quan-
tum energy filter (Gatan) was used in zero-energy-loss mode with a
15 eV slit width. Data collection was typically carried out at a nominal
magnification of 81,000 (corresponding to a physical pixel size of
1.1 Å), with a defocus range between −1.5 and −2.6 μm. A fluence rate
of 15.7 electrons/Å2/s was used, with a total exposure time of
3.85 seconds and a total fluence of 50 electrons/Å2, fractionated into
32 frames.
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Cryo-EM data processing
For the KOGG/UDP-Gal complex, a total of 3700 cryo-EM images were
collected, and motion correction was performed on the dose-
fractioned image stacks using MotionCor2 with dose-weighting49,50.
The contrast-transfer function (CTF) parameters of each image were
determined using Gctf51, and automatic particle-picking was con-
ducted with Gautomatch-v0.56 [https://www2.mrc-lmb.cam.ac.uk/
download/gctf_gautomatch_cu10-1-tar-gz/]. Image processing was
carried out using RELION-3.152 and cryoSPARC36. The data processing
procedure is summarized in Supplementary Fig. 2a. Particles were
initially extracted with 4× binning (4.4 Å/pixel), followed by two
rounds of 2D classification to remove junk particles. The remaining
particles were re-extracted without binning (1.1 Å/pixel) and subjected
to heterogeneous refinement using four initial references generated
by cryoSPARC. Particles corresponding to the best class were further
processed with non-uniform refinement and 3D auto-refinement with
C1 symmetry. Two rounds of 3D auto-refinement, CTF refinement, and
Bayesian polishing were performed using RELION-3.1. A total of
427,054 good particles were then subjected to 3D auto-refinement,
resulting in a high-resolution map with an overall resolution of 3.58Å.
For subsequent local refinement, cryoSPARC was used to generate a
mask for the KOGG tetramer, yielding a final resolution of 3.40 Å after
the local refinement.

For the KOGG/UDP-Glc dataset, a total of 3331 cryo-EM movie
stacks were collected. Automatic particle-picking was performed with
Gautomatch after motion correction and CTF estimation in RELION.
The particles were initially extracted using 4× binning, followed by two
rounds of 2D classifications to eliminate junk particles. The remaining
particles were re-extracted without binning and subjected to hetero-
geneous refinement in cryoSPARC. Particles corresponding to the best
class were further processed with several rounds of heterogeneous
refinement and non-uniform refinement. After 3D auto-refinement,
CTF refinement, and Bayesian polishing with RELION, the polished
particles were subjected to cryoSPARC. Subsequently, non-uniform
refinement with C1 symmetry was performed, resulting in a high-
resolution map with an overall resolution of 3.75 Å (Supplemen-
tary Fig. 3a).

For the KOGG apo dataset, a total of 6351 cryo-EM movie stacks
were collected. Automatic particle-picking was performed with Gau-
tomatch after motion correction and CTF estimation in RELION.
Similarly, particles were first extracted using 4× binning, followed by
two rounds of 2D classifications to remove junk particles. The
remaining particles were re-extracted without binning and subjected
to heterogeneous refinement in cryoSPARC. Particles corresponding
to the best class were further processed with several rounds of het-
erogeneous refinement and non-uniform refinement. After 3D auto-
refinement, CTF refinement, and Bayesian polishing with RELION, the
polished particles were subjected to cryoSPARC. This was followed by
non-uniform refinement with C1 symmetry, resulting in a high-
resolution map with an overall resolution of 3.93 Å (Supplemen-
tary Fig. 4a).

Model building and refinement
The AlphaFold2-predicted structural model of human ColGalT1 (Sup-
plementary Fig. 13) [https://alphafold.ebi.ac.uk/entry/Q8NBJ5] and the
crystal structure of human LH3 (PDB ID: 6FXK, [https://doi.org/10.
2210/pdb6FXK/pdb]) were used as references for initial model build-
ing in Phenix53. These initial models were docked into the electron
density map using Chimera54, followed by iterative manual adjust-
ments in COOT55 and real space refinement using Phenix. During
refinement, the UDP, UDP-galactose, UDP-glucose, Mn2+, Fe2+, and
2-oxoglutarate (2-OG) molecules were refined and fit into the cryo-EM
density map using Real-space refinement and LigandFit programs
within the Phenix software package, respectively.

Biochemical assessment of the hydroxylation activity of the
KOGG complex
Reaction mixtures (5μL total) containing 0.2mg/mL wild-type or
mutant KOGG samples were supplemented with 0.5mM peptide sub-
strate (LPGTAGLPGMKGHRGFSGLDG, synthesized by GL Biochem),
100μM2-OG, and 50μMFeCl2, aspreviously describedprotocol56. The
mixture was incubated for 3 h at 37 °C. After incubation, the reactions
were stopped by heating at 95 °C for 2minutes and transferred to
white 384-well plates (Corning, 3572). Subsequently, 5μL of Succinate-
Glo reagent I from the Succinate-GloTM JmjC Demethylase/Hydro-
xylase Assay kit (Promega, V7990) was added to each well and incu-
bated at room temperature for 1 h. Afterward, 10μL of Succinate-Glo
reagent II was added, and the plates were incubated for 10minutes.
Luminescence detection was performed using a Nivo plate reader
(PerkinElmer) according to the manufacturer’s instructions. Data were
analyzed and plotted using GraphPad Prism 9 software. All experi-
ments were performed in triplicate, and control experiments were
carried out by selectively omitting KOGG samples. For experiments
involving mutant complexes, the luminescence units of the mutant
complexes were normalized using the luminescence units of the wild-
type complex. Data analysis and plotting were performed using
GraphPad Prism 9 software.

Biochemical assessment of glycosylation activities
Reaction mixtures (total volume of 4.5 μL) containing 0.2mg/mL
wild-type or mutant KOGG samples were sequentially added with
0.5 mM peptide substrate, 100 μM 2-OG, and 50 μM FeCl2, mixed
thoroughly, and incubated for 30min at 37 °C. To measure the
galactosyltransferase activity, 50 μM MnCl2 and 50 μM UDP-
galactose were then added to the reaction mixture to the final
volume of 5 μL and incubated at 37 °C for 2.5 h. For glucosyl-
transferase activity, 50 μMMnCl2, 50 μMUDP-galactose, and 50 μM
UDP-glucose were supplemented. Reactions were ended by heating
at 95 °C for 2min and transfer into white 384-well plates, then 5 μL
of the UDP detection reagent from UDP-Glo™ Glycosyltransferase
Assay kit (Promega, V6961) were added and let incubate at room
temperature for 1 h. The plates were then transferred to a Nivo plate
reader configured according to the manufacturer’s instructions for
luminescence detection. All experiments were repeated three times
in parallel. Control experiments were performed by selectively
removing KOGG samples under the same conditions. For detection
of glucosyltransferase activity of mutant complex, the detected
luminescence units subtracted the luminescence units analyzed for
galactosyltransferase activity to give the final luminescence units.
When detecting the enzyme activity of the mutant complex, the
luminescence units of the mutant complex were normalized using
the luminescence units of the wild-type complex. GraphPad Prism
9 software was used for data analysis and plotting.

Cell culture and immunoblotting
HEK293T (NCACC, SCSP-502), MC3T3-E1 (ATCC, CRL-2593), and
SaoS-2 (FuHeng biology, FH0094) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, HyClone, SH30243) with 5% fetal
bovine serum (Wisent Corporation, 085-150) at 37 °C with 5% CO2.
For LH3 and ColGalT1 interaction studies, HEK293T cells were co-
transfected with 5 μg of plasmids per 6-cm dish using PEI according
to the manufacturer’s instructions. The expression vectors for wild-
type LH3/PLOD3 or mutants were co-transfected with wild-type
GLT25D1/ColGalT1 or mutants at a 1:1 mass ratio. After 48 h of cul-
turing, cells were harvested, washed with Dulbecco’s phosphate-
buffered saline (DPBS,Meilunbio,MA0010), and resuspended in lysis
buffer with 1.5% (w/v) DDM, 4mMMgCl2, 0.2mg/mLDNase I, and a 1×
protease inhibitor cocktail. The lysates were incubated at 4 °C for 3 h
and centrifuged at 10,000 g for 10minutes at 4 °C. For
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immunoprecipitation assays, cleared supernatants were subjected to
affinity chromatography using Strep-Tactin resin or Anti-DYKDDDDK
(Flag) G1 Affinity Resin (GenScript, L00432-25). The beads were
washed three times with lysis buffer and resuspended in a SDS-
loading buffer of electrophoresis. The samples were then subjected
to SDS-PAGE, transferred to PVDF membranes, and immunoblotted.
Immunodetection was performed using the following primary anti-
bodies: anti-DDDDK-Tag antibody (ABclonal, AE005, 1:5000) for LH3,
anti-Strep II-Tag antibody (ABclonal, AE066, 1:5000) for ColGalT1,
anti-GAPDH antibody (ABclonal, A19056, 1:10000), anti-COL1A1
antibody (ABclonal, A16891, 1:5000), and anti-ColGalT1 antibody
(Proteintech, 16768-1-AP, 1:2000). The secondary antibodies used
were anti-mouse IgG, HRP-linked antibody (Cell Signaling, 7076S,
1:10000) and anti-rabbit IgG, HRP-linked antibody (Transgen, HS101-
01, 1:10000). All antibodies were diluted in 3% (w/v) BSA in TBST.
Chemiluminescence imaging was performed using the GE Amersham
Imager 600 RGB system.

Protein crosslinking assay
KOGG samples were diluted to 2mg/mL, and 5 µL of the protein
solution was mixed with BS(PEG)5 to final concentrations of 0.32mM
and 0.64mM,with a samplewithout crosslinker serving as the control.
The crosslinking reactionwas carriedout on ice for 2 h, followedby the
addition of Tris-HCl buffer (pH 7.5) to a final concentration of 50mM
to terminate the reaction. The samples were mixed with SDS-loading
buffer, heated at 95 °C for 10minutes, and analyzed by SDS-PAGE and
immunoblotting.

Native-PAGE Analysis Coupled with Immunoblotting
Expi293F, HEK293T, MC3T3-E1, and SaoS-2 cells were harvested, and
cell cultures were solubilized using DDM for 2 h at 4 °C. The lysates
were centrifuged at 10,000 × g for 10minutes at 4 °C, and the super-
natants containing solubilized proteins were collected. The lysates
weremixed with 2 ×Native loading buffer and loaded onto a native gel
along with a protein marker (Sangon Biotech, C560010). Electro-
phoresis was performed for 2 h at 120V at 4 °C. After electrophoresis,
proteins were transferred to a membrane, and immunoblotting was
conducted as described.

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

Data availability
The coordinates have been deposited in the PDB with the accession
codes 8ZGH (KOGG apo complex, [)ZGE (KOGG/UDP-Gal complex, [).
The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) with accession codes EMDB-60079 (KOGG apo
complex, [https://www.ebi.ac.uk/emdb/search/EMDB-60079]), EMDB-
60078 ((KOGG/UDP-Glc complex, [https://www.ebi.ac.uk/emdb/
search/EMDB-60078]), EMDB-60076 (KOGG/UDP-Gal complex,
[https://www.ebi.ac.uk/emdb/search/EMDB-60076]), EMDB-60075
(KOGG elongated complex, [https://www.ebi.ac.uk/emdb/search/
EMDB-60075]). All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials.
Unless otherwise stated, all data supporting the results of this study
can be found in the article, supplementary, and source data
files. Source data are provided with this paper.
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