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Structural study of UFL1-UFC1 interaction uncovers
the role of UFL1 N-terminal helix in ufmylation
Sayanika Banerjee1,†, Julia K Varga2,† , Manoj Kumar1, Guy Zoltsman3, Shahar Rotem-Bamberger2,

Einav Cohen-Kfir1, Michail N Isupov4 , Rina Rosenzweig3 , Ora Schueler-Furman2,* &

Reuven Wiener1,**

Abstract

Ufmylation plays a crucial role in various cellular processes includ-
ing DNA damage response, protein translation, and ER homeosta-
sis. To date, little is known about how the enzymes responsible for
ufmylation coordinate their action. Here, we study the details of
UFL1 (E3) activity, its binding to UFC1 (E2), and its relation to UBA5
(E1), using a combination of structural modeling, X-ray crystallog-
raphy, NMR, and biochemical assays. Guided by Alphafold2 models,
we generate an active UFL1 fusion construct that includes its part-
ner DDRGK1 and solve the crystal structure of this critical interac-
tion. This fusion construct also unveiled the importance of the
UFL1 N-terminal helix for binding to UFC1. The binding site
suggested by our UFL1-UFC1 model reveals a conserved interface,
and competition between UFL1 and UBA5 for binding to UFC1. This
competition changes in the favor of UFL1 following UFM1 charging
of UFC1. Altogether, our study reveals a novel, terminal helix-
mediated regulatory mechanism, which coordinates the cascade of
E1-E2-E3-mediated transfer of UFM1 to its substrate and provides
new leads to target this modification.
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Introduction

Protein modifications by UFM1 (ufmylation) play a crucial role in

many cellular processes, including DNA damage repair, anti-viral

responses, and unfolded protein responses (Banerjee et al, 2020).

Therefore, not surprisingly, UFM1 is expressed in most tissues,

including, brain, kidney, and liver (Lemaire et al, 2011). UFM1 is

initially translated as a precursor of 85 amino acids, which is then

cleaved during maturation by UFM1-specific proteases, removing

the last two amino acids and exposing a VG sequence at the C-

terminus (Kang et al, 2007). This mature UFM1 is subjected to a

three-enzyme cascade involving E1-UBA5, E2-UFC1, and E3-UFL1,

which is responsible for the attachment of UFM1 to target proteins.

First, UBA5 activates UFM1 in an ATP-dependent process. Next,

UFM1 is transferred from UBA5 to the active site cysteine of UFC1,

forming a thioester bond. Finally, with the assistance of UFL1,

UFM1 is transferred from UFC1 to the target protein (Komatsu

et al, 2004; Tatsumi et al, 2010). Overall, similar to ubiquitin and

other ubiquitin-like proteins, UFM1 undergoes a maturation process

that enables its conjugation to target proteins via an E1, E2, and E3

enzymatic cascade (Cappadocia & Lima, 2018).

Surprisingly, UFL1 lacks structural elements that are common to

other E3 ligase enzymes, namely, a RING domain, a HECT-type cat-

alytic domain, or an RBR structure (Wenzel et al, 2011; Berndsen &

Wolberger, 2014; Zheng & Shabek, 2017). In addition, while some

atypical E3 enzymes possess a motif required for interaction with

their ubiquitin-like protein (Reverter & Lima, 2005; Cappadocia

et al, 2015), whether UFL1 has a UFM1-interacting motif is uncer-

tain. Therefore, it remains to be determined whether UFL1 functions

in a novel mechanism that does not exist in other E3 ligases. It was

shown previously that ufmylation by UFL1 of the nuclear receptor

coactivator, ASC1, requires DDRGK1 (also known as UFBP1) (Yoo

et al, 2014). Moreover, a recent model of the interaction between

UFL1 and DDRGK1 generated by AlphaFold2 has revealed structural

complementation between the two proteins (Peter et al, 2022).

Besides binding to DDRGK1, UFL1 interacts with LZAP (also known

as the adapter protein CDK5RAP3), forming a ternary complex (Wu

et al, 2010). The latter has been suggested to possess a motif

allowing UFM1 binding (Picchianti et al, 2023). Currently, structural

data on UFL1 are still missing, and it is unclear how UFL1 binds

UFC1 to promote ufmylation.

Deep learning of modeling of protein structures is revolutionizing

the field of structural biology, spearheaded by AlphaFold2
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developed by DeepMind (Jumper et al, 2021; Tunyasuvunakool

et al, 2021; Varadi et al, 2022). As models are either available or can

be generated within a short time on platforms such as ColabFold

(Mirdita et al, 2022), they will accelerate studies that previously

depended on the expression, purification, and crystallization of one

or more proteins, a process that could take years, if successful at all.

Structural models provide guidelines for the generation of stable

proteins, by identifying disordered regions that hamper protein

expression and could be truncated for improved expression. Beyond

the study of protein monomers, the structures of many protein com-

plexes can now be modeled (preprint: Evans et al, 2021; Humphreys

et al, 2021; Bryant et al, 2022), including interactions mediated by

short motifs (Johansson-�Akhe & Wallner, 2022; Tsaban et al, 2022).

It is now possible to also study the interaction of regions that adopt

a stable structure only upon interaction, as for example the interac-

tion of motifs located within disordered regions with their partners,

as well as complementation of a full domain by two proteins.

With these tools in hand, we set out to study the ufmylation sys-

tem and reveal yet unsolved challenges in our understanding of this

complex regulatory pathway. We report here on two major

advances: (i) The design of a functional fusion protein that is com-

posed of truncated parts of the UFL1-DDRGK1 complex. This con-

struct allows to significantly simplify the study of UFL1 activity and,

importantly, has enabled us to solve, for the first time, a crystal

structure of UFL1 bound to DDRGK1. (ii) The identification of the

critical role of the UFL1 N-terminal helix in UFC1 binding and ufmy-

lation. Our model suggests that E2 UFC1 uses the same site to bind

both E1 UBA5 as well as E3 UFL1 helices, which we confirm by

NMR studies. Of note, this helix-mediated interaction was revealed

in a model generated without any prior information, highlighting

the contribution of AlphaFold2 to the revelation of new interaction

details and regulation.

Results

AlphaFold2-assisted engineering of an active UFM1 E3-ligase

UFL1 has been suggested to be only active in the presence of

DDRGK1 (Witting & Mulder, 2021). In line with a parallel recent

study (Peter et al, 2022), our starting point was a model of the

UFL1-DDRGK1 interaction (see Figs 1A and EV1A and B) that we

generated using AlphaFold2 (see Materials and Methods). The

model shows the crucial contribution of DDRGK1 to complement

the first winged helix (WH) domain repeat of UFL1 (residues 27–58)

and explains why neither DDRGK1 nor UFL1 are folded when

expressed alone. This model, as well as additional information

about the importance of different regions (Tatsumi et al, 2010),

assisted us in the design of a fusion construct encompassing

DDRGK1-UFL1 (Fig 1B), in which we removed the N-terminal

region of DDRGK1 and the C-terminal region of UFL1 (i.e.,

DDRGK1:207–314 - UFL1:1–200). Furthermore, we noted the

predicted low confidence of the N-terminal helix of UFL1 (average

AlphaFold2 pLDDT < 70) (Fig EV1B) and therefore generated a sec-

ond construct in which we also truncated this N-terminal UFL1

helix, DDRGK1-UFL1DN (DDRGK1:207–305 - UFL1:27–200). To test

the AlphaFold2-based design of the above fusion proteins compris-

ing UFL1-DDRGK1, we purified the fusion proteins (Fig EV1C) and

tested their molecular weights in solution using SEC-MALS analysis.

Both proteins behave as monomers with a molecular weight corre-

sponding to their amino acid sequence (Fig 1C). Overall, our results

imply that the fusion protein is soluble, similar to the co-expression

of UFL1 with DDRGK1 that allows purification of a soluble UFL1-

DDRGK1 complex (Peter et al, 2022).

To date, structural data on DDRGK1-UFL1 complexes are based

on AlphaFold2 models (Peter et al, 2022). This motivated us to

exploit our fusion proteins for the determination of their crystal

structure. We successfully solved the crystal structure of DDRGK1-

UFL1DN to 3.1 �A resolution (Table EV1). The structure reveals four

repeats of WH domains: the first is contributed by DDRGK1, and the

second is formed partially by DDRGK1 and partially by UFL1, while

the last two are from UFL1 (Fig 1D). This structure is very similar

(backbone RMSD = 1.4 �A) to the corresponding AlphaFold2 model.

In the crystal structure, the last 18 amino acids (UFL1 amino acids

183–200) are not detected, suggesting a flexible region. Overall, our

crystal structure suggests that the fusion protein maintains the over-

all architecture of the UFL1-DDRGK1 complex as observed in the

AlphaFold2 model.

With the above fusion proteins in hand, we tested their function-

ality as E3 ligases. To that end, we incubated pure UBA5, UFC1, and

UFM1 with and without fusion proteins and analyzed the ufmyla-

tion pattern. As shown in Fig 1E, in the absence of a fusion protein

or in the presence of DDRGK1-UFL1DN, the ufmylation pattern is

unchanged, showing only ufmylated UBA5 and ufmylated UFC1.

However, in the presence of DDRGK1-UFL1, an additional band

corresponding to ufmylated DDRGK1-UFL1 appears. Moreover, to

support that indeed this band corresponds to ufmylated DDRGK1-

UFL1, we tagged the fusion protein with a Myc-tag and used this tag

for western blot analysis. As expected, only in the presence of

DDRGK1-UFL1 an extra band corresponding to ufmylated DDRGK1-

UFL1 appeared (Fig 1F). Overall, our data suggest that in the context

of the fusion protein, the N-terminal helix is essential for E3 ligase

activity.

Next, we demonstrated the importance of the UFL1 N-terminal

helix in the context of the native complex (rather than the fusion

above). Since in cells UFL1 and DDRGK1 are found in a complex

with an additional protein named LZAP, we tested the importance

of the UFL1 N-terminal helix within the context of this ternary com-

plex, comprising UFL1, DDRGK1, and LZAP. To this end, we over-

expressed these three proteins in 293T cells and purified the

complex. As expected, we observed a band corresponding to ufmy-

lated UFL1 only in the presence of a complex containing the UFL1

N-terminus (Fig 1G and H). Overall, our data suggest that the UFL1-

N-terminal helix is critical for ligase activity not only in the fusion

protein but also in the native complex containing all three proteins.

A structural model of the UFC1-UFL1 interaction reveals the
critical role of the helix in the N-terminal tail of UFL1

Why is the UFL1 N-terminal helix critical to its ligase activity? Moti-

vated by the contribution of the AlphaFold2 model to the successful

design of a fusion protein with E3 ligase activity, we modeled the

binding of UFC1 to the UFL1-DDRGK1 complex (Figs 2A and EV2A).

This model revealed a critical role of the UFL1 N-terminal helix in

UFC1 binding (Figs 2B and EV2B). This helix occupies a pocket on

the side opposite to the UFC1 active site cysteine at position 116,
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leaving the latter exposed for aminolysis. UFC1 residues located in

the interface with the UFL1 N-terminus, Y36, I40, K47, and R55 con-

tribute significantly to binding (as identified using computational

alanine scanning, see Table EV2). In the UFL1 N-terminal helix, the

residues W5, I8, L11, and F15 that are involved in UFC1 binding are

highly conserved (Fig 2C). Interestingly, the UFL1 N-terminus was

modeled as a helix with high confidence when in complex with

UFC1 (in contrast to the lower confidence of this helix in the model

of the free UFL1 structure), indicating that it might be disordered

and only fold into a helix upon binding to UFC1 (Fig 2D). Of note,

A

C

E F

G H

D

B

Figure 1.
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while we have previously demonstrated the ability of AlphaFold2 to

model peptide–protein interactions at high confidence (Tsaban

et al, 2022), it was still surprising that AlphaFold2 could identify the

binding region on UFL1 in the full-length protein (i.e., generate a

model of this interaction using the full UFL1 protein, in contrast to

modeling the interaction between only the N-terminal helix of UFL1

and UFC1), which is not always trivial (preprint: Bret et al, 2023;

preprint: Lee et al, 2023).

To validate the AlphaFold2 model, we first tested the binding of

UFC1 to DDRGK1-UFL1 or DDRGK1-UFL1DN using ITC. In line with

the model, only the fusion protein possessing the UFL1 N-terminal

helix binds to UFC1 (Kd = 2.3 lM; Fig 2E and F and Table EV3).

We reconfirmed this also by pulldown experiments (Fig EV2C).

Next, we performed binding experiments with DDRGK1-UFL1 fusion

proteins possessing mutations in UFL1 residues that are involved in

UFC1 binding. As shown in Fig 2G, DDRGK1-UFL1 with the double

mutations L11R and F15R completely abolished the binding to

UFC1. Similarly, mutation in UFC1 K47E significantly increased the

Kd to 33.8 lM (Fig 2H). Accordingly, functional assays with these

mutants showed significant reduction in ufmylated DDRGK1-UFL1,

highlighting the importance of the UFL1 N-terminal helix for ufmy-

lation (Fig 2I).

To further support our model of the interaction of the UFL1 N-

terminus with UFC1, we used NMR spectroscopy to define the

changes in UFC1 chemical shifts upon binding to DDRGK1-UFL1 or

DDRGK1-UFL1DN. To that end, we exploited the reported assigned

(1H, 15N)-HSQC NMR spectra for UFC1 (Liu et al, 2005). As expected

from our activity and ITC experiments (Figs 1E–H and 2E–H), the

addition of DDRGK1-UFL1, but not DDRGK1-UFL1DN, to 15N-

labeled UFC1 caused strong attenuations (Fig 3A and B). In line with

the AlphaFold2 model, these attenuations include residues from

UFC1 ⍺-helix I (residues 26–48) and from b-strand I (residues 54–

58), that directly interact with the UFL1 N-terminus (Fig 3C). Inter-

estingly, besides the above residues, the N-terminal half of UFC1 ⍺-
helix II (residues 135–145) also showed chemical perturbations.

This region is located on the other side according to our AlphaFold2

model and not directly involved in UFL1 N-terminus binding, raising

the possibility that these residues are allosterically regulated by

binding of the UFL1 N-terminus to UFC1.

According to our model and NMR data (Figs 2B and 3), UFC1

binds the N-terminal helix of UFL1 using the same binding

pocket with which it also binds to the C-terminal helix of UBA5

(Fig 4A), as shown by a crystal structure solved previously by us

(Kumar et al, 2021). This is in line with previous reports that in

ubiquitin-conjugating enzymes, the same binding site on the E2 that

is responsible for E1 binding is also required for E3 binding (Eletr

et al, 2005). These data suggest a competition between UFL1 and

UBA5 for binding to UFC1. To verify this, we performed an NMR

based competition experiment between 15N-labeled UBA5

C-terminus (UBA5 347–404) bound to UFC1, and UFC1+DDRGK1-

UFL1 (Fig 4B). As expected, addition of UFC1 to 15N UBA5 C-

terminus caused large changes to the UBA5 1H–15N HSQC spectrum,

in the form of chemical shift perturbations (Fig 4B, center panel).

Addition of DDRGK1-UFL1 to the UBA5-UFC1 complex, however,

caused shifting of NMR cross-peaks in UBA5 to their unbound posi-

tion, confirming that UFL1 and UBA5 bind to the same surface of

UFC1 (Fig 4B, right panel). To summarize, these results demon-

strate that both E1 UBA5 and E3 UFL1 use the same pocket on E2

UFC1 for binding, revealing important details of the regulation of

ufmylation.

To simulate the ability of the two specific helices (i.e., of E1

UBA5 residues 389–404 and E3 UFL1 residues 1–21) to compete for

E2 UFC1, we ran AlphaFold2 on a sequence that contains both pep-

tides, assuming that the stronger binding peptide will bind to the

receptor binding site (an approach suggested by Chang &

Perez, 2023). In that experiment, the UFL1 helix invariably outcom-

peted the UBA5 helix in the binding site and was modeled with sig-

nificantly higher confidence (Fig 4C). This is anticipated since UFL1

binds as a longer helix (20 residues vs. 12 residues of UBA5) and

generates a larger hydrophobic interaction surface. Indeed, the E3

UFL1 helix binds to UFC1 with Kd = 1.4 lM affinity (measured

using ITC, Fig 4D), which is stronger than the corresponding affinity

of the UBA5 C-terminus to UFC1 (Kd = 2.5 lM, reported by us pre-

viously; Kumar et al, 2021). Within the natural context, the relative

binding affinities might however change.

In the conjugation pathway, UFL1-DDRGK1 has to bind the

charged E2 (UFC1~UFM1). In the case of ubiquitin, several of its E3

ligases bind to the charged E2s, and this, in turn, enhances the dis-

charge of ubiquitin from the E2s (Metzger et al, 2014). To test

whether the binding of UFL1-DDRGK1 to charged UFC1

(UFC1~UFM1) enhances UFC1 discharge, we performed a single

turnover discharge assay. Initially, we charged UFC1 using UFM1

and UBA5. We then treated the reaction with EDTA to block UBA5

activity. Finally, we added free lysine in the presence or absence of

DDRGK1-UFL1. As shown in Fig 5A, the discharge of UFC1 was

stimulated in the presence of DDRGK1-UFL1, suggesting that in

the presence of UFL1, the thioester bond is more susceptible to the

attacking lysine.

◀ Figure 1. AlphaFold2-assisted generation of an active fusion protein for ufmylation.

A AlphaFold2 structural model of the DDRGK1-UFL1 complex (the first 206 residues of DDRGK1 are not shown); DDRGK1 is colored in orange; UFL1 colored in green.
A blowup shows the winged helix domain shared by DDRGK1 and UFL1.

B Details of the fusion constructs. DDRGK1 was connected to UFL1, removing the N-terminal region of DDRGK1 and the C-terminal region of UFL1. In a second con-
struct, we also removed the N-terminal helix of UFL1 (DDRGK1-UFL1DN), due to its flexibility suggested by AlphaFold2 (see Text). Regions removed from the parent
proteins are shown in gray (WH: winged helix domains, PCI: proteasome-COP9-initiation factor 3 domain, W and H indicate a partial WH domain).

C SEC-MALS profiles of fusion proteins.
D Crystal structure of the DDRGK1-UFL1DN fusion. The four winged helix (WH) domains are colored as in (A).
E–H In vitro ufmylation assays. (E, F) Western blots show that in the presence of DDRGK1-UFL1 an additional band appears. This band corresponds to ufmylated

DDRGK1-UFL1 and is absent without any fusion protein or in the presence of DDRGK1-UFL1DN (E—blotting with anti-FLAG, since UFM1 has a FLAG-tag; F—blot-
ting with anti-Myc since DDRGK1-UFL1 has a Myc-tag); *Indicates nonspecific bands that exist also in the absence of ATP. (G, H) Western blots show a band corre-
sponding to ufmylated UFL1 only in the presence of the ternary complex containing the UFL1 N-terminus (same corresponding anti-FLAG and anti-Myc were
used); *Indicates degraded UFL1/UFL1DN. See Fig EV1D–H for protein loading controls.

Source data are available online for this figure.
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Next, we asked if the fusion protein prefers binding to charged

UFC1. To that end, we generated a mixture of charged and

uncharged UFC1 with an excess of uncharged UFC1 (see Materials

and Methods section for more details). We used this mixture for a

pulldown experiment with DDRGK1-UFL1 to evaluate binding pref-

erences to charged UFC1. The DDRGK1-UFL1 fusion construct did

not show any preferential binding to the charged UFC1 (Fig 5B). A

recent study reported that DDRGK1 contains a UFM1 binding site

located at positions 116–224 (Ishimura et al, 2022), which are miss-

ing in this fusion construct (Fig 1B). This raises the possibility that

preferential binding of DDRGK1-UFL1 to charged UFC1 requires this

region. Therefore, we generated an extended fusion protein,

DDRGK1ext-UFL1 (DDRGK1:87–314 - UFL1:1–200). Indeed, this

extended fusion protein shows preferential binding to the charged

A

D E F

G H I

B C

Figure 2.
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UFC1 (Fig 5B): while the reaction input contains more uncharged

than charged UFC1, after binding to the extended DDRGK1-UFL1,

this ratio is inversed, showing mainly charged UFC1. To comple-

ment this experiment, we also measured the affinity of the fusion

proteins for charged UFC1 using ITC. As anticipated, DDRGK1-UFL1

that lacks the UFM1 binding site in DDRGK1 exhibited a Kd of

2.57 lM, similar to that observed with uncharged UFC1 (Fig 5C).

However, the binding of charged UFC1 to DDRGK1ext-UFL1 resulted

in a 10-fold increase in binding affinity (Kd = 0.23 lM). Of note,

DDRGK1ext-UFL1 does not show higher affinity to uncharged UFC1

compared to DDRGK1-UFL1 lacking the UFM1-binding site of

DDRGK1 (Fig EV4A). Collectively, our data suggest that the UFM1

binding site on DDRGK1, previously demonstrated to bind free

UFM1, is also capable of binding UFM1 once it is charged on UFC1,

thereby facilitating preferential binding to the charged form.

To study the necessity of the UFL1 N-terminus for ufmylation

activity when DDRGK1 contains the UFM1 binding site, we

conducted a ufmylation assay on DDRGK1ext-UFL1 possessing or

lacking the UFL1 N-terminus. As depicted in Fig 5D, only

DDRGK1ext-UFL1, which includes the N-terminus, exhibited a dis-

tinct alternation in the ufmylation pattern when compared to the

pattern observed without the fusion protein. Moreover, we showed

an increase over time in ufmylated products in the presence of

DDRGK1ext-UFL1 (Fig EV4C and D). Next, we investigated whether

the presence of the UFM1-binding site on DDRGK1 would result in a

more significant stimulation of discharge. To that end, we compared

the discharge of UFC1~UFM1 in the presence of DDRGK1-UFL1 or

DDRGK1ext-UFL1 that includes the UFM1 binding site. However, as

shown in Fig EV4E, we did not observe any improvement in the

stimulation upon the introduction of DDRGK1ext-UFL1. Further-

more, we did not detect an increase in ufmylated UFC1 (UFM1 that

is attached to UFC1 via an isopeptide bond) in the presence of UFL1

fragments. In summary, our findings highlight the crucial role of the

UFL1 N-terminus in ufmylation activity, even in the presence of

the UFM1 binding site within DDRGK1.

Discussion

Transient interactions between E1, E2, and E3 are indispensable for

protein modifications by ubiquitin and ubiquitin-like proteins

(UBLs); therefore, understanding their binding mechanisms is of

high interest. Here, we show that the UFL1 N-terminal helix that

resides outside the WH domains is responsible for the binding to

UFC1 (Figs 1 and 2). This helix binds UFC1 on the side opposite to

the active site cysteine at position 116 (Fig 3), leaving the latter

exposed for aminolysis. Intriguingly, this mode of binding overlaps

with the binding site of UBA5 C-terminal helix on UFC1, suggesting

competition between UBA5 and UFL1 on UFC1 (Fig 4). This compe-

tition allows UFC1 to execute its dual role in the conjugation pro-

cess. Initially, UFC1 has to bind the charged UBA5 and participate in

the trans-thiolation reaction where UFM1 is transferred to the UFC1

active site cysteine. Then, UFL1 outcompetes UBA5, leaving the

UFC1 active site cysteine exposed and amenable to a substrate’s

nucleophilic attack.

In a previous study, we reported a Kd value of ~1 lM for the

affinity between UFC1 and UBA5 (Soudah et al, 2019), which is sim-

ilar to the Kd obtained here for DDRGK1-UFL1 and UFC1. This simi-

larity raises questions about how the binding competition between

these enzymes ensures productive ufmylation. Our discovery that

DDRGK1-UFL1 exhibits a higher affinity for charged UFC1 can

explain how the former can outcompete UBA5. However, as

observed with ubiquitin and other UBL enzymes, conformational

changes in E1 and E2 enzymes during the transthiolation process

further affect the affinity between these enzymes (Yuan et al, 2021).

This therefore can impact the competition with E3. Another parame-

ter that can affect this competition is the cellular localization of

UBA5, UFC1, and UFL1. While UFC1 and UBA5 are freely present in

the cytosol, UFL1 is associated with the ER membrane through its

interaction with DDRGK1 (Liang et al, 2020). Additionally, recent

findings indicate that LZAP, another partner of the UFL1-DDRGK1

complex, also possesses a UFM1 binding site (Ishimura et al, 2023).

This further assists in bringing UFC1 ~ UFM1 in proximity to UFL1,

enhancing its ability to outcompete UBA5. In addition, it is also

important to note that when UFC1 is no longer charged, it has an

increased likelihood of leaving the ER environment. Consequently,

it becomes available for interaction with UBA5, thereby initiating

another cycle of charging.

Currently, the role of preferential binding of DDRGK1-UFL1 to

charged UFC1 in catalysis is not fully understood. It is still uncer-

tain whether this binding induces a closed conformation in charged

UFC1, akin to what is observed with ubiquitin E2 enzymes, and

subsequently facilitates catalysis (Huang et al, 2007; Lee & Schin-

delin, 2008; Olsen & Lima, 2013; Stewart et al, 2016). Recently,

Peter et al (2022) demonstrated that the presence of the complex

comprising UFL1 and DDRGK1 enhances the discharge of charged

UFC1 by free lysine. This observation suggests that the binding of

the UFL1-DDRGK1 complex to the charged UFC1 assists in making

◀ Figure 2. The N-terminal helix of UFL1 is crucial for binding of UFC1 and activity.

A Overall view of the UFC1-DDRGK1-UFL1 ternary complex (UFC1 colored in violet).
B Details of the interaction: UFL1 N-terminal helix bound to UFC1.
C Analysis of conservation of UFL1 N-terminal helix shows evolutionary conservation of the residues predicted to be involved in binding.
D The N-terminal helix (colored according to pLDDT) is modeled with high confidence when bound to UFC1 (in gray), in contrast to the low confidence for this helix

in the unbound structure (shown on top).
E–H ITC experiments of UFC1 binding to fusion proteins: (E) UFC1 binding to DDRGK1-UFL1; (F) UFC1 binding to DDRGK1-UFL1DN (G) UFC1 binding to DDRGK1-UFL1

double mutant (L11R & F15R); (H) mutant UFC1 (K47E) binding to DDRGK1-UFL1. In all the experiments, top graphs represent raw data of heat flow versus time.
The area under the peaks of the upper panel was integrated and plotted as kJ per mole of UFC1 as a function of binding stoichiometry in the bottom panel.
Thermodynamic parameters are summarized in Table EV3.

I Western blot showing the effect of UFC1 mutants or DDRGK1-UFL1 mutants on ufmylation; blot with anti-FLAG since UFM1 has FLAG-tag. See Fig EV2D for protein
loading control.

Source data are available online for this figure.
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A B

C

Figure 3. Characterization of UFC1 binding to DDRGK1-UFL1 using NMR.

A Intensity changes of UFC1 residue peaks upon addition of 1.5-fold excess (300 lM) of DDRGK1-UFL1 (upper graph) or 2-fold excess (400 lM) of DDRGK1-UFL1DN
(lower graph). Dark colors indicate shifted residues (I/I0 ≤ 0.4), and light colors indicate unshifted residues (I/I0 > 0.4). Removal of the N-terminal UFL1 regions
significantly impairs UFC1-DDRGK1-UFL1 complex formation. The dashed line indicates I/I0 = 0.4.

B Selected regions of the 1H–15N HSQC spectrum: 0.2 mM UFC1 alone (black) and in the presence of twofold excess of DDRGK1-UFL1 (red) or DDRGK1-UFL1DN (blue).
C Structure of UFC1 [PDB ID: 7NW1 (Kumar et al, 2021)] with residues displaying significant intensity changes (I/IO ≤ 0.4) upon addition of DDRGK1-UFL1 colored in red;

UFC1 active site cysteine labeled in yellow.

Source data are available online for this figure.
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A B

C D

Figure 4. UBA5 and UFL1 compete for binding to UFC1.

A Superposition of the model of the UFL1 N-terminal helix-UFC1 complex onto the solved structure of the UBA5 N-terminal helix-UFC1 complex (PDB ID: 7NW1)
suggests that both bind to the same binding site; UFC1 is shown in surface representation, UFL1 (green), UBA5 (white).

B NMR 1H–15N HSQC spectra revealing competitive binding: Left: 1H–15N HSQC spectrum of 15N UBA5 alone (150 lM, black); Center: Overlay of spectrum after addition
of UFC1 (300 lM, red); Right: Overlay of spectrum after addition of both UFC1 (300 lM) and DDRGK1-UFL1 (700 lM, blue), showing return to the unbound spectra.
Upper panel: Full spectrum; Lower panel: Inset focusing on a specific peak, showing its shift in the presence of UFC1, which is reverted after addition of competing
UFL1.

C Computational competition assay using AlphaFold2 modeling of the structure of UFC1 in the presence of both helices (N-terminal helix of UFL1 and C-terminal helix
of UBA5) identifies UFL1 as the stronger binder, forcing UBA5 to another, incorrect location. Note the high pLDDT for the UFL1 helix, compared to the corresponding
pLDDT values for UBA5. See also Fig EV3.

D ITC experiment of UFC1 binding to UFL1 N-terminal helix (1–21). The top graph represents raw data of heat flow versus time. The area under the peaks of the upper
panel was integrated and plotted as kJ per mole of UFC1 as a function of binding stoichiometry in the bottom panel. Thermodynamic parameters are summarized in
Table EV3.

Source data are available online for this figure.
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the thioester bond more favorable for transfer. In the context of our

fusion protein, we observed a slight increase in UFC1 discharge

when the fusion protein is present, and this effect was independent

of whether DDRGK1 possesses or lacks its UFM1 binding site. The

relatively weak stimulation of discharge observed with the fusion

proteins, in comparison with the native complex, suggests that

there may be additional regions in UFL1 or DDRGK1 that are

absent in the fusion proteins, which are necessary for this

stimulation.

While both free lysine discharge experiments and DDRGK1-UFL1

auto-ufmylation assays are valuable for elucidating the modification

mechanism, it is essential to acknowledge that these assays employ

A C

B D

Figure 5. DDRGK1-UFL1 exhibits higher affinity for charged UFC1 and enhances destabilization of the latter.

A Single turnover lysine discharge assay showing the effect of DDRGK1-UFL1 on discharge of UFC1 by free lysine. Five independent experiments were performed to
quantify the effect of DDRGK1-UFL1 on UFC1 discharge. The amount of free UFM1 was quantified at each time point and was normalized against time zero (for
15 min time point pval = 0.05, for 30 min time point pval = 0.03, two-tailed unpaired Student’s t-test, data as mean � SD, n = 5 technical replicates). Lower panel: A
representative gel showing UCF1~UFM1 discharge upon addition of lysine in the presence and absence of DDRGK1-UFL1 fusion protein.

B Coomassie stain gel shows that in a pulldown assay DDRGK1ext-UFL1, but not DDRGK1-UFL1, preferentially binds to charged UFC1 compared to uncharged UFC1.
Specifically, only charged UFC1 is detected in the elution of the pulldown with DDRGK1ext-UFL1 (last lane).

C ITC experiments of charged UFC1 binding to DDRGK1-UFL1 (left panel) and DDRGK1ext-UFL1 (right panel). The top graph represents raw data of heat flow versus time.
The area under the peaks of the upper panel was integrated and plotted as kJ per mole of UFC1 as a function of binding stoichiometry in the bottom panel. Thermo-
dynamic parameters are summarized in Table EV3.

D In vitro ufmylation assay. Western blot shows that changes in the ufmylation pattern are only observed in the presence of DDRGK1ext-UFL1 possessing the UFL1 N-
terminus (blotting with anti-FLAG). See Fig EV4B for protein loading controls.

Source data are available online for this figure.
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non-native substrates. Consequently, the lower yield observed in

the auto-ufmylation assay may be attributed to the use of non-native

substrates. Similar to the above-mentioned assays, in the context of

a native substrate a lysine residue functions as the attacking moiety.

However, within the native substrate, this lysine resides within its

real environment, which can influence its physicochemical proper-

ties and, consequently, impact the yield of the ufmylation reaction.

Specifically, whether the substrate itself has a catalytic role that con-

tributes to the reaction is still unclear and requires further

investigation.

Many of the advances in this study were possible thanks to accu-

rate structural models, which highlight the major role played by

interactions that involve significant stabilization of the monomer

structure(s) upon binding. The model of the UFL1-DDRGK1 complex

was crucial to realize the formation of a full, stable WH domain

from two unstable parts contributed by UFL1 and DDRGK1 (Fig 1),

and suggested that addition of DDRGK1 would solve the long-time

challenge of successful expression and purification of active

UFL1. The model of the UFL1-UFC1 interaction contributed to our

understanding of the transfer of UFM1 via the E1-E2-E3 cascade

onto the substrate, by highlighting the roles played by terminal heli-

ces in binding to UFC1, by both E1 (UBA5) and E3 (UFL1) (Fig 4A).

This study underlines the significant contribution of deep learning

methods such as Alphafold2 to our advanced ability to research,

and ultimately to understand, the complexity of regulatory

interactions.

Materials and Methods

AlphaFold2 predictions

In general, structural models of individual proteins and complexes

were generated using ColabFold (Mirdita et al, 2022). Unless indi-

cated otherwise, the predictions were run with all five models and

default seed, default multiple sequence alignment generation using

the MMSeqs2 server and with three recycles, without linkers

between the monomers. The “computational competition assay”

was run as suggested by Chang and Perez (2023), providing both

competing peptides in a single prediction run, provided before and

after the receptor UFC1 sequence. All structure visualizations were

created with PyMOL (Schrodinger LLC, 2010).

Calculation of sequence conservation

Conservation of UFL1 was calculated with the ConSurf server

(Yariv et al, 2023), using default parameters. Alignment of the

human and model animal sequences of UFL1 was performed using

ClustalOmega (Sievers et al, 2011) on the UniProt server (UniProt

Consortium, 2021).

Computational alanine scanning

To estimate the contribution of different residues to the binding of

UFL1 N-terminal helix to UFC1, we applied alanine scanning using

the Robetta server (Kortemme et al, 2004). Residues with predicted

effect of DDGbinding > 1.0 kcal/mol were retained as hotspot

residues.

Cloning and mutagenesis

The fusion constructs DDRGK1207–314-UFL11–200 (corresponding to

DDRGK1-UFL1 in the main text), DDRGK1207–305-UFL127–200 (corre-

sponding to DDRGK1-UFL1DN in the main text), DDRGK187–314-

UFL11–200 (corresponding to DDRGK1ext-UFL1 in the main text),

and DDRGK187–305-UFL127–200 (corresponding to DDRGK1ext-UFL1-

DN in the main text) were generated using Gibson assembly (Gib-

son assembly master mix, New England Biolabs) according to the

manufacturer’s protocol and are cloned in pET15b. The point

mutants of UFC1 were generated by PfuUltra II Fusion HS DNA

polymerase, by Agilent. The point mutants of DDRGK1-UFL1 were

generated by PCR and Gibson assembly. A list of all primers is

provided in Table EV4. All of the constructs were verified by DNA

sequencing.

UFL1 1–794 and UFL1 27–794 were cloned in pLVX with an N-

terminal 3xMyc tag and a C-terminal Strep tag in a BamH1/Xba1

site. LZAP with C-terminal His tag and DDRGK1 50–314 were cloned

in pCDNA 3.4 using Gibson assembly.

Cell culture and transfections

293T cells (American Type Culture Collection) were grown

in Dulbecco’s modified Eagle’s medium supplemented with 10%

fetal calf serum, and incubated at 37°C in the presence of 5%

CO2. 293T cells were grown to 70% confluence in T175 flasks

and transiently co-transfected with 12 lg of 3xMyc_UFL1 1–

794_Strep_pLVX/3xMyc_UFL1 27–794_Strep_pLVX, 24 lg of LZAP-

His_pCDNA 3.4 and 24 lg of DDRGK1 50–314_ pCDNA 3.4 (total

60 lg of plasmid DNA), and 120 ll TransporterTM 5 transfection

reagent per flask.

Protein expression and purification

UBA5, UFC1, and UFM1 were expressed and purified as previously

described (Oweis et al, 2016). All the fusion constructs and point

mutants were expressed in E. coli T7 express (New England

Biolabs). The transformed cells were grown in 2xYT and induced at

16°C overnight with 0.3 mM isopropyl-b-thio-galactoside (IPTG).

For the NMR experiments UFC1 and UBA5 (347–404), transformed

cells were grown in standard M9 minimal media supplemented

with 15NH4Cl and induced at 20°C overnight with 0.3 mM IPTG.

The induced cells were harvested by centrifugation at 8,000 g

for 15 min. Pellets were resuspended in lysis buffer (50 mM

NaH2PO4 pH 8.0, 400 mM NaCl, 10 mM imidazole, and 5 mM b-
mercaptoethanol), supplemented with 1 mM phenyl-methyl sulfonyl

fluoride (PMSF) and DNase. Cells were disrupted using a microflui-

dizer (Microfluidics). Lysate was cleared by centrifugation at

29,000 g for 45 min and was subjected to 5 ml His-Trap columns

(GE Healthcare). The protein was eluted with a linear imidazole gra-

dient of 15–300 mM in 20 column volumes. Fractions containing

the purified protein were pooled and dialyzed overnight at 4°C

against dialysis buffer (25 mM NaH2PO4 pH 8.0, 300 mM NaCl, and

5 mM b-mercaptoethanol) in the presence of TEV protease. Cleaved

protein was then subjected to a second round of His-Trap column,

and flow-through containing the cleaved protein was collected. Fur-

thermore, purification was done using 16/60 Superdex 75 pg or 16/

60 Superdex 200 pg size exclusion chromatography as applicable,
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equilibrated in buffer containing Tris–Cl pH 7.5 (20 mM), NaCl

(200 mM), and DTT (2 mM).

To purify the UFL1 ligase complex from mammalian cells, 48 h

after transfection, 293T cells were scraped from T175 flasks, trans-

ferred to 50-ml conical tubes, and centrifuged at 1,000 g for 5 min.

Cell pellets were resuspended in ice-cold lysis buffer (50 mM Tris–

Cl, pH 8, 600 mM NaCl, I mM DTT, and 1× protease inhibitor cock-

tail). The cells were disrupted using microfluidizer and incubated in

ice for 30 min with 10 lg/ml avidin, followed by centrifugation at

20,000 g for 20 min at 4°C. The supernatant was loaded to a 5 ml

Strep-tactin superflow HC column. The protein was eluted with

50 mM Tris–Cl, pH 8, 500 mM NaCl, and 7.5 mM Desthiobiotin in

10 column volumes. Furthermore, purification was done using 16/

60 Superdex 200 pg equilibrated in a buffer containing Tris–Cl pH

7.5 (20 mM), NaCl (400 mM), and DTT (1 mM). The purified pro-

teins were concentrated and flash-frozen in liquid N2 and stored at

�80°C.

In vitro ufmylation assay

UBA5 (0.5 lM), FLAG-UFM1 (7.5 lM), UFC1 (3 lM), and fusion

fragments (3 lM each) were mixed together in a buffer containing

HEPES (50 mM pH 8.0), NaCl (100 mM), and MgCl2 (10 mM). For

assay with native protein, 0.5 lM of ternary complex was used. The

concentration of the proteins was the same for all reactions involv-

ing point mutants unless specified. Reactions were initiated by the

addition of ATP (5 mM) and were incubated at 30°C for 45 min.

The negative control sample was incubated without ATP. After incu-

bation, the reactions were stopped by adding a 5× SDS-sample

buffer containing b-mercaptoethanol. The samples along with the

control were then loaded on 12% Bis-Tris PAGE followed by immu-

noblot with anti-Myc (UFL1) (Santa Cruz, sc-40) or anti-FLAG

(UFM1) (Merck, F1804) antibody.

In vitro pulldown assay

Recombinant purified strep-UFC1 (5 lM) and fusion fragments

(5 lM each) were mixed in PBS in total volume of 50 ll for 1 h at

room temperature (RT) and subsequently incubated with Strep-

Tactin beads (Iba Lifesciences). The mixtures were washed twice

with 1xPBS. The bound proteins were eluted using 7.5 mM Desthio-

biotin in 50 mM HEPES, pH 8.0, and 300 mM NaCl buffer. Then,

the samples were analyzed by 4–15% SDS–PAGE followed by

Coomassie Brilliant Blue staining.

Discharge assay

For the charging, 10 lM of UFC1 was incubated with 0.5 lM UBA5

and 10 lM UFM1 in reaction buffer (50 mM HEPES pH 8.0,

100 mM NaCl, and 10 mM MgCl2) with 5 mM ATP for 10 min at

30°C. The reaction was stopped by 10-min incubation at RT with

50 mM EDTA (pH 8.0). In order to start the discharge, the reaction

was incubated at 37°C with 50 mM lysine (pH 8.0) and with or

without 20 lM of DDRGK1-UFL1 fusion protein. The discharge reac-

tion was stopped by addition of SDS-sample buffer without any

reducing agent, at different time points (0, 15, and 30 min) and

loaded on 12% Bis-Tris PAGE under non-reducing conditions

followed by Coomassie staining.

Preparation of charged UFC1

UFC1 T106S/C116K (25 lM) was incubated at 37°C along with

UBA5 (10 lM) and Strep-tagged UFM1 (40 lM) for 4 h. The 5-ml

reaction was initiated by ATP (5 mM) and conducted at sodium

bicarbonate buffer (50 mM pH 9.8), NaCl (100 mM), and MgCl2
(10 mM). The formation of isopeptide-linked UFC1-UFM1 covalent

complex was verified by SDS–PAGE. After the incubation, the

reaction mixture was loaded on the strep-tactin superflow col-

umn. UFC1-Strep-tagged UFM1 covalent complex and unreacted

residual Strep-tagged UFM1 bound to the column, while UBA5

and unreacted UFC1 were separated in the flow-through. The

covalent complex was eluted using Desthiobiotin. The purified

complex was verified in SDS–PAGE. Furthermore, purification

was done using a Superdex 75 analytical column to separate

UFC1-Strep-tagged UFM1 covalent complex and the unreacted

Strep-tagged UFM1. The purified complex was concentrated and

stored at �80°C.

Binding of DDRGK1-UFL1 fusion proteins to
charged/uncharged UFC1

A mixture of charged and uncharged UFC1 with an excess of

uncharged UFC1 was generated by adding UBA5 (0.5 lM), UFC1

(20 lM), and UFM1 (5 lM) in a buffer containing HEPES (50 mM

pH 8.0), NaCl (100 mM), and MgCl2 (10 mM). Reactions were initi-

ated by the addition of ATP (5 mM) and were incubated at 30°C for

30 min. The negative control sample was incubated without ATP.

Then, fusion fragments DDRGK1-UFL1 or DDRGK1ext-UFL1 (5 lM
each) that contain a C-terminal Strep tag were added to the reaction

and incubated with Strep-Tactin beads (Iba Lifesciences) for 1 h in

4°C. The mixtures were washed twice with 1xPBS. The bound pro-

teins were eluted using 7.5 mM Desthiobiotin in 50 mM HEPES, pH

8.0, and 300 mM NaCl buffer. Then, the samples were analyzed by

12% Bis-Tris non-reducing PAGE followed by Coomassie Brilliant

Blue staining.

Size exclusion chromatography with multi-angle light
scattering analysis

For the SEC-MALS experiments, the fusion fragments were loaded

on an analytical SEC column (Superdex 75 10/300 GL) equili-

brated with a buffer containing 20 mM Tris (pH 7.5), 200 mM

NaCl, and 1 mM DTT. Molecular mass within the chromato-

graphic peak was calculated using ASTRA software, version 7

(Wyatt Technologies).

Crystallography

Crystals of DDRGK1-UFL1DN were grown at 20°C using the hanging

drop vapor diffusion method. Protein was concentrated to 100 mg/

ml and crystalized in a solution containing 0.7 M Ammonium tar-

trate dibasic and 0.1 M sodium acetate trihydrate, at pH 4.6. The

crystals were cryoprotected using a reservoir solution containing

25% glycerol and flash-frozen in liquid nitrogen.

Diffraction data for the DDRGK1-UFL1DN crystals were collected

on beamline ESRF ID30A-3 at 100°K. Data were processed using

Dials (Waterman et al, 2016) and scaled using Aimless (Evans,
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2011). The putative space group was determined to be hexagonal

P62 or its enantiomorph. The structure was solved by molecular

replacement (MR) with MOLREP (Vagin & Teplyakov, 2010) using

the AlphaFold2 model of the UFL1-DDRGK1 heterodimer (Fig 1A).

The translation function confirmed the space group to be P64. The

asymmetric unit contains two chains of the chimeric protein.

The MR model was refined in REFMAC5 (Murshudov et al, 2011)

and BUSTER. The electron density was subject to density modifica-

tion with NCS averaging using Parrot (Cowtan, 2010; Emsley

et al, 2010). The model was further refined using REFMAC5 with

input density modification phases (Pannu et al, 1998). The model

was rebuilt using COOT (Emsley et al, 2010) and ISOLDE

(Croll, 2018) implemented in ChimeraX (Pettersen et al, 2021).

Details of the quality of the refined model are presented in

Table EV1.

NMR spectroscopy

All NMR experiments were carried out at 25°C on a 23.5T

(1,000 MHz) Bruker spectrometer equipped with triple resonance

(x,y,z) gradient cryoprobe. The experiments were processed with

NMRPipe58 and analyzed with NMRFAM-SPARKY59. The interaction

of UFC1 with DDRGK1-UFL1 fragments was monitored by 2D
1H–15N HSQC experiments with the assignments for UFC1 trans-

ferred from the BMRB [entry 6546 (Liu et al, 2005)]. DDRGK1-UFL1

(100–400 lM) and DDRGK1-UFL1DN (400 lM) were titrated into

200 lM of 15N-labeled UFC1 in 20 mM Tris pH 7.6. For competition

experiments, we used 15N-labeled UBA5 (residues 347–404;

150 lM), UFC1 (300 lM), and DDRGK1-UFL1 (700 lM).

Isothermal titration calorimetric experiments (ITC)

Isothermal titration calorimetric experiments were performed using

PEAQ-ITC (Malvern Instruments, Malvern) at 25°C. The binding

experiments between WT UFC1 and DDRGK1-UFL1 (n = 2),

DDRGK1-UFL1DN or point mutants of DDRGK1-UFL1 (L11R,

L11R + F15R) and between point mutants UFC1 (K47E, R55E) and

DDRGK1-UFL1, were performed in buffer containing 20 mM Tris–

Cl, 150 mM NaCl, and 1 mM DTT, at pH 7.5, where fusion con-

structs (0.8 mM) were titrated into 80 lM UFC1. The binding exper-

iments between charged UFC1 (UFC1~UFM1) and DDRGK1-UFL1 or

DDRGK1ext-UFL1 (n = 2) were performed in buffer containing

20 mM Tris–Cl, 200 mM NaCl, and 1 mM DTT, at pH 7.5, where

fusion constructs (0.24 mM) were titrated into 24 lM charged

UFC1. The experiment between WT UFC1 and DDRGK1extUFL1 was

performed in the same buffer where fusion constructs (0.2 mM)

were titrated into 20 lM UFC1. The ITC experiment between WT

UFC1 and UFL1 N-terminal helix (1–21 aa) (n = 2) was done in a

buffer containing 20 mM Tris–Cl, 200 mM NaCl, 1 mM DTT, and

4% DMSO at pH 7.5 where N-terminal peptide (0.26 mM) was

titrated into 26 lM UFC1. All the titrations were done via 19 individ-

ual injections of 2 ll volume each, following the first injection

(0.4 ll) that was disregarded. An interval of 150 s was allowed

between each injection, and the stirring speed was set at 750 rpm to

achieve complete thermodynamic equilibration. The experiment

data were analyzed with MicroCal PEAQ-ITC analysis software, and

“1 set of sites” models were used for data fitting.

Data availability

The crystal structure of the UFL1-DDRGK1DN fusion structure

has been deposited to the Protein Data Bank with PDB ID: 8BX9

(http://www.rcsb.org/pdb/explore/explore.do?structureId=8BX9).

The AlphaFold2 models have been deposited to ModelArchive

and assigned the following identifiers: ma-8k8ml (https://www.

modelarchive.org/doi/10.5452/ma-8k8ml), ma-uzjo7 (https://

www.modelarchive.org/doi/10.5452/ma-uzjo7), ma-enci1 (https://

www.modelarchive.org/doi/10.5452/ma-enci1), and ma-vte0s

(https://www.modelarchive.org/doi/10.5452/ma-vte0s).

Expanded View for this article is available online.
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Expanded View Figures

▸Figure EV1. The UFL1-DDRGK1 complex.

A Model confidence of the UFL1-DDRGK1 AlphaFold2 complex prediction. Left: Predicted local distance difference test (pLDDT); Right: predicted Align Error (pAE) plots
of model 1, and models 2–5. For visualization purposes, only rank_1 was used in Fig 1 (accompanies Fig 1A).

B Model of the DDRGK1-UFL1 complex, colored according to pLDDT, highlighting the lower confidence in the structure of the N-terminal helix.
C SDS–PAGE showing the purity of the indicated fusion proteins.
D–H Loading controls of in vitro ufmylation assays (accompanies Fig 1E–H). (D, E) fusion constructs, (F, G) ternary complex. (H) Presence of UFL1/UFL1DN in the

membrane: Since we hardly see UFL1/UFL1DN in the Ponceau staining (F), we performed Western blot analysis with anti-Myc. All reactions were loaded on bis-
Tris-PAGE (except the reaction of Fig 1G, which was loaded on 8–16% Tris gel).
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Figure EV2. UFC1 interaction with UFL1 N-terminal helix.

A, B Model confidence of the AlphaFold2 complex prediction of A UFL1-DDRGK1-UFC1 and B UFL1 N-terminal helix-UFC1. Left: Predicted local distance difference test
(pLDDT); Right: predicted Align Error (pAE) plots of model ranked 1, and models ranked 2–5.

C Coomassie stain gel shows that UFC1 binds to DDRGK1-UFL1 but not DDRGK1-UFL1DN, demonstrating that this interaction depends on the presence of the N-
terminal helix of UFL1.

D Loading control of in vitro ufmylation assay with mutants of DDRGK1-UFL1 and UFC1 (accompanies Fig 2I).
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Figure EV3. UBA5 versus UFL1 computational competition assay.

Model confidence of the AlphaFold2 complex prediction of UFL1 N-terminal-UFC1-UBA5 C-terminal. Top: predicted local distance difference test (pLDDT); Bottom: predicted
Align Error (pAE) plots of all models (accompanies Fig 4C).
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Figure EV4. Binding and activity characterization of DDRGK1ext-UFL1.

A ITC experiment of UFC1 binding to DDRGK1ext-UFL1. The top graph represents raw data of heat flow versus time. The area under the peaks of the upper panel was
integrated and plotted as kJ per mole of UFC1 as a function of binding stoichiometry in the bottom panel. Thermodynamic parameters are summarized in Table EV3.

B Loading control of in vitro ufmylation assay (accompanies Fig 5D).
C In vitro ufmylation assay in the presence of DDRGK1ext-UFL1. Western blot analysis of ufmylated products as function of time (blotting with anti-FLAG, since UFM1

has an FLAG-tag).
D Loading control of (C).
E Single turnover lysine discharge assay showing the effect of DDRGK1-UFL1 or DDRGK1ext-UFL1 on discharge of UFC1 by free lysine.
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