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Abstract

While protein modification by UFM1 (ufmylation) is highly appreciated as an important
post-translational modification, little is known about the mechanisms of the enzymes
responsible for this modification and in particular on the UFM1 E3 ligase, UFL1, that for
its functionality has to form a complex with another protein DDRGK1 (UFBP1). Here we
used AlphaFold2 to generate active, easily expressed, fusion proteins encompassing
DDRGK1-UFL1. We then solved the crystal structure of this fusion, explaining the
dependency of UFL1 on DDRGK1 to form a stable structure. In addition, we deciphered
how UFL1, via its N-terminal helix, binds the E2, UFC1, and in turn, allows ufmylation.
This mode of binding suggests a competition between E1 and E3 on E2 binding that is

required for the proper transfer of UFM1 in the conjugation machinery.
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Introduction

Protein modifications by UFM1 (ufmylation) play a role in many cellular processes,
including DNA damage repair, the anti-viral and the unfolded protein responses’. A
three-enzyme cascade involving the E1-UBAS5, the E2-UFC1 and the E3-UFL1 is
responsible for the attachment of UFM1 to target proteins. Initially, UBA5 activates UFM1
in an ATP-dependent process. Then, UFM1 is transferred from UBAS to the active site
cysteine of UFC1, forming a thioester bond. Finally, with the help of UFL1, UFM1 is

transferred from UFC1 to the target protein®?.

Surprisingly, UFL1 lacks structural elements that are common to other E3 ligase enzymes,
namely a RING domain, a HECT-type catalytic domain or an RBR structure*®. In addition,
while some atypical E3 enzymes possess a motif required for interaction with their
ubiquitin-like protein”®, whether UFL1 has a UFMf1-interacting motif is uncertain.
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)°.
Moreover, a recent model of the interaction between UFL1 and DDRGK1 generated by
AlphaFold2 has revealed structural complementation between the two proteins'®. Besides
binding to DDRGK1, UFL1 interacts with LZAP (also known as the adapter protein
CDK5RAP3), forming a ternary complex™. The latter has been suggested to possess a
motif allowing UFM1 binding'?. Currently, structural data on this UFL1-DDRGK1-LZAP
complex are still missing, and how this complex binds UFC1 to facilitate UFM1

conjugation is unclear.

Deep learning of modeling of protein structures is revolutionizing the field of structural
biology, spearheaded by AlphaFold2, developed by DeepMind™"°. As models are either
available, or can be generated within a short time on platforms such as ColabFold'®, 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
complexes can now be modeled'~"°, including interactions mediated by short motifs2®2'.

Besides the assistance of deep learning for the determination of models of the structured
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regions of a protein, it is now possible to also study the interaction of regions that adopt a
stable structure only upon interaction, as for example the interaction 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 have set out to study the ufmylation system and reveal yet
unsolved challenges in our understanding of this complex regulatory pathway. We report
here on two major advances: (1) The establishment of functional fusion proteins, using
designed truncations for the UFL1-DDRGK1 complex, as well as an extended
UFL1-DDRGK1-LZAP complex. These fusion constructs allow to significantly simplify the
study of UFL1 activity, and importantly, have enabled us to solve, for the first time, a
crystal structure of UFL1 bound to DDRGK1; (2) The definition of the critical role of the
UFL1 N-terminal helix in UFC1 binding and ufmylation. Our model suggests that E2 UFC1
uses the same site to bind both E1 UBAS as well as E3 UFL1, 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%. In line with a
parallel recent study', our starting point was a model of the UFL1-DDRGK1 interaction
(see Figure 1a and Supplementary Figure 1) that we generated using AlphaFold2 (see
Methods). The model shows nicely the crucial contribution of DDRGK1 to complement the
first winged helix 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?, assisted us in the design of a fusion
construct encompassing DDRGK1-UFL1 (Figure 1b), in which we removed the N-terminal
region of DDRGK1 and the C-terminal region of UFL1 (ie., DDRGK1:207-314 -
UFL1:1-200). Furthermore, we noted the predicted low confidence of the N-terminal helix
of UFL1 (average AlphaFold2 pLDDT <70) (Figure 1¢), and therefore generated a second
construct in which we also truncated this N-terminal UFL1 helix, DDRGK1-UFL1AN
(DDRGK1:207-306 - UFL1:27-200) .
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To test the AlphaFold2-based design of the above fusion proteins comprising
UFL1-DDRGK1, we first verified that they do not form soluble aggregates. We purified the
fusion proteins (Supplementary Figure 2) and tested their elution profile using gel
filtration (Figure 1d). Indeed, the fusion proteins did not elute as soluble aggregates.
Overall, our results imply that, similar to the co-expression of UFL1 with DDRGK1 that
allows purification of a soluble UFL1-DDRGK1 complex'®, the fusion protein is also

soluble.

To date, structural data on DDRGK1-UFL1 complexes are based on AlphaFold models™.
This motivated us to exploit our fusion proteins for determination of their crystal structure.
Indeed, we successfully solved the crystal structure of DDRGK1-UFL1AN to 3.1 A
resolution (Supplementary Table 1). The structure reveals four repeats of winged helix
(WH) domains, as expected: the first is contributed by DDRGK1, the second is formed
partially by DDRGK1 and partially by UFL1, while the last two are from UFL1 (Figure 1e).
This structure is very similar to our corresponding AlphaFold2 model (backbone RMSD =
1.4 A). Most of the structural differences are concentrated in the first WH domain (aa 1-65
in the fusion; backbone RMSD = 2.4 A). Interestingly, less structural differences are
observed in the combined WH domain (aa 66-130 in the fusion; backbone RMSD = 2.1 A),
although both of its parts are connected in the fusion protein (Figure 1e). In the crystal
structure the last 18 amino acids are flexible and are not detected in the electron density.
In the AlphaFold2 model these residues form an alpha helix that belongs to the next WH
domain that is missing in our structure, suggesting that this helix is not stable on its own.
Overall, our crystal structure suggests that the fusion protein maintains the overall
architecture of the UFL1-DDRGK1 complex as observed in the AlphaFold2 model.


https://sciwheel.com/work/citation?ids=13866773&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13866773&pre=&suf=&sa=0
https://doi.org/10.1101/2022.09.15.508077
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.15.508077; this version posted November 22, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

.
a b | 4N .. “
L] -
207 314 1 200
J 1 | I
TM 'mmmmEm VH wr | " m
P st N
L *
- -
207 314 27 200
J 1 | |
TM 'mmmEmm i = " =
& d ——  DDRGK1-UFL1

DDRGK1-UFL1AN

Fluorescence (AU)

pLDDT
—
0 10 12
Elution volume (mL)
e : f LZAP-

No DDRGK1- DDRGK1- DDRGK1-

n fusion UFL1AN UFL1 UFLA1
l ATP - + - + - + -

+

MW

(kD)
. | 135
-7 : 100 —
: 75
63 - .
48 — -
.
-
AlphaFold2
WH1

[~

-‘b——“ e
" ;
His-Ufm1

Figure 1: AlphaFold2-assisted generation of an active fusion protein for ufmylation. a
AlphaFold2 structural model of the DDRGK1-UFL1 complex (similar to Peters et al.’’), DDRGK1
(colored in green); UFL1 (colored in yellow). b Details of the proteins and the designed fusion
constructs. DDRGK1 was connected to UFL1, removing the N-terminal region of DDRGK1 and the
C-terminal region of UFL1. In a second construct we also removed the N-terminal helix of UFL1,
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).
¢ Model of the DDRGK1-UFL1 complex, colored according to pLDDT, highlighting the low
confidence in the structure of the N-terminal helix (gray arrow). d Gel filtration elution profiles of
fusion proteins. e. Crystal structure of the DDRGK1-UFL1AN fusion. The four winged helix (WH)
domains are indicated and numbered. The blow ups are superimposed onto the AlphaFold2 model
of the indicated WH domains (purple). f The fusion protein is active. Western blot shows changes
in ufmylation only for fusion constructs that include the N-terminal helix of UFL1 (see
Supplementary Figure 3 for protein controls).
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With the above fusion proteins in hand, we tested their functionality as E3 ligases. To that
end we incubated pure UBA5, UFC1 with and without fusion proteins and analyzed the
ufmylation pattern (Figure 1f, Supplementary Figure 3). Indeed, addition of our full
fusion construct (DDRGK1-UFL1) resulted in changes in the ufmylation pattern. To our
surprise, however, the fusion protein lacking the UFL1 N-terminus (DDRGK1-UFL1AN) did
not show any such changes, suggesting that the UFL1 N-terminus is essential for E3

ligase activity.

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

Motivated by the contribution of the AlphaFold2 model to the successful design of a fusion
protein with E3 ligase activity, we decided to use AlphaFold2 to also help uncover the
underlying details of the critical role of the UFL1 N-terminal helix to its ligase activity. To
this end, we modeled the binding of UFC1 to the UFL1-DDRGK1 complex (Figure 2a,b).
This model explains the dominant contribution of the N-terminal helix in this interaction,
and identifies the residues in UFC1 that are crucial for its binding (Y36, 140, RS55,
Supplementary Table 2). The importance of the interface hotspot residues in the UFL1
helix is emphasized by their high degree of evolutionary conservation (W5, 18, L11 and
F15; Figure 2c). Reassuringly, as mentioned above, this N-terminal region was modeled
as a helix by AlphaFold2, albeit with low confidence in the apo structure (Figure 2d, see
also Figure 1c¢) which indicated that it might be disordered and only fold into a helix upon
binding. Indeed, in our binding experiments using strep-tag UFC1, only fusion proteins
possessing the UFL1 N-terminal helix showed binding to UFC1 (Figure 2e), and
accordingly, we detected E3 activity only in fusion proteins that contain the N-terminus (as

shown above in Figure 1f).

To support our model of the interaction of UFL1 N-terminus with UFC1, we used NMR
spectroscopy to define the changes in UFC1 chemical shifts upon binding to
DDRGK1-UFL1 or DDRGK1-UFL1AN. To that end, we exploited the reported assigned
("H, ™N)-HSQC NMR spectra for UFC1%. As expected from our activity and pull-down
assays (Figures 1f and 2e), the addition of DDRGK1-UFL1, but not DDRGK1-UFL1AN, to
®N-labeled UFC1 caused strong attenuations (Figure 3a,b). In line with the AlphaFold2
model, these attenuations include residues from UFC1 a-helix | (amino acids 26-48) and
from B-strand | (amino acids 54-48), that directly interact with the UFL1 N-terminus

(Figure 3c). Interestingly, besides the above residues, the N-terminal half of UFC1 a-helix

6


https://sciwheel.com/work/citation?ids=13960699&pre=&suf=&sa=0
https://doi.org/10.1101/2022.09.15.508077
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.15.508077; this version posted November 22, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

II (amino acids 135-145), which is located on the other side and not directly involved in
UFL1 N-terminus binding based on our AlphaFold2 model, showed chemical
perturbations. This raises the possibility that these residues are allosterically regulated by
binding of the UFL1 N-terminus to UFCA1.
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Figure 2: The N-terminal helix of UFL1 is crucial for binding of UFC1 and activity. a Overall
view of the UCF1-DDRGK1-UFL1 ternary complex. b Details of the interaction: UFL1 N-terminal
helix bound to UFC1. ¢ 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 (see also Figure 1c). e Experimental
validation: Coomassie stain gel shows that UFC1 binds to DDRGK1-UFL1 but not
DDRGK1-UFL1AN, demonstrating that this interaction depends on the presence of the N-terminal
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helix of UFL1. For panels (b and d) AMBER relaxation was performed after AlphaFold2 structure
prediction, to optimize side-chain orientations.
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Figure 3: E3 UFL1 and E1 UBAS5 bind to the same site on E2 UFC1, as demonstrated by
NMR experiments and structural models. a Intensity changes to UFC1 residues upon addition
of 1.5-fold excess (300 uM) of DDRGK1-UFL1 (red) or 2-fold excess (400 yM) DDRGK1-UFL1AN
(blue). Removal of the N-terminal UFL1 regions significantly impairs UFC1- DDRGK1-UFL1
complex formation. b Selected regions of the '"H-">N HSQC spectrum: 0.2 mM UFC1 alone (black)
and in the presence of two-fold excess of DDRGK1-UFL1 (red) or DDRGK1-UFL1AN (blue). ¢
structure of UFC1 (PDB ID: 7NW1%) with residues displaying significant intensity changes
(110<0.4) upon addition of DDRGK1-UFL1 are colored in red. d 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 (as suggested also for other
types of ubiquitination®).

According to our model and NMR data, UFC1 binds the N-terminal helix of UFL1 with high
confidence, using the very same binding pocket that UFC1 uses also to bind the


https://sciwheel.com/work/citation?ids=12231932&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=897685&pre=&suf=&sa=0
https://doi.org/10.1101/2022.09.15.508077
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.15.508077; this version posted November 22, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

C-terminal tail of E1 activating enzyme UBAS (as shown by a crystal structure solved
previously by us®, Figure 3d). To estimate the relative binding strength between the
helices of UFL1 and UBAS5, we applied an approach suggested by Chang et al. in which
AlphaFold2 is run using a sequence that contains both peptides, assuming that the
stronger binding peptide will bind to the receptor binding site?®. As UFL1 was predicted to
bind as a much longer helix (20 residues vs. 12 residues of UBA5), we anticipated that it
would be also predicted to bind stronger, due to the larger hydrophobic interaction surface.
Indeed, the UFL1 helix invariably outcompeted the UBAS helix in the binding site and was
modeled with significantly higher confidence (Supplementary Figure 4).

While binding of UFL1 to DDRGK?1 is essential for the correct folding of these proteins’®,
this complex is also known to bind LZAP#. To investigate the contribution of the latter to
ufmylation, we generated a model of the UFL1-DDFRK1-LZAP complex bound to UFC1
(Supplementary Figure 5). This model suggests that binding of LZAP would not affect
binding of UFL1 and ufmylation. Based on this model, we generated a fusion protein,
along similar lines as the fusion proteins described above (Figure 1b). We connected
DDRGK1 to UFL1 (1-200) the same way. In order to connect the C-terminus of LZAP to
DDRGK1, we extended DDRGK1 to residue 87 (Supplementary Figure 5). We also
removed LZAP residues 251-341 that according to the AlphaFold2 model form an
unstructured loop. This fusion protein covering LZAP, DDRGK1-UFL1, showed binding to
UFC1 (Figure 2e) as well as E3 activity (Figure 1f).

Discussion and Conclusion

Beyond providing models for many of today's known proteins, AlphaFold2 models also
include information about the reliability of these models, allowing us to identify stable
parts, as well as regions that will need to interact with partners to be stabilized. In
particular, despite the availability of monomer structures, biological activity is often
achieved by multiprotein assemblies, which still await to be modeled. In these cases, the
ternary model generated by AlphaFold2 can be invaluable for the design of a fusion

protein that encompasses all the individual components of such a complex.

Mechanistic studies on UFL1 as the E3 ligase of UFM1 have remained elusive until not
long ago. While working with the intact UFL1 complex would be ideal, this is not always
feasible for detailed structural research. The design of E3 constructs that are suitable for

such study is therefore of high interest. However, making these constructs turns to be
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highly challenging once the E3 of interest needs other partners for its folding and function
as in the case of UFL1. Using AlphaFold2 we have generated a structural model for the
E3 UFL1 together with its partners DDRGK1 and LZAP, and used it as the basis for our
fusion protein designs. These fusion proteins are highly expressed in E. coli and can
easily be purified, thereby bypassing the intrinsic challenges embedded in working with
the UFL1 complex. But more importantly, they retain the E3 activity, and are thus suitable
for a mechanistic study focusing on E2 - E3 interaction and function.

We should, however, not ignore that such constructs might miss some of the details of
these interactions. In addition, while removal of unstructured regions, or regions previously
reported not to be important for an interaction, simplifies experiments, subtle regulation in
these regions will be missed. For example, we removed the flexible loop in LZAP
(Supplementary Figure 5), which may affect its binding to the DDRGK1-UFL1 E3 ligase
complex, and its possible regulation. This could explain why in our hands, LZAP addition
did not significantly affect ufmylation (Figure 1f), whereas another study showed a
negative influence of LZAP on ufmylation™. Targeted inclusion of these regions in follow
up studies will reveal the importance of skipped parts.

As a matter of fact, it is the removal of such elements of poor structural confidence that led
us to the most important finding of the present study - the identification of the crucial role
of the N-terminal helix of UFL1 for proper ufmylation. Once located, we made use of
another important feature of AlphaFold2, namely its ability to model short motif-mediated
interactions at high confidence, as we have previously demonstrated?®®. The resulting
model provides the atomic details of the UFL1 helix - UFC1 interaction (Figure 2b) and
allows to identify the interface hotspot residues that are critical for this interaction (Figure
3 and Supplementary Table 2). As we proceed to the study of additional components
involved in the regulation of ufmylation, models generated by AlphaFold2 will continue to

guide us and reveal additional details of regulation.

Methods

AlphaFold2 predictions

In general, structural models of individual proteins and complexes were generated using
colabfold®. Due to the size of the UFL1-UFC1-LZAP-DDRGK1 complex, all AlphaFold2
predictions on this complex were performed locally, using the LocalColabFold installation
(downloaded on 17/07/2022 from https://github.com/YoshitakaMo/localcolabfold). Unless indicated
otherwise, the predictions were run with all 5 models and default seed, default multiple sequence
alignment generation using the MMSeqs2 server and with 3 recycles, without linkers between the
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monomers. The “computational competition assay” was run as suggested by Chang et al.?,
providing both competing peptides in a single prediction run, provided before and after the
receptor UFC1 sequence. All structure visualizations were created with ChimeraX v1.3%,

Calculation of sequence conservation

Conservation of UFL1 was calculated with the ConSurf server®, using default parameters.
Alignment of the human and model animal sequences of UFL1 was performed using
ClustalOmega® on the UniProt server®'.

Computational alanine scanning

To estimate the contribution of different residues to the binding of UFL1 N-terminal helix to UFCA1,
we applied alanine scanning using the Robetta server®. Residues with predicted effect of
AAGy,nging>1.0kcal/mol were retained as hotspot residues.

Cloning

The fusion constructs DDRGK1,47.314-UFL1, .50 (corresponding to DDRGK1-UFL1 in the main text)
and DDRGK1,47.305-UFL 157500 (corresponding to DDRGK1-UFL1AN in the main text) (Figure 1b)
were generated using Gibson assembly (Gibson assembly master mix, New England Biolabs)
according to the manufacturer’s protocol. To generate the fragments by PCR, we used the Primers
detailed in Table la, to generate fragments detailed in Table Ib. DDRGK1,y;.314-UFL1,50, was
cloned in pET15b by Gibson assembly of fragment I, Il and linear pET15b.
DDRGK1,47.305-UFL 157590 Was cloned in pET15b by Gibson assembly of fragment Ill, IV and linear
pET15b. The fusion construct LZAP(A251-341) DDRGK1g;.314-UFL1,,9, (corresponding to
LZAP-DDRGK1-UFL1 in the main text) was synthesized and cloned in pET15b by Gibson
assembly. All of the constructs were verified by DNA sequencing.

Table I: Primers and Fragments used/generated in this study

a. List of Primers

Primer # | Sequence (5’-3’)

475 GGCTTTGTTAGCAGCCGGATCCTCGAGTCAAGGCCGGGTAATAGCACTG
1017 CTAATCTCTTCCCAGGCGTCCGCCATGGCTGGGGCTTGGGCAGG

1018 GAGTCCCCTGCCCAAGCCCCAGCCATGGCGGACGCCTGGGAAG

1044 TATGGAGAATCTTTACTTTCAGGGGATGACTGAGGAACAGTCCCAG

1045 GCCCCAGGCGATGAGGGAGTTGC

1046 AACTCCCTCATCGCCTGGGGCTTGTCCGAGCGGAACTGCATTGAG

b. Details of Fragments

Fragment Name Forward Primer | Reverse Primer

Fragment | DDRGK1 207-314 1044 1017
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Fragment I| UFL1 1-200 1018 475
Fragment llI DDRGK1 207-305 1044 1045
Fragment IV UFL1 27-200 1046 475

Protein expression and purification

UBA5, UFC1, UFM1 were expressed and purified as previously described®®. All the fusion
constructs (DDRGK1-UFL1, DDRGK1-UFL1AN, LZAP-DDRGK1-UFL1) 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). The induced cells were
harvested by centrifugation at 8000xg for 15 min. Pellets were resuspended in lysis buffer (50 mM
NaH2PO4 pH 8.0, 500 mM NacCl, 10 mM imidazole, and 5mM B-mercaptoethanol ), supplemented
with 1 mM phenyl-methyl sulphonyl fluoride (PMSF) and DNase. Cells were disrupted using a
microfluidizer (Microfluidics). Lysate was cleared by centrifugation at 20000 x g for 45 min and was
subjected to 5 ml His-Trap columns (GE Healthcare). The protein was eluted with a linear
imidazole gradient of 15-300 mM in 30 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 5mM 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. Further purification was done using 16/60 Superdex 75pg for
DDRGK1-UFL1 and DDRGK1-UFL1AN or 16/60 Superdex 200 pg size exclusion chromatography
for LZAP-DDRGK1-UFLA1, equilibrated in buffer containing Tris-Cl pH 7.5 (20 mM), NaCl (200 mM),
and DTT (2 mM). The purified proteins were concentrated and flash-frozen in liquid N2 and stored
at -80 °C.

In vitro ufmylation assay

UBAS5 (0.5 uM), His-UFM1 (10 uM), UFC1 (5 uM) and fusion fragments (5 uM each) were mixed
together in a buffer containing Hepes (50 mM pH 8.0), NaCl (100 mM) and MgCl, (10 mM).
Reactions were initiated by the addition of ATP (6 mM) and were incubated at 30°C for 1 hour. The
negative control sample was incubated without ATP. After incubation the reactions were stopped
by adding 5X SDS-sample buffer containing B-mercaptoethanol. The samples along with the
control were then loaded on 10% SDS-PAGE followed by immunoblot with anti-6x His antibody
(Abcam).

In vitro pull down assay

Recombinant purified strep-UFC1 (5 uM) and fusion fragments (5 uM each) were mixed in PBS in
total volume of 50 yL for 1 h at RT and subsequently precipitated with Strep-Tactin beads (Iba
Lifesciences). The mixtures were washed twice with PBS. The bound proteins 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 15% SDS-PAGE followed by Coomassie Brilliant Blue staining.

Fluorescence-detection size-exclusion chromatography (FSEC)

For the FSEC assay 40 pl of the fragments (10 uM) were injected at flow rate of 0.4 ml min™ to a
Superdex 75 Increase 10/300 GL column (GE Healthcare) equilibrated with buffer containing 20
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mM Tris-Cl pH 7.5, 200 mM NaCl with 1 mM DTT. Fluorescence was detected using the RF-20A
fluorescence detector for HPLC (Shimadzu, Japan) (for Trp, excitation: 285 nm, emission: 330 nm).

Crystallography

Crystals of DDRGK1-UFL1AN 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
tartrate 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-UFL1AN crystals were collected on beamline ESRF ID30A-3 at
100°K. Data were processed using Dials** and scaled using Aimless®. The putative space group
was determined to be hexagonal P6, or its enantiomorph. The structure was solved by molecular
replacement (MR) with MOLREP?*® using the AlphaFold2 model of the UFL1-DDRGK1 heterodimer
(Figure 1a). The translation function confirmed the space group to be P6,. The asymmetric unit
contains two chains of the chimeric protein. The MR model was refined in REFMAC5* and
BUSTER. The electron density was subject to density modification with NCS averaging using
Parrot®3°. The model was further refined using REFMACS5 with input density modification
phases®. The model was rebuilt using COOT?* and ISOLDE*' implemented in ChimeraX?. Details
of the quality of the refined model are presented in Supplementary Table 1.

NMR spectroscopy

All NMR experiments were carried out at 25°C on a 23.5T (1000 MHz) Bruker spectrometer
equipped with triple resonance (x,y,z) gradient cryoprobe. The experiments were processed with
NMRPipe® and analyzed with NMRFAM-SPARKY?®°. The interaction of UFC1 with DDRGK1-UFL1
fragments was monitored by 2D 'H-""N HSQC experiments with the assignments for UFC1
transferred from the BMRB (entry 6546%®). DDRGK1-UFL1 (100-400 uM) or DDRGK1-UFL1AN
(400 uM) were titrated into 200 uM of "°N-labeled UFC1 in 20 mM TRIS pH 7.6.
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