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Abstract

Lin28-dependent oligo-uridylylation of precursor let-7 (pre-let-7) by terminal uridylyltransferases 4 and 7 (TUT4/7) represses let-7 expression
by blocking Dicer processing, thereby regulating cell differentiation and proliferation. The interaction between the Lin28:pre-let-7 complex and
the N-terminal Lin28-interacting module (LIM) of TUT4/7 is required for pre-let-7 oligo-uridylylation by the C-terminal catalytic module (CM).
Here, we report the cryogenic electron microscopy structure of human TUT4 complexed with Lin28A and oligo-uridylated pre-let-7, representing
the elongation stage of oligo-uridylylation. Structural and biochemical analyses suggest that, after recruitment of pre-let-7 to the LIM through
interactions between its terminal stem-loop and Lin28A, the CM associates with the LIM through protein—protein interactions. The double-
stranded stem region of pre-let-7 is surrounded by the CM and LIM, the upper portion of the duplex unwinds, and the 3’ end of pre-let-7
is positioned in the CM catalytic site for the initiation of oligo-uridylylation. At the oligo-uridylylation stage, the CM finger domain clamps the
double-stranded region of pre-let-7, thereby further stabilizing the pre-let-7:TUT4 complex, enabling processive elongation of the uridine tail by the
CM. Thus, the LIM functions as a stable anchor, working together with Lin28A to ensure efficient and processive oligo-uridylylation of pre-let-7.
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Introduction developmental timing, and tumor suppression [3-5]. Down-

The let-7 family of microRNAs (miRNAs) is evolutionarily regulation of let-7 has been observed in many human cancers,
and functionally conserved from nematodes to humans [1,  where it contributes to uncontrolled cell proliferation [6].

2]. By binding to the 3’ untranslated regions (UTRs) of tar- The biogenesis of the let-7 family follows the canonical
get mRNAs, it suppresses their translation and thereby regu- miRNA pathway. Primary transcripts (pri-let-7) are synthe-
lates key biological processes such as stem cell differentiation,  sized by RNA polymerase 11 [7] and processed by Drosha and
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its cofactor DGCRS into precursor let-7 (pre-let-7) in the nu-
cleus [8]. Pre-let-7, ~70-80 nucleotides long, is classified into
two groups: group [ with a 2-nt 3’ overhang and group Il with
a 1-nt 3’ overhang. Pre-let-7 is exported to the cytoplasm via
the Exportin-5/Ran-GTP complex [9] and then cleaved by the
RNase Il enzyme Dicer to yield mature let-7 miRNA. The ma-
ture miRNA is incorporated into the RNA-induced silencing
complex (RISC), where it functions in gene silencing through
translational repression or mRNA degradation [10].

One of the key regulators of let-7 biogenesis is the RNA-
binding protein Lin28A, which is abundantly expressed in
embryonic stem cells and cancer cells but downregulated in
differentiated cells. Lin28A and let-7 exhibit an inverse ex-
pression pattern in vivo, reflecting their opposing biological
roles. Lin28A not only regulates developmental timing and
reprogramming to induced pluripotent stem (iPS) cells but
is also implicated in cancer progression, inflammation, and
metabolism [5].

Mechanistically, Lin28A controls let-7 biogenesis through
interaction with the terminal uridylyl transferases (TUTases)
[11-16], TUT4 and TUT7, which are members of the termi-
nal nucleotidyl transferase (TENT) family [17-19], and dis-
tinct from U6-specific TUTase, TUT1 [19-21]. In the pres-
ence of Lin28A, group I and group II pre-let-7 molecules
are bound at a conserved sequence in the terminal loop, re-
cruiting TUT4/7 to add 3’-oligo-uridine tails. The binding of
Lin28A to pre-let-7 and the oligo-uridylylation of pre-let-7 by
TUT4/7 block subsequent Dicer processing and target pre-let-
7 for degradation by the 3'-to-5’ exonuclease Dis312 [22-24],
thereby repressing mature let-7 expression. In contrast, in the
absence of Lin28A, TUT4/7 catalyzes mono-uridylylation of
group II pre-let-7, converting them into optimal Dicer sub-
strates with 2-nt 3’-overhang and promoting efficient matura-
tion [15]. Thus, TUT4/7 exerts a dual regulatory role, func-
tioning as positive or negative factors in let-7 biogenesis de-
pending on Lin28A expression (cell type) and the structure
of the pre-let-7 3’ end (group I or II: 2-nt or 1-nt overhang).
The balance between Lin28 and let-7, modulated by TUT4/7,
therefore acts as a molecular switch governing cell fate deci-
sions, development, and tumorigenesis [5].

Lin28A consists of an N-terminal cold shock domain (CSD)
and C-terminal tandem zinc knuckles (ZKs). The molecular
basis of the interaction between Lin28 and pre-let-7 has been
well characterized [25-27]. The CSD binds to the 5'-GXGAY-
3’ motif in the terminal stem-loop structure of pre-let-7 (the
pre-element, preE), and the ZKs bind to a conserved 5'-
GGAG-3' motif near the 3’ end of preE [26, 28]. TUT4/7 has
a multidomain structure consisting of an N-terminal Lin28-
interacting module (LIM) and a C-terminal catalytic module
(CM), linked via a flexible linker [29]. The CM is responsi-
ble for nucleotidyltransferase activity, while the LIM medi-
ates interaction with the Lin28:pre-let-7 complex [14]. During
Lin28-dependent oligo-uridylylation of pre-let-7 by TUT4/7,
Lin28A and pre-let-7 interact with the LIM to form a ternary
complex [30]. This interaction is pre-let-7-dependent, and the
ZKs of Lin28A are necessary and sufficient for ternary com-
plex formation among TUT4/7, Lin28, and pre-let-7 [31].

Structural studies of the CM of human TUT7 bound to
RNA suggest a mechanism for mono-uridylylation of group
IT pre-let-7 and reveal the involvement of the CM ZKs in
RNA oligo-uridylylation [32]. In the absence of Lin28, pre-let-
7 does not stably interact with TUT7, and 3’ ends with more
than a 2-nt overhang cannot be accommodated by the CM.

Thus, TUT4/7 preferentially catalyzes mono-uridylylation of
group II pre-let-7 and releases the product. In the presence
of Lin28, however, pre-let-7 stably interacts with TUT4/7.
After several UMP additions to the 3’ end within the CM,
the ZK in the CM recognizes the single-stranded oligo(U)
tail, stabilizing it in the catalytic pocket and enabling proces-
sive, efficient oligo-uridylylation. Furthermore, structural and
functional studies of the LIM of human TUT4 show that its
zinc finger (ZF) binds the double-stranded region of pre-let-
7, thereby stabilizing the TUT4:Lin28:pre-let-7 ternary com-
plex and enhancing oligo-uridylylation by the CM [29]. Re-
cently, cryogenic electron microscopy (cryo-EM) structures
of human TUT7 in complex with pre-let-7 containing a 1-
nt 3’ overhang (pre-let-7g), in the presence or absence of
Lin28A, were reported [33]. Despite the modest resolution,
these structures suggested possible transition mechanisms of
TUT7-mediated mono-uridylylation in the absence of Lin28A
and oligo-uridylylation in its presence. However, the detailed
mechanism by which the two distinct domains, LIM and CM,
of TUT4/7 coordinate Lin28A-dependent oligo-uridylylation
of pre-let-7 has not been fully understood. In particular,
the mechanism underlying Lin28A-dependent elongation of
oligo-uridylylation of pre-let-7 by TUT4/7 remains elusive.

Here, we present the cryo-EM structure of the
TUT4:Lin28A:oligo-uridylylated pre-let-7 complex, rep-
resenting the oligo-uridylation stage. Our cryo-EM and
biochemical analyses, together with comparisons to the
TUT7:Lin28A:pre-let-7 structure available, provide the
possible processive mechanism for Lin28-dependent oligo-
uridylylation of pre-let-7 by TUT4/7.

Materials and methods

Plasmid construction

Plasmids expressing truncated human TUT4 (hTUT4_mini)
and full-length hLin28A were prepared as described previ-
ously [29]. Briefly, synthetic DNA fragments encoding hu-
man TUT4 (amino acid residues 1-1375) and Lin28A (amino
acid residues 1-209) were purchased from Takara Bio (Japan)
and GeneCopoeia, respectively (Supplementary Table S1).
PCR-amplified fragments encoding hTUT4_mini (amino acid
residues 202-1313) or full-length hLin28A were cloned into
the Ndel and Xhol sites of pET29a or pET28b (Merck Mil-
lipore, Japan), respectively. Amino acid sequences of recom-
binant hTUT4 and hLin28A are provided in Supplementary
Table S2. Mutant constructs of hTUT4 and hLin28A were
generated by inverse PCR. The hTUT4_281-1313 construct
was cloned into the Ndel and Xhol sites of pET29a. Oligonu-
cleotides used for cloning and mutagenesis are listed in
Supplementary Table S3.

Expression and purification of recombinant
proteins

Escherichia coli BL21(DE3) (Novagen, Japan) was trans-
formed with plasmids expressing hTUT4, hLin28A, or their
variants, and cultured in LB medium containing 50 pg/mL
kanamycin at 37°C until the OD660 reached 0.8. Pro-
tein expression was induced with 0.1 mM isopropyl-B-D-
thiogalactopyranoside (IPTG), followed by incubation at
18°C for 16 h. For hTUT4_mini purification, harvested cells
were lysed in buffer containing 20 mM Tris—=HCI, pH 7.0,
500 mM NaCl, 10 mM B-mercaptoethanol, 20 mM imi-
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dazole, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and
5% (v/v) glycerol. Proteins were purified sequentially by Ni-
NTA affinity (QIAGEN, Japan), HiTrap Heparin HP (GE
Healthcare, Japan), and HiLoad 16/60 Superdex 200 size-
exclusion chromatography (GE Healthcare, Japan) in buffer
containing 20 mM Tris—=HCI, pH 7.0, 200 mM NaCl, and
10 mM B-mercaptoethanol. The proteins were concentrated
and stored at —=80°C. hLin28A was purified similarly, with an
additional HiTrap Q step (GE Healthcare, Japan) after Ni-
NTA chromatography to remove nucleic acids. Protein pu-
rity for structural and biochemical analyses was confirmed
by Sodium dodecyl-sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) (Supplementary Fig. S1).

RNA synthesis and preparation

Plasmids containing pre-let-7 genes were purchased from Eu-
rofins (Japan), with a T7 promoter placed upstream. For tran-
scription of pre-let-7 miRNAs beginning with a 5’-uridine,
a hammerhead ribozyme was inserted between the T7 pro-
moter and the pre-let-7 gene [34]. Synthetic gene and RNA
sequences are listed in Supplementary Tables S4 and SS5. Pre-
let-7 and variants were synthesized by in vitro transcription
using T7 RNA polymerase and PCR-amplified DNA tem-
plates. To obtain homogeneous 3’ ends, reverse primers with
two or three terminal 2’-O-methylated nucleotides [35], pur-
chased from Eurofins, were used (Supplementary Table S6).
RNAs were phenol-chloroform extracted and purified by gel
extraction (for pre-let-7g with three additional 3’ uridines:
pre-let-7g_UUU) or by HiTrap Q HP (GE Healthcare, Japan)
for uridylylation assays. RNAs were ethanol-precipitated, dis-
solved in water, and stored at =30°C.

Cryo-EM grid preparation and data collection
The hTUT4_mini:Lin28A:pre-let-7g_UUU complex was re-
constituted by mixing equimolar amounts (26.5 puM each) of
the three components, followed by purification on a Superdex
200 Increase 10/300 column (GE Healthcare, Japan) in buffer
containing 20 mM Tris-HCI, pH 7.0, 200 mM NaCl, 2 mM
MgCl,, and 10 mM B-mercaptoethanol. Fractions containing
all three components were concentrated and stored at —-80°C.
Before grid preparation, samples were adjusted to 0.7 mg/mL
with 0.005% (v/v) Tween-20. Quantifoil Cu R1.3/1.2 #300
and UltrAuFoil #300 grids (Quantifoil) were glow-discharged
for 30 s at 8 mA using a PIB-10 (Vacuum Device). Aliquots (3
uL) were applied to grids at 4°C and 100% humidity, blotted
with a force of 10 for 4 s, and plunge-frozen in liquid ethane
using a Mark IV Vitrobot (Thermo Fisher Scientific).
Cryo-EM data were collected on a Titan Krios G4 micro-
scope (Thermo Fisher Scientific) operating at 300 kV and
equipped with a GIF Quantum-LS energy filter and a K3
Summit direct electron detector (Gatan, Inc.). Images were
recorded at a pixel size of 0.83 A (nominal magnification
x105 000) with a total exposure of 50 e /A% and a defocus
range of —0.8 to —1.8 pum. Five datasets were collected and
merged: three using Quantifoil Cu R1.3/1.2 #300 grids (4296,
9977, and 9818 movies) and two using UltrAuFoil #300 grids
(6382 and 7290 movies).

Image processing

The cryo-EM data were processed using CryoSPARC (ver-
sion 4.6.0) [36]. Movie stacks were subjected to motion cor-
rection [37] and contrast transfer function (CTF) estimation.

Cryo-EM structure of TUT4:Lin28:pre-let-7 complex 3

Particles were picked, classified in 2D, and further polished
by reference-based motion correction. All particles were then
merged and separated into two groups by 2D classification
based on the presence or absence of density corresponding to
the C-terminal CM of hTUT4 (conformations 1 and 2, respec-
tively). Focused 3D classification with a mask covering the
hLin28A region yielded particle sets displaying distinct blob-
shaped density corresponding to the CSD of hLin28A. Final
nonuniform refinement [38] of these CSD-containing parti-
cles produced maps at 3.78 A (conformation 1, with CM) and
3.82 A (conformation 2, without CM). The maps were post-
processed with EMReady [39] and used for model building
and figure preparation. The data-processing workflow, map
validation, and representative cryo-EM images are shown in
Supplementary Figs S2-54.

Model building and refinement

For the hTUT4:Lin28A:pre-let-7_UUU complex, the cryo-EM
map was initially fitted with the hTUT4:pre-let-7g structure
(PDB ID: 80ST) [33], the AlphaFold3-predicted model [40]
of the h"TUT4 CM, and the mouse Lin28A:pre-element of pre-
let-7g structure (PDB ID: 3TS2) [32]. The model was subse-
quently rebuilt in Coot [41] and refined using Phenix.refine
[42]. Cryo-EM data collection and refinement statistics are
provided in Supplementary Table S7. Figures were generated
with UCSF ChimeraX (version 1.9) [43].

In vitro uridylylation

A 30-pl reaction mixture containing 50 mM Tris—=HCI,
pH 8.5, 100 mM NaCl, 10 mM MgCl,, 10 mM B-
mercaptoethanol, 1T mM UTP, 250 nM pre-let-7 miRNA (and
its variants), and 20 nM hTUT4 (or its variants) was incu-
bated at 37°C in the presence or absence of 500 nM hLin28A
(or its variants) [29]. Under the reaction condition, the oligo-
uridylylation of pre-let-7 does not proceed in the absence of
Lin28, and around 30-40 uridines are added to the 3’-end of
pre-let-7, as previously described (Supplementary Fig. S1) [11,
29]. The longer tails observed in the extended reaction likely
result from a partially distributive elongation mechanism, in
which hTUT4 can transiently unbind and re-bind to the oligo-
uridylated RNA substrate, thereby enabling further extension
in Lin28-independent manner.

At the indicated time points, 5-pl aliquots were withdrawn
and the reaction was terminated. RNAs were resolved by
10% (w/v) denaturing polyacrylamide gel electrophoresis and
stained with ethidium bromide. Bands were visualized and
quantified using a Gel Doc EZ system and Image Lab soft-
ware (Bio-Rad, Japan).

Results

Cryo-EM analysis of the
hTUT4:hLin28A:pre-let-7g_UUU complex
To clarify the molecular basis of pre-let-7 oligo-uridylylation
by TUT4 in the presence of Lin28A, we performed cryo-EM
analysis of the ternary complex comprising TUT4, Lin28A,
and pre-let-7. Human TUT4 and TUT7 (hTUT4/7) are multi-
domain proteins composed of an N-terminal Lin28-binding
module (LIM) and a C-terminal catalytic module (CM), con-
nected via a flexible linker (Fig. 1A) [19].

The LIM consists of a noncatalytic nucleotidyltransferase
domain (NTD1) and a ZF, and functions to bind both
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Figure 1. Overall structure of the hTUT4_mini:hLin28A:pre-let-7g_UUU. (A) Domain organization of hTUT4, hTUT4_mini (residues 202-1313), hTUT7, and
hLin28A. ZF, nc-palm, fingers1, ZK, palm, and fingers2 of hTUT4/7 are shown in orange, light magenta, light green, brown, magenta, and green,
respectively. The CSD and ZKs of hLin28A are colored yellow and cyan. Modeled regions are indicated by gray rectangles, and unmodeled regions by
dashed lines. (B) Secondary structure of pre-let-7g_UUU (U1-C78 plus three additional 3" uridines, 81 nt total). The GGAG motif (G50-G53) is highlighted
in red. The 5" and 3’ halves are shown in purple and light purple, respectively, with unmodeled regions in gray. Dicer cleavage sites are indicated by black
arrowheads, the miRNA/miRNAx duplex is highlighted in yellow, and the preE is outlined with a dashed line. (C) Cryo-EM density map of the
hTUT4_mini:hLin28A:pre-let-7g_UUU complex. (D) Cartoon representation of the overall structure, with domains colored as in (A, B). Several regions
were not modeled due to poor cryo-EM map densities. The following residues are not modeled. In hTUT4: residues 1-273, 574-612, 714-894,
1147-1181, 1278-1313, and the C-terminal His-tag. In hLin28A: residues 1-34, 123-135, 178-209, and the His-tag. In pre-let-7g: nucleotides 1-7, 42-47,
and 71-81. Cryo-EM data collection and refinement statistics are provided in Supplementary Table S7.
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pre-let-7 and Lin28A. The CM consists of a nucleotidyl-
transferase domain (NTD2) and three zinc knuckles (ZK1-
3), forming the catalytic site for uridylylation of the 3’ end of
pre-let-7. Both NTD1 and NTD2 are further subdivided into
palm and fingers domains (Fig. 1A). While NTD2 in CM is re-
sponsible for the uridylylation reaction, NTD1 in LIM is non-
catalytic due to mutations in the catalytic carboxylates [29].
Previous studies have shown that a truncated form of h\TUT4
(amino acid residues 202-1313; hTUT4_mini), lacking ZK3
in CM, is capable of Lin28-dependent oligo-uridylation of
pre-let-7 and formation of the TUT4:Lin28A:pre-let-7 ternary
complex [29, 32].

Human Lin28A (hLin28A) consists of an N-terminal cold-
shock domain (CSD) and C-terminal zinc knuckles (ZK1 and
ZK2), which bind the preE of pre-let-7 (Fig. 1B). The CSD
recognizes the 5-GXGAY-3' motif in the preE loop, while the
ZKs bind the 5'-GGAG-3’ motif in the preE bulge (Fig. 1B).
Both ZKs are required for ternary complex formation with
pre-let-7 and TUT4 (or TUT7) [25-28].

For structural analysis, we selected pre-let-7g as the RNA
substrate. Pre-let-7g, a group-1I pre-miRNA with a 1-nt 3’
overhang [15], can be divided into three regions: the 5'-region
(nucleotides 1-22), corresponding to the functional miRNA
(guide strand) that is incorporated into Argonaute (Ago), the
central preE region (nucleotides 23-57), removed by Dicer
cleavage, and the complementary region (nucleotides 58-78),
corresponding to miRNAx* (passenger strand) that forms the
duplex but is not incorporated into Ago (Fig. 1B). For cryo-
EM, we used pre-let-7g with three additional uridines at the
3’ end, hereafter referred to as pre-let-7g_UUU, to capture
the uridylylation reaction stage by the TUT4:Lin28A:pre-let-7
complex.

The ternary complex was reconstituted by mixing
hTUT4_mini (residues 202-1313), full-length hLin28A,
and pre-let-7g_UUU (Fig. 1A and B), followed by purification
via size-exclusion chromatography for cryo-EM grid prepa-
ration. We collected five datasets, from which particles were
picked and then merged into a single particle set for further
analysis (Supplementary Fig. S2). 2D classification revealed
two types of complexes: one displaying distinct cryo-EM
density corresponding to CM (conformation 1), and the other
lacking this density (conformation 2). Particles were sorted
based on the presence or absence of CM density, and the
resulting maps were refined separately. Subsequent 3D classi-
fication focusing on the hLin28A region revealed that a subset
of particles displayed a distinct blob density corresponding
to the CSD of hLin28A. From these particles, we obtained
final maps at 3.78 A resolution (conformation 1) and 3.82 A
resolution (conformation 2) (Supplementary Figs S2-54 and
Supplementary Table S7).

Overall structure of the
hTUT4_mini:hLin28A:pre-let-7g_UUU complex

The structural model of the hTUT4_mini:hLin28A:pre-let-
7g_UUU complex was built onto the maps and refined (Fig. 1C
and D, Supplementary Table S7, Supplementary Figs S2-54,
and Supplementary movie 1). The two structures, conforma-
tion 1 and conformation 2, are almost same except for the
presence or absence of CM (Supplementary Fig. S5). The
structure with CM (conformation 1) is likely to represent the
oligo-uridylylation stage, while the structure without CM den-
sity (conformation 2) is likely to represent the substrate bind-
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ing stage, where the ternary complex is formed by the interac-
tions among LIM of hTUT4, hLin28A, and pre-let-7g, but the
3’-end of pre-let7g is not engaged in the catalytic site in CM.
Hereafter, we focus on the conformation 1 structure unless
otherwise stated.

In the structural model, several regions of the ternary com-
plex were not modeled due to poor cryo-EM map quality
(Fig. 1A and B). In hTUT4, the N-terminal residues (the start
methionine and amino acid residues 202-273), the loop in
fingers1 (amino acid residues 574-612), the linker between
LIM and CM (amino acid residues 714-894), the loop in
the fingers2 (amino acid residues 1147-1181), and the C-
terminal residues (amino acid residues 1278-1313 and the C-
terminal hexa-histidine tag) were not modeled. In hLin28A,
the N-terminal residues (amino acid residues 1-34), the
linker between CSD and ZKs (amino acid residues 123-135),
and the C-terminal residues (amino acid residues 178-209
and the hexa-histidine tag) were not modeled (Fig. 1, and
Supplementary Figs S6 and S7). In pre-let-7g, the 5'- and
3’- nucleotides (nucleotides 1-7 and 71-81), and the puta-
tive loop in preE (nucleotides 42—-47) were not modeled. The
statistics for the cryo-EM analysis and structural model refine-
ment are summarized in Supplementary Table S7.

The cryo-EM structure of the hTUT4:hLin28A:pre-let-
7g_UUU reveals extensive recognition of pre-let-7g by the
multi-domain proteins hTUT4 and hLin28A (Fig. 1C). The
RNA double-stranded stem region of pre-let-7g_UUU is ac-
commodated within a cleft formed by the CM and LIM. In
particular, ZF and fingers1 in LIM, and ZK1 and fingers2 in
CM clamp the double-stranded region of pre-let-7g, as de-
scribed in detail below. Furthermore, the ZF in LIM and the
ZKs of hLin28A together sandwich the 5'-GGAG-3' motif
(G50-G51-A52-GS53) of pre-let-7g, and the CSD of hLin28A
binds the tip of the pre-let-7g stem loop (preE loop).

The domain architecture is further stabilized by both inter-
and intraprotein interactions. The N-terminal and C-terminal
regions of ZK1 in CM interact with fingers1 in LIM and fin-
gers2 in CM, respectively. Additionally, the noncatalytic palm
(nc-palm) in LIM interacts with fingers2 in CM of hTUT4
(Fig. 1C andD). These interactions position the LIM and CM
modules adjacent to each other in the complex, despite be-
ing connected by a long flexible linker (Fig. 1A, C, andD).
Furthermore, the ZF in LIM directly interacts with the ZKs
of hLin28A. Details of these interactions are described below.
The 5'- and 3'-terminal dsRNA stems of pre-let-7g were not
modeled due to insufficient map density. Likewise, no density
was observed for the 3’ end of the RNA in the catalytic pocket
of the CM. The map for ZK2 in CM was also not observed.
Since ZK2 is reported to interact with the oligo-uridylylated
3’ tail of pre-let-7 [30], it is likely that ZK2 exists in a flexible
or mobile state in this complex. This may explain why the 3’
end of the RNA was not observed in the catalytic pocket of
the CM.

Protein—protein interaction in the
hTUT4_mini:hLin28A:pre-let-7g_UUU

The overall architecture of the hTUT4 complex is stabilized by
extensive interactions between the protein domains (Fig. 2A-
E). Fingers1 in LIM interacts with the N-terminal region of
ZK1 in CM primarily through a broad network of hydropho-
bic interactions (Fig. 2A). Hydrophobic residues of ZK1—
Tyr898, Val899, Phe900, 11904, and Leu905—interact with a
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Figure 2. Interactions between hTUT4, hLin28A, and pre-let-7g miRNA. (A-D) Detailed views of intermolecular interactions between hTUT4 domains
and between hTUT4 and hLIN28A: (A) fingers1 (light green) and ZK1 (brown), (B) fingers2 (green) and ZK1 (brown), (C) nc-palm (light magenta) and
fingers2 (green), and (D) hTUT4 ZF (orange) and hLin28A ZKs (cyan). (E) Cartoon representation of the overall complex, with regions corresponding to
panels (A-D) indicated. (F) In vitro oligo-uridylylation of pre-let-7a-1 by hTUT4. Substrate RNA (250 nM) was incubated with hTUT4_mini (20 nM) or
hTUT4_281-1313 (20 nM) and 1 mM UTP at 37°C, in the presence or absence of hLin28A (500 nM) or its variants. (G) Quantification of uridylation

activity from (F). Data represent mean + SD (n = 3).

hydrophobic patch on fingers1 composed of Leu355, GIn711,
Trp633, Tyr706, Phe707, Leu362, Tyr502, and Leu506. Ad-
ditionally, Pro911, 1le913, and Val914 of ZK1 form hy-
drophobic contacts with Tyr695, Tyr508, and Val692 of fin-
gers1. Several hydrophilic interactions further reinforce the
binding: Tyr898 in ZK1 forms a hydrogen bond with the
main chain oxygen of Cys709 in fingersl; Tyr706 in fin-
gers1 hydrogen bonds with the main chain NH of Val899 in
ZK1; and Arg699 in fingers1 forms hydrogen bonds with the
side chain of Ser907 and the main chain oxygen of Leu905
in ZK1.

Fingers2 in CM interacts with the C-terminal region of
ZK1 (Fig. 2B). Phe932 and 1le935 of ZK1 form hydropho-
bic interactions with Phe1202, Met1252, and Ile1256 of fin-
gers2, while Met943 in ZK1 interacts hydrophobically with
Leul190, Leu951, and Phe947. Arg933 in ZK1 hydrogen
bonds with the main chain oxygens of Glu1198 and Glu1199.
The nc-palm in LIM also interacts with fingers2 via hydropho-
bic contacts: Phe1218 of fingers2 in CM inserts into a hy-
drophobic pocket formed by Pro426, Leu429,1le430, Phe449,
and Pro454 of nc-palm (Fig. 2C). Collectively, these protein—
protein interactions position CM close to LIM, placing the
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double-stranded stem pre-let-7 in the cleft between LIM and
CM for efficient uridylylation as described below.

The structure also reveals direct interactions between the
ZF in LIM of hTUT4 and the ZKs of hLin28A (Fig. 2D).
Pro156 and Pro158 of hLin28A, located within the conserved
PPQP motif between the two ZKs (Supplementary Fig. S7),
form hydrophobic interactions with Gly276, Leu277, Ala280,
and Ile316 in the ZF of hTUT4. Additionally, GIn317 of
hTUT4_ZF hydrogen bonds with the main chain oxygen of
Lys153 of hLin28A. To assess the functional importance of
the hLin28 A-hTUT4 interaction, we generated point mutants
in the PPQP motif of hLin28A. Under the conditions used
for the Lin28-dependent oligo-uridylylation of pre-let-7 by
TUT4, around 30-40 uridines are added to the 3’-end of pre-
let-7, as previously described (Supplementary Fig. S1) [11,29].
The longer tails observed in the extended reaction likely re-
sult from a partially distributive elongation mechanism, in
which hTUT4 can transiently unbind and re-bind to the oligo-
uridylated RNA substrate, thereby enabling further extension
in Lin28-indepenendet manner. The P155E/P156E and P158E
mutations reduced Lin28A-dependent oligo-uridylation of
pre-let-7, whereas the P155E/P156E/P158E triple mutation
completely abolished it (Fig. 2F andG). We also prepared an
hTUT4 truncation variant lacking the Lin28A-interacting re-
gion (hTUT4_281-1313), which similarly lost the ability to
mediate oligo-uridylation. Taken together, these results indi-
cate that the direct interaction between hLin28A and hTUT4
is crucial for Lin28A-dependent oligo-uridylation of pre-let-7,
in addition to the interaction between hTUT4 and hLin28A
mediated by pre-let-7 [29, 32].

Recognition of pre-let-7g_UUU by hTUT4 and
hLin28A

hTUT4 and hLin28A together extensively recognize pre-let-
7_UUU through multiple RNA-binding domains (Fig. 3A-G).
The fingers2 interacts with the region of the dsRNA stem
distal to the preE loop (Fig. 3A andB). Lys1225 hydrogen
bonds with the phosphate oxygen of A69, Arg1245 hydro-
gen bonds with the phosphate oxygen of C67 and the O3
atom of G66, and Lys1246 hydrogen bonds with the 2’-OH
of G66. Additional hydrogen bonds are formed between the
main chain oxygen of Gly1242 and the 2’-OH of C68, and
between Ser1244 and the O2 atom of U12 (Fig. 2B). The ZK1
and fingers1 interact with the stem regions more proximal to
the preE loop than fingers2 (Fig. 3A, C,andD).In ZK1,Lys919
hydrogen bonds with the phosphate oxygen of G66, Lys920
hydrogen bonds with the phosphate oxygen and the O4 atom
of U14, and Asp921 hydrogen bonds with the 2’-OH of G15
(Fig. 3C). In fingers1, Arg669 hydrogen bonds with the 2'-
OH of C63, and Arg670 hydrogen bonds with the phosphate
oxygen of G65 (Fig. 3D). The ZF in LIM of hTUT4 inter-
acts with the double-stranded stem of pre-let-7g, proximal to
preE loop, and together with Lin28A, interacts with the single-
stranded preE bulge containing the conserved 5'-GGAG-3’
motif (GS0-G51-A52-GS3) (Fig. 3A, E, F, andG). For dsRNA
stem recognition by ZF, Lys321 and Lys330 hydrogen-bond
with the phosphate oxygens of A19 and A17, respectively,
while Glu325 and Arg327 hydrogen-bond with the 2’-OH of
A17 and U16. For preE bulge recognition, Arg283, Lys324,
Lys326, and Lys329 hydrogen-bond with the phosphate oxy-
gens of A52, A54, USS, and AS54, respectively, and His320
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stacks on the adenine base of A52 (Fig. 3E andF). The ZK do-
mains of hLin28A also specifically recognize the preE bulge.
The main chain NH of Ala149 hydrogen bonds with the N7
atom of G53, the main chain oxygen of Gln157 hydrogen
bonds with the N6 atom of AS52, Lys159 hydrogen bonds
with the phosphate oxygen of G51, the main chain oxygen
of Lys160 hydrogen bonds with the N1 atom of G50, and the
main chain NH of His162 hydrogen bonds with the O6 atom
of G50 (Fig. 3E andF).

The RNA-interacting residues of hTUT4 are highly con-
served across species (Supplementary Figs S6 and S7)
and have been characterized in previous studies [29, 32,
33]. K321A/K324A, K326A/R327A, K329A/K330A mu-
tations in ZF and R669A/R670A in fingersl reduce
ternary complex formation and hLin28A-dependent oligo-
uridylylation [29]. While the R283A/R286A, H320A/K321A,
and K324A/R327A mutations in ZF decrease hLin28A-
dependent oligo-uridylylation, K919A/K920A mutation in
ZK1 does not affect uridylylation. Since the RNA recogni-
tion involving fingers2 in CM had not been characterized,
we generated mutants of the RNA-interacting residues in
fingers2 of hTUT4 (Fig. 3H andI). Substitutions K1225E,
R1245E, and K1246E reduced hLin28A-dependent oligo-
uridylylation. The K1246E mutation would also block the
Lin28-independent distributive elongation. Double and triple
mutations (R1245E/K1246E and K1225E/R1245E/K1246E)
abolished oligo-uridylylating activity. These results suggest
that fingers2-RNA interactions are crucial for hLin28A-
dependent oligo-uridylylation of pre-let-7 by hTUT4. Since
these interactions do not contribute to initialpre-let-7
recognition by hTUT4 and hLin28A as described below,
they may play a critical role in facilitating the oligo-
uridylylation stage after the ternary complex has been
formed.

Structural comparison with
hTUT7:hLin28A:pre-let7g complex

Recently, the cryo-EM structure of the hTUT7:hLin28A:pre-
let-7g complex was reported (PDB ID: 8OPT; Fig. 4A-E)
[33]. hTUT?7 is a close paralog of hTUT4 and shares a sim-
ilar domain composition (Fig. 1A). TUT4 and TUT7 exhibit
comparable biochemical activities and function redundantly
in pre-let-7 miRNA regulation. Consistent with these simi-
larities, several common structural features were observed:
the CM and LIM are located adjacent to each other; the ZKs
of hLin28A recognize the GGAG motif in cooperation with
the ZF of hTUT7; and the ZF, fingers1, and ZK1 together en-
circle the double-stranded stem of pre-let-7g (Fig. 4A andB).
A notable difference between the two structures is the rela-
tive orientation of domains in the complexes. In the superpo-
sition based on the ZFs of hTUT4 and hTUT?7, the fingers2
domain is rotated by ~30° (Fig. 4C). The hTUT4 complex
adopts a more closed conformation, which is associated with
additional contact between RNA and fingers2 (Fig. 4D andE),
where the double-stranded region is stably clamped by the
fingers2 in CM and fingers1 and ZF in LIM (Fig. 3A andB).
Given the biochemical similarities of TUT4 and TUT?7, this
structural difference likely arises from the different RNA sub-
strates used in the structural analyses: pre-let-7g with 1-nt 3'-
overhang in the hTUT7 ternary complex and pre-let-7g with
three additional 3’ uridines, pre-let-7g_UUU, in the hTUT4
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Figure 3. Interactions between hTUT4, hLin28A, and pre-let-7g_UUU. (A) Schematic representation of pre-let-7g miRNA interactions with hTUT4_mini
and hLin28A. (B-F) Detailed views of RNA recognition by hTUT4: (B) fingers2, (C) ZK1, (D) fingers1, and (E, F) ZF, along with ZKs of hLin28A. (G) Cartoon

representation of the overall complex, with regions corresponding to panels (B-F) indicated. (H) /n vitro oligo-uridylylation of pre-let-7a-1 RNA by
hTUT4_mini or its variants. Substrate RNA (250 nM) was incubated with hTUT4_mini or variants (20 nM) and 1 mM UTP at 37°C, in the presence or
absence of hLin28A (500 nM). (I) Quantification of uridylation activity from (H). Data represent mean £ SD (n = 3).

ternary complex. The hTUT7 ternary complex in an open
conformation likely represents the initial uridylylation stage,
whereas the hTUT4 ternary complex in a closed conformation
may represent a state after the addition of several uridines, the
elongation stage.

Both in the hTUT4 and TUT7 ternary complexes, the cryo-
EM densities corresponding to the 3’- and 5'-terminal region
of the pre-let-7g are not visible (Fig. 4A andB), indicating
the flexibility or heterogeneity of the regions. The CSD of
hLin28A is modeled in the hTUT4 ternary complex but not
in the hTUT7 complex. Given the suboptimal map quality
in this region, the discrepancy may result from differences in
model-building criteria or particle selection strategies during
cryo-EM data processing.

Requirements of structural features of pre-let-7 for
uridylylation

The 5" and 3’ terminal regions of pre-let-7 were not modeled
in the hTUT4:hLin28A:pre-let-7g_UUU structure (Figs 1B, C,
and4A) due to the absence of the corresponding cryo-EM den-
sity maps.

In the current hTUT4_mini:Lin28A:pre-let-7g_UUU struc-
tures, the orientation of the dsSRNA does not point toward the
catalytic site (Fig. 1C, D), suggesting that structural rearrange-
ments of the RNA, the proteins, or both are required for uridy-
lylation at the catalytic site in CM (Supplementary Fig. S8A).
One possible model is that the 5’ and 3’ terminal parts of
the stem region of pre-let-7 become destabilized or unwound,
without dissociation of the CM from the LIM or of fingers2
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Figure 4. Structural comparison between hTUT4_mini:hLin28A:pre-let-7g_UUU and hTUT7:hLin28A:pre-let-7g. (A, B) Cryo-EM structures of (A)
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the hTUT4 complex (magenta) and hTUT7 complex (cyan), aligned by the ZF domains. Fingers2 in the CM adopts a ~30° different orientation relative to

the ZFs. For clarity, ZFs and «26 helices in fingers2 of hTUT7 and hTUT4 are hi
the structures of (D) hTUT4_mini:hLin28A:pre-let-7g_UUU and (E) hTUT7:hLin2

in the CM from the stem region of pre-let-7, thereby allow-
ing the 3’ end of pre-let-7 to relocate into the catalytic pocket
(Supplementary Fig. S8B). Another model is that the CM re-
locates to the 3’ end of the extended double-stranded stem to
initiate oligo-uridylylation (Supplementary Fig. S8C). In this
scenario, the CM dissociates from LIM in the current complex
and consecutively uridylylates the 3’-end of pre-let-7g.

To gain insight into hTUT4/hLin28A-mediated oligo-
uridylylation, we tested in vitro uridylylation of wild-type pre-
let-7a-1 and a series of its variants (Fig. SA-E, Supplementary
Fig. S9): two with stabilized terminal base pairs (tight-A,
U67C/U70C; tight-B, U1G/U70C/U71C); two with desta-
bilized terminal base pairs (loose-A, C68A/U69C; loose-B,
G66C/U68A/C68A/U69C); a deletion of the 5’ seven nu-

ghlighted in blue and red, respectively. (D, E) Surface representations of
8A:pre-let-7g.

cleotides (del_1-7); and variants with deletions or insertions
in the double-stranded stem (del_4bp, del_6bp, del_8bp, and
ins_4bp). hTUT4 efficiently oligo-uridylylated wild-type pre-
let-7a-1 in a Lin28A-dependent manner, as well as the loose-
A, loose-B, and del_1-7 variants, indicating that these mu-
tations have little effect on oligo-uridylylation. In contrast,
the tight-A and tight-B variants were not oligo-uridylylated,
suggesting that destabilization of the terminal base pair is re-
quired for hLin28A-dependent oligo-uridylylation. In these
stabilized RNAs, the terminal region may fail to destabilize
sufficiently within the complex, preventing the 3’ end from
relocating into the catalytic pocket in CM (Fig. SE). While
the del_4bp variant was oligo-uridylylated with compara-
ble or slightly reduced efficiency relative to wild-type pre-
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Figure 5. /n vitro oligo-uridylylation of pre-let-7a variants by hTUT4 in the presence of hLin28A. (A) Predicted secondary structure of wild-type (WT)
pre-let-7a-1. Nucleotides are colored as follows: adenine (green), guanine (black), cytosine (cyan), and uracil (magenta). (B) Schematic of engineered
pre-let-7a-1 variants. Mutations predicted to strengthen or weaken base pairing are shown in red or cyan, respectively. Deletions and insertions are
indicated in orange. (C) /n vitro oligo-uridylylation assay using WT and mutant pre-let-7a-1 RNAs. Substrates (250 nM) were incubated with hTUT4_mini
(20 nM) and UTP (1 mM) at 37°C in the presence or absence of hLin28A (500 nM). (D) Quantification of uridylylation activity from (C). Data represent
mean + SD (n = 2). (E) Schematic model proposing a mechanistic explanation for differences in oligo-uridylylation efficiency among variants.

let-7a-1, the del_6bp and del_8bp variants exhibited pro-
gressively diminished or abolished hLin28A-dependent oligo-
uridylylation, respectively. This length-dependent decrease
suggests that a sufficient stem length from the preE region is
required for accommodation of the 3" end of pre-let-7 into the
catalytic site of the CM (Fig. SE). The ins_4bp variant was
also efficiently oligo-uridylylated, but the oligouridine tails
were shorter than those of wild-type pre-let-7 (Fig. 5C). This is
likely because, compared with the normal stem length of pre-

let-7, the oligo-uridylylated products can occupy the catalytic
site with fewer uridines, thereby limiting further elongation.

Taken together, our structural and biochemical analyses
imply that hLin28A-dependent oligo-uridylylation of pre-let-
7 requires destabilization of the terminal base pairs in the
double-stranded stem to permit accommodation of the 3’ end
into the catalytic site of the CM, and the CM-LIM interac-
tion would be retained during oligo-uridylylation as described
below.
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Figure 6. Mono- and oligo-uridylylation of pre-let-7 by hTUT4. (A) Schematic of mono-uridylylation of class | pre-let-7 miRNA by hTUT4. Domains of
hTUT4 are colored as follows: ZF (orange), nc-palm (light magenta), fingers1 (light green), ZK (brown), palm (magenta), and fingers2 (green). hLin28A
CSD and ZK are shown in yellow and cyan. Pre-let-7 is depicted with 5'-half in red and 3’-half in blue. In the absence of hLin28A, hTUT4 binds pre-let-7
with a 1-nt 3’ overhang and adds a single uridine to facilitate further processing. (B) Schematic of oligo-uridylylation in the presence of hLin28A. (left
panel) Substrate recognition complex forms via hTUT4_LIM, hLin28A, and pre-let-7 (middle panel) The CM module engages the 3’ end, destabilizing the
upper stem and initiating oligo-uridylylation (initiation stage). (right panel) During elongation, fingers2 in CM clamps the stem region, stabilizing the
complex, and ZK2 interacts with oligo-uridine tail for processive oligo-uridylylation.

Discussion

In this study, we determined the cryo-EM structure of the
hTUT4:hLin28A:pre-let-7g_UUU ternary complex (Fig. 1),
which provides mechanistic insights into Lin28A-dependent
oligo-uridylylation of pre-let-7. The structure revealed that
the double-stranded stem of pre-let-7g is clamped within a
cleft formed by the LIM and CM of hTUT4, with the §'-
GGAG-3' motif in the pre-E jointly recognized by the ZKs
of hLin28A and the ZF of hTUT4 (Fig. 3). In addition to
RNA-mediated interactions, a direct protein—protein contact
between the PPQP motif of hLin28A and the ZF of hTUT4
was observed (Fig. 2D), and consistently the interaction is in-
dispensable for efficient uridylylation (Fig. 2F andG), high-
lighting the cooperative nature of RNA- and protein-mediated
recognition in ternary complex assembly.

Comparison with the recently reported
hTUT7:hLin28A:pre-let-7g structure, in which pre-let-7g
has 1-nt 3’-overhang, underscores both the redundancy and
distinct conformational states of TUT4 and TUT7 (Fig. 4).
Although both complexes share common RNA recognition

modes, the CM, in hTUT4 adopts a more closed orientation
relative to hTUT7, accompanied by additional contacts
between fingers2 in CM and the dsRNA stem distal to the
pre-E loop (Figs 1C, 3B, 4). Consistently, the interactions
between fingers2 and dsRNA stem are required for effi-
cient uridylylation (Fig. 3H and I). Given the biochemical
redundancy between TUT4 and TUT7, this structural dif-
ference likely arises from the status of 3’-end of pre-let-7g
and pre-let-7g UUU, and reflects distinct catalytic stages
captured in the cryo-EM studies: the open conformation
of hTUT7:hLin28A:pre-let-7g represents an early, pre-
elongation stage (or an initiation stage), whereas the closed
conformation of hTUT4_mini:hLin28A:pre-let-7g_UUU cor-
responds to an elongation stage following the addition of
several uridines (Fig. 6).

The mutants of pre-let-7 with stabilized terminal base pairs
could not be oligo-uridylylated, while those of destabilized
base pairs or §’-deletion remained uridylylated as wild-type
pre-let-7 (Fig. 5A-C). This observation implies that the stem
region of pre-let-7 is intrinsically weak and is related to the
5" strand of the miRNA duplex to be preferentially incorpo-
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rated into Argonaute proteins [44, 45]. In the pre-let-7 fam-
ily, 5’-terminal uridines remain unpaired or form base pairs
with G or A, and the 5’-second guanines from base pairs with
U (Fig. SA, Supplementary Fig. S11). The upper portion of
the dsRNA stem frequently contains G-U wobble base pairs,
and the upper six base pairs often include additional G-U
pairs and/or mismatches (Supplementary Fig. S11). Consid-
ering the presence of unpaired or weakly paired nucleotides
of the stem, as well as the thermodynamic instability of G-U
wobble pairs—particularly their propensity to fray at terminal
positions—and their structural deviations such as local distor-
tions or helical shifts [46, 47], the upper part of the stem may
have an intrinsic tendency toward transient unwinding. Fur-
thermore, binding of TUT4 to the lower region of the stem
may impose conformational strain, which could further pro-
mote partial destabilization of the upper dsRNA region. Even
pre-let-7 with a longer stem could be oligo-uridylylated, but
the number of uridines added decreased (Fig. SB-D). These re-
sults imply that the length and stability of the stem of pre-let-7
are required for the efficient oligo-uridylation (Fig. SE).

In both structures of hTUT7:hLin28A:pre-let-7g and
hTUT4_mini:hLin28A:pre-let-7g_UUU, the 5’- and 3’-parts
of pre-let-7g were not visible due to the absence of corre-
sponding cryo-EM density maps (Figs 1C, D, and 4). To-
gether with the requirement for optimal stem length and sta-
bility, these observations suggest that the upper part of pre-
let-7 is unwound, allowing the 3’ end to be relocated into the
CM’s catalytic pocket. This model contrasts with a scenario
in which the CM dissociates from the LIM and is separately
recruited to the extended 3’ end during oligo-uridylylation
(Supplementary Fig. S8). Consistently, deletion of the flexible
linker between the CM and LIM does not reduce the oligo-
uridylation of pre-let-7, suggesting that the association be-
tween CM and LIM is maintained during oligo-uridylylation
(Supplementary Fig. S10).

In summary, the Lin28-dependent mechanism of pre-let-
7 uridylylation by hTUT4 involves distinct steps that reg-
ulate the transition between mono- and oligo-uridylylation
(Fig. 6). In the absence of Lin28A, hTUT4 alone accommo-
dates pre-let-7 with a 1-nt 3’ overhang and adds a single
uridine, generating a 2-nt overhang, which is then released
from TUT4, thereby promoting efficient Dicer processing. In
the presence of Lin28A, hTUT4 and Lin28A cooperatively
bind pre-let-7, with the CM initially being mobile. The re-
cruitment of CM to the complex via protein—protein interac-
tions with LIM, together with destabilization of the terminal
base pairs, allows the 3’ end of pre-let-7 to access the cat-
alytic pocket and initiate uridylylation. During elongation, in-
teractions between fingers2 and the RNA stem stabilize the
closed conformation of CM, supporting the addition of mul-
tiple uridines. ZK2 in CM interacts with the oligo-uridine
tail, enabling efficient oligo-uridylylation [30]. The growing
oligo-uridine tail eventually creates steric hindrance in the
catalytic pocket, disrupting the complex and terminating the
reaction.

These structural and mechanistic insights show that
Lin28A-dependent pre-let-7 oligo-uridylation is a highly
regulated process coordinated with RNA structure and
protein—protein interactions. This mechanism precisely con-
trols miRNA biogenesis, affecting let-7 expression during de-
velopment, stem cell maintenance, and tumorigenesis [5]. The
cooperative action of TUT4/TUT7 and Lin28A also modu-
lates precursor miRNA processing by Dicer, highlighting its

impact on gene expression networks and potential as a target
for stem cell and cancer research.
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