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Structural basis for activity switching in 
polymerases determining the fate of let-7 
pre-miRNAs

Gangshun Yi    1,2, Mingda Ye    3, Loic Carrique    1, Afaf El-Sagheer    4,8, 
Tom Brown    4, Chris J. Norbury    5, Peijun Zhang    1,6,7 & 
Robert J. C. Gilbert    1,2 

Tumor-suppressor let-7 pre-microRNAs (miRNAs) are regulated by terminal 
uridylyltransferases TUT7 and TUT4 that either promote let-7 maturation 
by adding a single uridine nucleotide to the pre-miRNA 3′ end or mark them 
for degradation by the addition of multiple uridines. Oligo-uridylation 
is increased in cells by enhanced TUT7/4 expression and especially by 
the RNA-binding pluripotency factor LIN28A. Using cryogenic electron 
microscopy, we captured high-resolution structures of active forms of 
TUT7 alone, of TUT7 plus pre-miRNA and of both TUT7 and TUT4 bound 
with pre-miRNA and LIN28A. Our structures reveal that pre-miRNAs engage 
the enzymes in fundamentally different ways depending on the presence 
of LIN28A, which clamps them onto the TUTs to enable processive 3′ 
oligo-uridylation. This study reveals the molecular basis for mono- versus 
oligo-uridylation by TUT7/4, as determined by the presence of LIN28A, and 
thus their mechanism of action in the regulation of cell fate and in cancer.

Eukaryotic RNAs are subject to chemical modification and editing from 
the beginning of transcription onward1,2. While some modifications such 
as the methylation of adenine and guanine residues are very well estab-
lished1,2, others including modification of the 3′ tails of RNA species are 
only more recently described3,4. In particular, the nontemplated addition 
of specific and different selections of nucleotides by a family of terminal 
nucleotidyltransferase enzymes has been found to have important roles 
in the maturation and degradation of messenger RNAs (mRNAs) and 
microRNAs (miRNAs)4,5. In turn, these modifications have been found 
to have critical input to mechanisms regulating inflammation, viral  
replication and disease, cell division and development, and cancer6–13.  
A well-defined example involves the 3′ uridylation of pre-let-7 miRNAs.  
During miRNA expression, a primary (pri-miRNA) form is first pro
cessed into a pre-miRNA within the nucleus, before the cytoplasmic  

endoribonuclease Dicer matures the miRNA: one strand of which is 
loaded onto an Argonaute protein to generate an RNA-induced silenc-
ing complex5,14. Pre-miRNAs consist of a 72–75 nucleotide (nt) hairpin 
loop with a 3′ overhang, which for efficient processing is 2 nt longer than 
the 5′ end, as detected by Dicer5,14. Ninety percent of pre-let-7 miRNAs 
are of a Class II group that has only a single-nucleotide 3′ overhang,  
and therefore require addition of a single uridine-monophosphate  
moiety for efficient onward processing15–17. By contrast, oligo-uridylation 
results in a pre-miRNA that Dicer cannot process5,15–17, and which is sub-
sequently degraded by the exonuclease Dis3l2 (refs. 18,19).

In Homo sapiens, two homologous enzymes terminal uridylyl
transferase 4 (TUT4; ZCCHC11) and TUT7 (ZCCHC6) are involved in both 
mono- and oligo-uridylation of (let-7) pre-miRNAs as well as of histone 
mRNAs and some other targeted mRNAs3,4,16,17,20,21. Alone, TUT4 and TUT7 
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To better understand the uridylation mechanism involved in the 
biogenesis of mature let-7, we used single-particle cryo-EM to study 
the structures of TUT7 and TUT4 without and with pre-let-7g miRNA 
(Fig. 1d, see Supplementary Information for RNA sequences), in the 
absence or presence of LIN28A. We purified recombinant full-length 
wild-type human TUT7 and human LIN28A from Escherichia coli strain 
KRX38. Synthetic pre-let-7g was used as a substrate for structural stud-
ies, because it has been widely used in previous studies of TUT4/7 
activity4,34. To visualize the TUT7 apo state we initially isolated the 
enzyme bound with UTPαS alone (Extended Data Fig. 1a,b) but found 
that modification with NHS-polyethyleneglycol4 (NHS-PEG4)39 was 
needed to avert excessive sticking of particles to the air–water inter-
face where they are prone to denaturation (Extended Data Fig. 1b,c). 
Unmodified enzyme was combined with pre-let-7g to obtain the binary 
TUT7/pre-miRNA complex (Extended Data Fig. 1b,d) and the TUT7/
LIN28A/pre-let-7g ternary complex (Extended Data Fig. 1b,e). The 
activity of TUT7 as expressed here and assembled with pre-let-7g 
miRNA was confirmed both without and with LIN28A, resulting in 
mono- and oligo-uridylation, respectively (Extended Data Fig. 1f). 
Using the isolated apo form and assembled sample complexes we 
embedded the TUT7 samples in vitreous ice and solved a series of 
cryo-EM structures in different functionally related states and with 
overall resolutions ranging from 3.53 to 4.03 Å (Table 1). To compare 
with TUT7, a truncated TUT4 (residues 254–1315) with a similar activity 
to the full-length TUT4 protein and to an N-terminal-only truncated 
form (residues 153–1649) was expressed and purified from the E. coli 
KRX strain and assembled with LIN28A and pre-let-7g before polishing 
by size-exclusion chromatography (Extended Data Fig. 1g–i). As before, 
enzyme activity for the truncated TUT4 construct was confirmed both 
without and with LIN28A (Extended Data Fig. 1j). We thereby succeeded 
in obtaining a cryo-EM map of the TUT4 ternary complex at a resolu-
tion of 3.68 Å (Table 1).

Loose association between NTDs characterizes the TUT7 apo 
state
The TUT7 structure in an apo state at 4.03 Å revealed an overall ‘C-shape’ 
conformation composed of two right-handed conformers (Fig. 1e and 
Extended Data Fig. 2a–f) distinct from the ‘L-shape’ of human Dicer, 
which in addition remains similar in its conformation throughout its 
activity cycle14. This difference suits Dicer’s role as a ‘tape-measure’ 
protein capable of recognizing the length associated with a correctly 
generated pre-miRNA, hence its need for a fixed dimension, whereas 
the TUTs need to be able to function in two different modes (mono- and 
oligo-uridylation) and, further, to be able to act processively on a bound 
pre-miRNA substrate under the influence of LIN28A.

TUT7 alone binds pre-let-7g miRNA via end-capture of the 
target 3′ end
A 3.55 Å map of TUT7 in a binary complex with a pre-let-7g (Fig. 1f,g and 
Extended Data Figs. 2g–l and 3a) shows the RNA stem bound into the 
catalytic cleft of its CM, with the cytosine single-nucleotide overhang 
at the pre-miRNA 3′ end (C78) and UTPαS bound and stabilized by the 
critical residues; F1045, S1047, Q1124, L1126, N1130, K1156, S1170, Y1171 
and H1286 (Fig. 1h and Extended Data Fig. 3b) (H1286 is equivalent to 
H336 in the yeast homolog that is known to be critical for uracil selec-
tion40–42). The let-7g pre-element is oriented away from the CM and, lack-
ing contact with ordered protein structure, was found to be relatively 
disordered, presumably due to some intrinsic flexibility. Interpretation 
of contacts made by TUT7 with the RNA stem was assisted by mod-
eling of its ZK1, which fitted well into a clearly visualized but relatively 
low-resolution region of density (Fig. 1f and Extended Data Fig. 3c,d). 
The ZK1 region had not been resolved in the previous structural study 
of the CM alone34, which instead provided an atomic model for ZK2, a 
region of TUT7 that supports oligo-uridylation by engaging the extend-
ing U tail34, but is not represented in our structure due to disorder.

tend to engage in a distributive activity yielding mono-uridylation16,17,20, 
which has also been characterized in their yeast homolog Cid1  
(ref. 22). However, in the presence of the RNA-binding factor LIN28A, 
TUT4/7 gain a processive activity, leading to oligo-uridylation16,17. The 
importance of the let-7 miRNA+TUT4/7-LIN28A axis to cell biology 
and cell fate is highlighted by the large body of evidence linking it in 
particular to a variety of cancers17,23–26, but also to metabolic regula-
tion27 and inflammatory responses13. Let-7 miRNAs exert their anti-
proliferative and tumor-suppressor effects by targeting the mRNAs 
of a host of oncogenic proteins, including MYC, the RAS family, BCL-2 
and LIN28A5 (MYC also downregulates let-7 signaling, via an mRNA 
sponging mechanism28). Clinical data indicate a correlation between 
reduced let-7c and poor prognosis in non-small cell lung carcinoma29; 
and TUT4 over-expression is associated with reduced overall survival in  
primary breast cancer30. TUT4 short-hairpin RNA knockdown in human 
hepatoma, melanoma, breast, ovarian and prostate cancer cells inhibits 
growth and invasiveness in culture and in xenografts, as does direct 
reintroduction of let-7 miRNAs17,31. The effects of TUT4 and TUT7 are 
proving to be context and (cancer) cell type dependent21,32.

Here we describe structures of full-length human TUT7 and 
near-full-length TUT4, as determined by cryogenic electron micro
scopy (cryo-EM) and single-particle analysis, at resolutions of up to 
3.53 Å. Four structures are of TUT7; alone (apo), bound to pre-let-7g 
miRNA (binary complex) and in two states with both the pre-let-7g 
miRNA and LIN28A. The fifth structure is of human TUT4 bound with 
pre-let-7g and LIN28A. Together, the structures we describe reveal the 
basis for mono- or oligo-uridylation via alternative enzymatic confor-
mations and protein–RNA interfaces, induced either by the selective 
binding of a pre-let-7 miRNA, or by the initial binding of the pre-let-7 
miRNA to LIN28A, followed by engagement of both the pre-miRNA 
and LIN28A itself directly with TUT7/4. As such, they demonstrate the 
molecular basis of LIN28A’s function in driving cellular transformation.

Results and discussion
Cryo-EM structure determination of apo TUT7 and TUT7/4 
complexes
TUT4 and TUT7 are multidomain enzymes whose specific targeting 
of RNAs makes use of three zinc fingers, combined with two copies of 
a nucleotidyltransferase domain (NTD), one inactive in the N-terminal 
half of the polypeptide (pseudo-NTD) and one active in the C-terminal 
half (Fig. 1a,b)4,5. Structures have previously been determined for the 
N-terminal LIN28A-interacting module (LIM) of TUT4 including its 
pseudo-NTD domain33, and for the C-terminal catalytic module (CM) of 
TUT7 (ref. 34), as well as for LIN28A bound with RNA constructs repre
senting pre-let-7d/f/g miRNAs35,36. The human TUT4 LIM33 was found 
to have a very similar basic architecture to that of the TUT7 CM34. The 
TUT4 LIM structure was, however, distinguished by the presence of its 
zinc finger domain at the N terminus, which is homologous to those of 
double-stranded RNA-binding zinc fingers33. The TUT7 CM structure was 
previously solved crystallographically in apo and complex forms with 
double-stranded RNA, U2, U5 or uridine triphosphate (UTP)34. In these CM 
structures, the second TUT zinc knuckle (ZK2) could be visualized bound 
with both U2 and U5. The diverse substrate complexes revealed that the 
RNA-binding pocket orients a group II pre-let-7 to favor mono-uridylation, 
while the ZK2 of TUT7 is thought to aid oligo-uridylation by supporting the 
extension of the oligo-U tail34. However, none of the structures determined 
so far have been able to show the mechanistic basis for the alternative 
activities shown by TUT7 and TUT4: that is, mono- versus oligo-uridylation.

LIN28, as a key regulator controlling the timing of developmen-
tal events and participating in heterochronic processes, is highly 
conserved across diverse organisms37. In C. elegans, there is only one 
encoded LIN28 protein, while in humans there are two paralogs, LIN28A 
and LIN28B17,37. LIN28 proteins are composed of a cold-shock domain 
(CSD) and a zinc knuckle (ZK) domain belonging to the zinc finger 
CCHC-type (ZCCHC) superfamily (Fig. 1c).

http://www.nature.com/nsmb
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In both the apo state (Fig. 1e) and the binary TUT7 complex 
(Fig. 1f,g) the two NTDs maintain the distinctive ‘C-shape’, apparently 
due to their direct interaction with one another. The interface between 

the LIM and CM is occupied by several nonpolar and polar amino 
acids, indicating the likelihood of a hydrophobic lateral interaction, 
as observed also in Dicer through the RNase IIIa and IIIb domains14. 
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Fig. 1 | Cryo-EM structures of TUT7 in apo and binary complex with pre-let-7. 
a, Human TUT7 domain organization. b, Human TUT4 domain organization. 
c, Human LIN28A domain organization. d, Nucleotide sequence of pre-let-7g, 
presented in a predicted secondary structure. e, Overall structure of TUT7 
alone, shown as a 4.03 Å cryo-EM density map with cartoon representation of 
protein backbone, in two views related by a 90° rotation, as indicated. A handed 
model of TUT7 apo is presented at the upper right corner. The canonical palm 
and finger domains of the NTD canonical fold are colored as follows, N-terminal 
pseudo-NTD (from LIM) in red and pink and C-terminal NTD (CM) in blue and 

cyan. f, Overall structure of the TUT7/pre-let-7g binary complex, shown as a 
3.55 Å cryo-EM density map with cartoon representation of the fitted coordinates 
in two views related by a 150° rotation, as indicated. TUT7 colored as in e, ZK1 
colored orange, pre-let-7g yellow. g, Cartoon model of TUT7 in complex with 
pre-let-7g, highlighting the relative arrangements of domains in a C-shape with 
the pre-miRNA bound. h, Zoomed-in view of UTPαS within the catalytic pocket, 
interacting with the terminal pre-let-7g base C78 and the TUT7 residues shown. 
i, Close-up of RNA binding by ZK1, highlighting the role of the K969 side chain 
interacting with G5 and U6 within the pre-let-7g stem.
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The binding of the pre-miRNA results in a higher-resolution structure 
with more of TUT7 properly resolved in the cryo-EM density, and with 
an extensively extended polypeptide region linking the LIM and CM 
that includes its ZK1 region (Extended Data Fig. 3d). Thus partially 
stabilized, the binary TUT7/pre-miRNA complex shows a defined but 
dynamic interface between the LIM and CM domains (Supplementary 
Video 1). By contrast, in the apo state no obvious density was resolved 
for the backbone link connecting the LIM and CM, with only a small 
region of the linking density visible associated with the LIM (Extended 
Data Fig. 3e). Nevertheless, for maintenance of the distinctive ‘C-shape’ 
structure, the two NTDs of the enzyme must still be interacting directly 
in the apo state, albeit relatively weakly. These two models show us 

the conformation of TUT7 (and we posit, TUT4) in the state before 
substrate binding (Fig. 1e) and when a pre-miRNA alone associates 
with it (Fig. 1f,g).

The roles of all three TUT4/7 ZKs were probed in a recent NMR- 
based study that made use of pre-let-7i as a target43. While binding 
of TUT4 ZK2 and ZK3 to RNA was shown, it was concluded that ZK1  
had lost its ability to interact with RNA due to two key mutations  
within its CCHC motif after the first cysteine and the single histidine, 
where the relevant amino acids were mutated from a variable bulky 
mostly hydrophobic residue to a serine43. Alignment of the amino acids 
of the three ZKs of TUT7 (Extended Data Fig. 3f) showed the residue 
after the first cysteine of ZK1 was serine, but the one after its histidine 

Table 1 | Cryo-EM data collection, refinement and validation statistics

TUT4/RNA/Lin28A TUT7 apo TUT7/RNA TUT7/RNA/Lin28A-1 TUT7/RNA/Lin28A-2

(EMD-17164),  
(PDB 8OST)

(EMD-16825),  
(PDB 8OEF)

(EMD-17084),  
(PDB 8OPP)

(EMD-17086),  
(PDB 8OPS)

(EMD-17087),  
(PDB 8OPT)

Data collection and processing

Magnification 105,000 105,000 130,000 130,000 130,000

Voltage (kV) 300 300 300 300 300

Electron exposure (e−/Å2) 50 50 60 50 50

Defocus range (µm) 1.5–3 1.5–3 1.5–3 1.5–3 1.5–3

Pixel size (Å) 0.83 0.83 0.93 0.93 0.93

Symmetry imposed C1 C1 C1 C1 C1

Initial particles images (no.) 1,815,635 1,415,092 1,025,792 1,875,928 1,875,928

Final particles images (no.) 266,487 200,865 186,567 169,985 180,310

Map resolution (Å) 3.68 4.03 3.55 3.81 3.53

 FSC threshold 0.143 0.143 0.143 0.143 0.143

Map resolution range (Å) 3.6–8 4.1–10 3.5–8 3.8–8 3.5–8

Refinement

Initial model used (PDB code) 6IW6/3TS2 5W0B 5W0B 5W0B/3TS2 5W0B/3TS2

Model resolution (Å) 3.7 4.1 3.6 3.8 3.5

 FSC threshold 0.143 0.143 0.143 0.143 0.143

Model resolution range (Å) 3.6–7.2 4.1–8.1 3.5–6 3.8–7.4 3.5–4

Map sharpening B factor (Å2) 156.5 237.4 128.9 155.3 103.7

Model composition

 Nonhydrogen atoms 9,007 9,687 11,685 9,304 14,968

 Protein residues 432 612 670 445 825

 Ligands (Zn2+/UTPαS) Zn2+:2 0 UTPαS:1 Zn2+:1 Zn2+:2

B factors (Å2)

 Protein

 Ligand (nucleotides) 69 0 25 69 54

Root mean squared deviations

 Bond lengths (Å) 0.002 0.002 0.002 0.003 0.002

 Bond angles (°) 0.511 0.472 0.453 0.568 0.476

Validation

 MolProbity score 1.26 1.31 1.28 1.35 1.46

 Clashscore 4.96 5.68 5.23 6.28 6.94

 Poor rotamers (%) 0 0 0 0.78 0.14

Ramachandran plot

Favored (%) 98.82 98.31 98.01 99.31 97.65

 Allowed (%) 1.18 1.69 1.99 0.69 2.35

 Disallowed (%) 0 0 0 0 0
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was leucine, different from the situation in TUT4 where it is another 
serine43. Nevertheless, in the binary complex we resolve, the lysine 
(K969) after the second TUT7 cysteine of ZK1 is shown to interact with 
the G5 and U6 of pre-let-7 using its side chain (Fig. 1i and Extended Data 
Fig. 3c). This reveals that one of the functions for ZK1, at least in TUT7, 
is to recruit or stabilize pre-let-7 for mono-uridylation through a direct 
interaction with its linker loop. K969 of TUT7 is conserved in the ZK1 
of TUT4 as K919 (Extended Data Fig. 3f).

LIN28A modifies target pre-miRNA recognition by previous 
association
Two distinct conformations (I and II) of the TUT7 ternary complex were 
resolved at 3.81 and 3.53 Å resolutions, respectively (see Extended Data 
Fig. 4 for the data processing pipeline and Extended Data Fig. 5 for 
close-ups of local density). In conformation I (Extended Data Figs. 4a–f 
and 5a), most of the pre-let-7g could be resolved (Fig. 2a,b). In this 
conformation, the RNA stem interacts with the TUT7 LIM, while the 
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Fig. 2 | Cryo-EM structures of TUT7 in complex with pre-let-7g and LIN28A.  
a, Overall structure of the TUT7/pre-let-7g/LIN28A ternary complex conformation 
I, shown as a 3.81 Å cryo-EM density map and cartoon representations. C-terminal 
NTD (CM) fingers in cyan and palm in blue; the LIM zinc finger is colored sand, 
LIN28A ZK dark orange and pre-let-7g miRNA yellow, in two views related by a 
90° rotation. b, Cartoon model of TUT7/pre-let-7g/LIN28A ternary complex 
conformation I, colors as in a. c, Overall structure of the TUT7/pre-let-7g/LIN28A 
ternary complex conformation II, shown as a 3.53 Å cryo-EM density map and 

cartoon representation. Colors as in a and b, plus TUT7 ZK1 and linker region in 
bright orange, and pseudo-NTD from the LIM (fingers red and palm pink), in two 
views related by a 90° rotation as indicated. d, Cartoon model of TUT7/pre-let-7/
LIN28A ternary conformation II. Areas shown in expanded views below are boxed. 
e, Zoomed-in, two views of domain interactionn between TUT7 LIM and TUT7 CM 
related by a 120° rotation as indicated. f, Close-up of TUT7 ZK1 bound to the pre-
let-7, highlighting key roles for K969 and for K970, E971 and E980, among other 
residues in two views related by an 80° rotation.
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let-7g 49AGGAG53 region coordinates with the zinc finger of TUT7 and 
ZK domain of LIN28A, forming a stable ternary complex35 (Fig. 2a,b). 
Furthermore, despite clear density representing the pre-element (the 
apical loop and short stem region preceding later removed by Dicer 
action), no density was observed for the CSD of LIN28A, presumably 
due to the relative flexibility between the LIM + LIN28A and pre-let-7g. 
Based on the position of the RNA, this complex is believed to represent 
the initial step in oligo-uridylation, a ‘capture’ state in which the pre-let-7 
has begun association with TUT7 but not yet completed its engagement.

In conformation II (Fig. 2c,d and Extended Data Figs. 4a–c,g–i and 
5b), the CM density missing in conformation I due to intrinsic flexibility 

could be entirely resolved as well as the LIM-CM linker region including 
the ZK1 domain (Extended Data Fig. 6a). The higher-resolution model 
enabled us to observe intramolecular interactions at a residue level, 
especially for the interface between the LIM and CM. For example, a 
hydrophobic interaction formed by ring-stacked residues F389 and 
F1267, and a H390-induced polar interaction with T1266 and T1272 
stabilize the interface (Fig. 2e and Extended Data Fig. 6b), thus also 
confirming the role of a similar interface in the TUT7 binary complex 
(Fig. 1f), and presumably the apo state also. Together, these interac-
tions ensure maintenance of the distinctive conformation of TUT4/7. 
In this state of the ternary complex R970 forms two hydrogen bonds 
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Fig. 3 | Structural comparison of TUT7 cryo-EM structures. a–c, Cartoon 
models of TUT7 in apo state (a), as a binary complex with pre-let-7g (b) and in 
ternary complex with pre-let-7g and LIN28A (conformation II) (c). Domains are 
colored as in the main figures and zinc ions are blue spheres. d, Superimposition 
of the TUT7 apo (white) and pre-let-7g bound cryo-EM structure from the  
TUT7/pre-let-7g/LIN28A ternary complex conformation II (colored), aligning  
by the TUT7 CM. The reorientation of the LIM results in a ~5 Å shift toward the  
pre-miRNA, as shown. Angular changes in this figure were calculated by reference 

to the centers of mass of the respective regions, marked here by red dots.  
e, Superimposition of the TUT7/pre-let-7g binary complex (deep gray) and the 
TUT7/pre-let-7g/LIN28A complex conformation II (colored), in two views related 
by 60° and 90° as shown, and aligning by the TUT7 CM. f, Cartoon model of TUT7/
pre-let-7g/LIN28A ternary complex conformation I. g, Superimposition of the 
TUT7/pre-let-7g/LIN28A complex conformation I (pale green) and conformation 
II (colored), aligning by the TUT7 LIM.
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with U13 and U14 in the RNA stem while K969 binds the sugar back-
bone of G66 (Fig. 2f and Extended Data Fig. 6c), which is different from  
the binary complex in which its side chain instead interacts with G5  
and U6 (Extended Data Fig. 3c). In addition, residues E971 and E980  
from ZK1 further stabilize RNA binding by interactions with the 
pre-let-7g backbone (G15) and the base of U13 (Fig. 2f). Altogether, these 
interactions aid the translocation of pre-let-7 to close the catalytic 
pocket of the CM and stabilize the TUT7 bound to the pre-miRNA  
and LIN28A.

Both models of ternary complexes revealed the ZK domain of 
LIN28A attached to its 49AGGAG53 recognition sequence in the pre-let-7 
together with the zinc finger of the TUT7 LIM. To explore the potential 
conformational changes in the overall structure, a three-dimensional 

(3D) conformational variability analysis was performed (Supplemen-
tary Video 2). The TUT7 LIM and LIN28A were found to be stable, while 
the pre-element of pre-let-7g miRNA exhibited density that could be 
assigned to a set of flexibly related conformations. The angle between 
the pre-element and RNA stem changed from around the initial (frame 
no. 1) 70° to a final (frame no. 20) 40°. The finding was repeated 
via the same analysis for the ternary complex in conformation II  
(Supplementary Video 3). This result is consistent with a previous study, 
in which it was concluded that in solution, the pre-let-7 alone may adopt 
different conformations with various stem stabilities14, which we now 
observe in our cryo-EM structures bound to TUT7. Since the CSD was 
thought to bind in the pre-element region this may explain why this 
density could not be resolved.
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Fig. 4 | Cryo-EM structure of TUT4 in complex with pre-let-7g with LIN28A. 
a, Overall structure of TUT4/pre-let-7g/LIN28A, shown as a 3.68 Å cryo-EM 
density map and cartoon representations in three views, related by 90° and 180° 
rotations, as shown. Colors are as previously: pseudo-NTD (LIM) fingers and 
palm in cyan and blue, respectively; LIM zinc finger and linking density toward 
CM is colored sand, pre-let-7g yellow and LIN28A ZK dark orange. b, A typical 2D 
class average representing the poorly resolved density from the CM (marked by 
a red arrowhead). c, Electrostatic surface potential of TUT4/pre-let-7g/LIN28A. 

The positively and negatively charged regions are colored from blue to red, 
respectively. d, Zoomed-in view of the pre-let-7g 49AGGAG53 region in a positively 
charged pocket created by the TUT4 zinc finger and ZK domain of LIN28A (black 
arrows). e, Cartoon model of TUT4/pre-let-7g/LIN28A ternary complex, colored 
as in other panels. f, Zoomed-in view of TUT4/LIN28A interface. Gray dashed lines 
link atoms within 3.8 Å and the pale pink dashed line shows a distance (at G276) 
between two atoms of 3.8–4 Å.
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Altogether, comparison of the two TUT7 ternary complexes and 
the binary and apo structures (Fig. 3a–g) indicates that the presence of 
LIN28A has changed how the pre-let-7 engages with the enzyme, direct-
ing it away from direct binding to the CM active site (as in the binary 
complex) and toward a two-stage process in which, first, the LIM and 
LIN28A capture the stem and pre-element, and then the CM engages 
with the 3′ end. Comparison of the apo TUT7 and its ternary complex 
conformation II indicates a 7.5° rotation of the LIM region with respect 
to the CM, while the switch from binary TUT7 to ternary conforma-
tion II involves less than half of this movement (2.7°); additionally, the 
Nc-palm-1 moves 4.4° with respect to the Fingers-1 subdomain, within 
the LIM, as the TUT7 binary complex converts ultimately to ternary 
conformation II (Fig. 3d,e). By contrast, comparison of TUT7 ternary 
conformations I and II finds no change in the relative positions of the 
palm and fingers subdomains of the LIM while the zinc finger binding 
the pre-let-7 stem moves substantially about a 16.8° rotation of the 
linking helix (Fig. 3f,g). Further details of the first of these steps—for-
mation of the capture complex—were provided by determination of 
the equivalent structure for TUT4, also with LIN28A and pre-let-7g.

TUT4 capture complex determined at higher resolution
A 3.68 Å cryo-EM structure was obtained for the TUT4/LIN28A/
pre-let-7 in the pre-oligo-uridylation capture state (Extended Data 

Fig. 7) found also as TUT7 ternary conformation I. This structure ena-
bled us to identify more clearly the interactions between the LIM 
module of TUT4, LIN28A and the pre-let-7 (Fig. 4a). Although the 
CM of TUT4 is not well defined in the 3D map, density apparently 
derived from it can be visualized in two-dimensional (2D) class aver-
ages of the complex, roughly oriented in the same view compared to 
the TUT4 ternary complex in conformation I (Fig. 4b), in line with this 
being a capture state before CM engagement with the open end of the 
pre-let-7g. The 49AGGAG53 recognition sequence from pre-let-7g was 
observed trapped into a positively charged pocket created by TUT4 
and LIN28A (Fig. 4c,d). Together with the TUT7 ternary complexes 
this structure therefore provides a demonstration that TUT4 interacts 
directly with LIN28A, a currently unresolved and key question in the 
field. In this ternary interface, a hydrophobic patch is formed between 
G276, L277, A280, I316 from TUT4 LIM (which are conserved in TUT7: 
G216, L217, A220, I256) and prolines 156 and 168 of LIN28A (Fig. 4e,f). 
Overall, the structures of the TUT4 and TUT7 LIMs are very similar 
(root mean squared deviation 1.22 Å over 302 core backbone Cα atoms, 
2.18 Å over all 380 pairs) (Extended Data Fig. 8a,b). Compared to the 
crystal structure of TUT4 LIM33 (Extended Data Fig. 8c), the angle 
between the helices α4 in the zinc finger and α5 in the palm subdo-
main is reduced by 12.6° during the binding of pre-let-7g (Extended 
Data Fig. 8d).
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The pre-let-7g is observed bound to three main interfaces in the 
TUT4 capture complex (Fig. 5a), which we have termed interface 1, 
interface 2 and interface 3, respectively (Fig. 5b–f). In interface 1, the 
TUT4 LIM P667, R669, R670 and N688 interact with A64 and G65 at their 
deoxyribose and phosphate group (Fig. 5c). The pre-let-7 A17 and C18 
backbone regions are bound by R327 and K321, respectively, in the 
second interface region, while the U16 backbone interacts with L691 
(Fig. 5d). Interface 3 is critical to the ternary interaction: in this region 
the zinc finger of the TUT4 LIM is observed to bind the 49AGGAG53 region 
of pre-let-7 and the two ZKs of LIN28A. The side chains of four positively 
charged residues R283, R286, H320 and K324 from the LIM participate 
in the interaction with G51, A52, G53 and A54 of the pre-let-7g (Fig. 5e,f).

The two ZKs of LIN28A interact with the 49AGGAG53 motif of 
pre-let-7g, in a similar way to the previously solved isolated com-
plexes35,44. Based on these structures, it was concluded that the 
double ZK motif recognizes two AG dinucleotides separated by a 
single-nucleotide spacer35,44. Perhaps due to the use of a modified RNA 
sequence mimicking the full pre-let-7g, the exact basis for recognition 
observed differed from the one we identify. In the previously solved 
crystal structures the LIN28A ZK1 binds with the A54 of pre-let-7g via a 
hydrogen bond from the Y140 sidechain, whereas we observe the tyro
sine binding with G51, A52 and G53 (Fig. 5a,e). In all, the pre-let-7 miRNA is 
sandwiched between LIN28A and the TUT4 LIM (Figs. 4c,d and 5b–f and 
Extended Data Fig. 8e) as it was in the TUT7/pre-let-7g/LIN28A complex 
(Extended Data Fig. 8f,g) and so as to engage with the pre-miRNA in a 
fundamentally different way from that observed for the binary TUT7/
pre-let-7g complex set for mono-uridylation (Extended Data Fig. 8h). 
The binding mode and overall conformation of the pre-let-7g miRNA 
appears to be remarkably consistent in all three LIN28A-containing 
complexes (Extended Data Fig. 8e–g), apparently due to the LIM/
LIN28A clasp (Fig. 5f) and other key interfaces shown by mutational 
data to be the specific interactions responsible for ensuring efficient 
and processive oligo-uridylation.

Mutagenesis of TUT4 (Fig. 6a) in interfaces 2 and 3 still enabled 
addition of a single uridine to pre-let-7g in the absence of LIN28A 
(Fig. 6b), but abolished the enzyme’s capacity to oligo-uridylate 
pre-let-7 in the presence of LIN28A (Fig. 6c–e) due to a much-reduced 
ability to form a TUT/pre-let-7g/LIN28A ternary assembly (Fig. 6f,g). 
Although mutations in the interface 1 affected the formation of the 
ternary complex (Fig. 6f,g), they did so less than interface 2 and 3 
mutations, and still permitted oligo-uridylation, albeit with a lower 
efficiency compared to wild type (Fig. 6c–e). No single-site mutations 
had a notable impact on TUT4 activity, hence the use of double mutants 
in the assays shown.

To our surprise, mutations in the ZK1 region that binds to the 
RNA stem in the TUT7 ternary conformation II, had no effect on oligo- 
uridylation activity (Fig. 6c–e), indicating other residues play critical 
roles in RNA binding, for example D921 and E930 that are the equivalent 
residues to TUT7 E971 and E980 (Fig. 2f and Extended Data Fig. 9). It 
is notable that the key interactions we observed in TUT4 complexes 
involve residues conserved in TUT7 (for example, K919/K920 in TUT4 
equivalent to K969/R970 in TUT7), with the one notable difference 

that L691 in human TUT4 is P613 in TUT7, and is a polypeptide locus in 
interface 1 besides U16 of pre-let-7g; and otherwise only the conserva-
tive substitution of R669 in human TUT4, for K591 in TUT7 (Extended 
Data Fig. 9). Higher-order assemblies of TUT4/pre-let-7g/LIN28A can 
also be observed in the shift assays testing complex assembly, for 
wild-type TUT4 and with mutations at interface 1 and ZK1 (Fig. 6f,g), 
and we confirmed a concentration-dependent formation of these 
larger complexes by titrating pre-let-7g with LIN28A and TUT4 alone 
and together (Fig. 6h).

Discussion
Together the structures we have determined show that LIN28A induces 
a large conformational change, including of the CM and the Zinc  
finger in the LIM, on engagement with pre-let-7g miRNA and TUT4/7. 
After binding to pre-let-7g/LIN28A, the zinc finger in the TUT7 LIM was 
observed with good density, whereas it was unobserved in TUT7 apo 
or binary states because of mobility and/or disorder (Fig. 3a–c,f). In 
the TUT4 ternary complex similarly the LIM was well-resolved in com-
plex with LIN28A and pre-let-7g miRNA (Extended Data Fig. 8a). Where 
pre-let-7 miRNA was shown to be flexible it was previously found to form 
a fixed conformation within the context of a ternary Dicer complex 
incorporating TRBP14; similarly we observe a well-ordered pre-let-7g 
conformation after TUT4/7 binding alongside LIN28A. Overall, the role 
of LIN28A appears to be to (1) directly interact with the pre-let-7 miRNA; 
(2) to enable the LIM zinc finger to also bind to the pre-let-7 RNA (since 
this interaction is absent in the TUT7 binary complex) and (3) to directly 
interact with the TUT LIM domain as well. The structures of TUT7 and 
TUT4 bound to pre-let-7g miRNA and to LIN28A allow us to propose 
a mechanistic model for mono-uridylation and for oligo-uridylation, 
as follows (Fig. 7).

In the mono-uridylation process, the TUT7 alone presents a 
pre-state (Figs. 1e and 7a(i)). Next, TUT7(4) recruits the pre-let-7, bind-
ing its open stem (binary complex, Fig. 1f,g). The catalytic pocket 
engages with the 3′ end of the RNA, while the ZK1 binds to the RNA 
stem via key residue K969 (TUT7; K919 TUT4; Fig. 1i). This stabilized 
state aids the addition of a single uridine, indicating the binary com-
plex we observe as an engaged active state (Fig. 7a(ii)). Finally, the 
mono-uridylated pre-let-7 becomes unstable, which subsequently 
leads to the release of product (Fig. 7a(iii)). In the presence of LIN28A, 
the potential order of events during pre-let-7 capture and engage-
ment changes and there are different pathways to ternary complex 
formation. Either the pre-let-7 might first associate with LIN28A and 
then recruit the TUT enzyme via binding to the LIM (Figs. 2a,b, 4, 5, 6 
and 7b(i),(ii), top), to form a capture complex (Figs. 2a,b and 7b(iii)) 
leading to CM engagement on the open pre-miRNA stem (Figs. 2c–f 
and 7b(iv),(v)). Or, the preformed binary complex (TUT+pre-miRNA; 
Fig. 1f,g) might have its pre-let-7 bound and remodeled by the LIN28A 
(Fig. 7b(ii), bottom) in an alternative sequence of events that still leads 
to successful ternary complex formation, again initially in a capture 
state (Fig. 7b(iii)) and ultimately with CM engagement on the open 
pre-miRNA stem (Fig. 7b(iv),(v)). Affinity measurements recorded in 
the literature for the Lin28A/pre-miRNA interaction vary over orders 

Fig. 6 | Effects of mutants at the TUT4/pre-let-7g interface on uridylation 
activity. a, SDS–PAGE of recombinant TUT4 wild type and its mutants. This 
expression trial was performed twice. b, In vitro uridylation of pre-let-7g by 
wild-type TUT4 and mutants, in the absence of LIN28A, as indicated. Pre-let-7, 
substrate, indicated as Marker1, 78 nt, shown in lane 2 (see Supplementary 
Information for RNA sequence, pre-let-7g); pre-let-7-U, synthetic substrate, 
indicated as Marker2, 79 nt, shown in lane 1 (see Supplementary Information 
for RNA sequence pre-let-7g_1U); Mono-U pre-let-7g, pre-let-7g products with a 
single U addition; Oligo-U pre-let-7g, pre-let-7g products with more than two U 
addition. K919 and K920 mutated here are the equivalent residues to K969 and 
R970 in TUT7 (Fig. 2f). This assay was performed three times. c, Relative oligo-
uridylation activity of wild type or the indicated mutant TUT4 enzymes in the 

presence of LIN28A. Markers as for b. This assay was performed three times. d, In 
vitro uridylation of pre-let-7g by TUT4 and its variants in the presence of LIN28A. 
Error bars show the standard error of mean, n = 3 independent experiments 
(trials 1, 2 and 3) (see Source data for the raw data plotted). e, Time course 
activity assay for wild-type and mutant forms of TUT4 in the presence of LIN28A; 
Marker1, pre-let-7, 78 nt, shown in lane 1. Two repeats were performed for this 
assay. f, EMSA of pre-let-7g with wild-type and mutant forms of TUT4 only. This 
assay was performed twice. g, EMSA of pre-let-7g with wild-type and mutant 
forms of TUT4, combined with LIN28A and TUT4. This assay was performed 
twice. h, EMSA of pre-let-7g with increasing concentrations of LIN28A alone, 
TUT4 alone and LIN28A + TUT4 together. Marker1, pre-let-7, 78 nt, 25 kDa, shown 
in lane 1. This assay was performed twice.
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of magnitude, from 0.15 nM to 15 μM (refs. 35,45–48). Nevertheless, 
data show that the order of addition of components does not influ-
ence the ultimate complex formed, since whether all three ternary 
components are mixed together (Extended Data Fig. 1h) or LIN28A is 
added to pre-let-7g before addition of TUT4 (Extended Data Fig. 10a–c) 
or a preformed binary complex has LIN28A added to it (Extended Data 

Fig. 10d,e), the outcome is the same, as verified by both size-exclusion 
chromatography traces and inspection of 2D class averages.

In any case, by altering the mode of binding between the TUT 
and the pre-miRNA, the intervention of LIN28A enables a much more 
extensive engagement with pre-miRNAs than in its absence. By defin-
ing different ways in which TUT4/7 interact with pre-let-7 miRNAs in 

Oligo-U pre-let-7g

+++++++––

–––––––––

+++++++++

+++++++––

+++++++––

+++++++++

TUT4
Lin28A

RNA

b

Cata
lyt

ic dead

Cata
lyt

ic dead

R28
3A/R

28
6A

H320
A/K

321A

K324
A/R

327
A

K919
A/K

920
A

N688A/L6
91A

Wild
 ty

pe

Mark
er1

R28
3A/R

28
6A

H320
A/K

321A

K324
A/R

327
A

K919
A/K

920
A

N688A/L6
91A

Wild
 ty

pe

R28
3A/R

28
6A

H320
A/K

321A

K324
A/R

327
A

K919
A/K

920
A

N688A/L6
91A

Wild
 ty

pe

Mark
er1

Cata
lyt

ic dead

R28
3A/R

28
6A

H320
A/K

321A

K324
A/R

327
A

K919
A/K

920
A

N688A/L6
91A

Wild
 ty

pe

R28
3A/R

28
6A

H320
A/K

321A

K324
A/R

327
A

K919
A/K

920
A

N688A/L6
91A

Wild
 ty

pe Mark
er2

Mark
er1

Cata
lyt

ic 
dea

d

R28
3A/R

28
6A

H320
A/K

321
A

K324
A/R

327
A

K919
A/K

920
A

N688A/L6
91A

Wild
 ty

pe

Mark
er2

Mark
er1

Cata
lyt

ic 
dea

d

R28
3A/R

28
6A

H320
A/K

321
A

K324
A/R

327
A

K919
A/K

920
A

N688A/L6
91A

Wild
 ty

pe

0 5 15 Min0 5 15 0 5 15 0 5 15 0 5 15 0 5 15 0 5 15

Re
la

tiv
e 

ol
ig

o-
ur

id
yl

at
io

n 
ac

tiv
ity

a

d e

c

O
ligo-U

 pre-let-7g

140 kDa

115 kDa

79 nt
78 nt

79 nt
78 ntMono-U pre-let-7g

78 nt

M
ar

ke
r1

0

0.2

0.4

0.6

0.8

1.0
Error bar Mean Trial 1 Trial 2 Trial 3

TUT4/pre-let-7g
1:1

TUT4/pre-let-7g/Lin28A
1:1:1

TUT4/pre-let-7g
2:2

Pre-let-7g/Lin28A

Pre-let-7g

TUT4/pre-let-7g/Lin28A
2:2:2

*

*

*

*

*

*

*

f

++++++––

––––––+–

++++++++

++++++

++++++

++++++

TUT4
Lin28A

Pre-let-7

Lin28A TUT4 Lin28A+TUT4

g h

*

*

*

M
ar

ke
r1

M
ar

ke
r1

Free RNA,78 nt

Bo
un

d 
RN

A

http://www.nature.com/nsmb


Nature Structural & Molecular Biology

Article https://doi.org/10.1038/s41594-024-01357-9

the absence and presence of LIN28A our structures provide a mecha-
nistic basis for understanding the role played by LIN28A in driving 
oligo-uridylation and downstream degradation of pre-miRNAs. They 
also show that LIN28A forms direct contacts with TUT4/7 as well as 
with its target miRNA. The conformational states captured in this 

work also suggest a mechanism by which, in the presence of LIN28A, 
oligo-uridylation may continue in a processive manner16,17. Thus, the 
flexibility of the TUT4/7 CM evident from both the TUT7 ternary com-
plex conformation I and TUT4 complexes (in which the density of the 
CM is averaged out completely) (Figs. 2a,b and 4a,b and Extended Data 
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Fig. 7 | Proposed models of mono-uridylation and oligo-uridylation. a, (i) The 
pre-let-7 is initially recognized by apo TUT 4 or 7 and subsequently the substrate 
is mono-uridylated to add a single uridine-monophosphate to its 3′ end, resulting 
in a mature Class II pre-let-7 miRNA. (ii),(iii) The mono-uridylated pre-let-7 is then 
released due to the distributive activity of TUT4/7 in the absence of LIN28A.  
b, (i),(ii) In pre-state-0, the pre-let-7 is initially recognized by LIN28A; (ii) (top) or 
by TUT4/7; (ii) (bottom). (iii) In pre-state-1, the pre-let-7/LIN28A has recruited the 
zinc finger of the TUT to form a ternary complex near the critical let-7 pre-miRNA 

‘AGGAG’ binding region. This is equivalent to TUT7 ternary conformation I  
(Fig. 2a,b) and to the TUT4 complex (Figs. 4 and 5), a capture complex. (iv) In the 
active state, the 3′ end of pre-let-7 is bound into the catalytic pocket of the TUT 
CM, stabilizing its orientation with respect to the TUT LIM, pre-let-7 miRNA and 
LIN28A. This is equivalent to TUT7 ternary conformation II and is a pre-oligo-
uridylation state. (v) The oligo-uridylated pre-let-7 is released as its attachment 
becomes destabilized.
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Figs. 4 and 7), and from the TUT7 ternary conformation II (in which, 
although engaged with the pre-let-7g miRNA it has a lower resolution 
than the rest of the complex) (Fig. 2c,d and Extended Data Fig. 4), sug-
gests that as further resides (>3 nt) are added to the pre-miRNA 3′ end 
it has the flexibility to migrate away from the rest of the complex, with 
the pre-let-7g itself remaining firmly in the grip of the LIM plus LIN28A 
to allow for enzymatic processivity, and the extending poly(U) tail 
being bound by ZK2 (ref. 34).

The findings described in this paper provide a framework for 
understanding the effects of TUT4/7 + LIN28A on pre-miRNAs, and 
thus for the role played by TUT4/7 and LIN28A in a wide range of 
cancers17,21,23–26,29–32, but they do not show how TUT4/7 target histone 
mRNAs49, or a broader range of mRNAs50 including that of interleukin-6 
(IL6)13. Further studies will be needed to provide an equivalent mecha-
nistic understanding for TUT4/7 targeting these alternative substrates, 
and a more detailed understanding of the molecular basis for the  
critical and varied roles played by these enzymes in cell biology4.
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Methods
Recombinant construct preparation and protein purification
The genes of human TUT7 and TUT4 were synthesized by ThermoFisher 
Scientific. TUT7 and TUT4 constructs (TUT7: 1–1495; TUT4 254–1315) 
were subcloned (primers listed in the Supplementary Information) 
into the modified pHGT-bio vector with a tobacco etch virus cleavable 
His6-GST tag at the N terminus, and a twin Strep tag at the C terminus. 
TUT7/4 were expressed in E. coli KRX stain by growing the bacteria in TB 
medium at 37 °C for 12 h until an optical density at 600 nm >1 followed 
by addition of 0.1% Rhamnose and culturing for another 36 h at 20 °C. 
The cells were centrifuged at 4,000g and suspended in lysis buffer 
containing 100 mM Tris-base (pH 8.0), 300 mM NaCl, 5 mM MgCl2, 
50 µM ZnCl2 and 5% glycerol, 1 mM phenylmethyl sulfonyl fluoride, 
2 mM DTT and 10 µg ml−1 homemade benzonase. The suspended cells 
were sonicated in 5 s-on-4 s-off cycles for a total of 1 h on ice followed 
by centrifugation at 18,000g, 4 °C for 40 min. The supernatant contain-
ing recombinant expressed proteins were purified using the Strep-XT 
4Flow beads (IBA) followed by passage through a Heparin column (GE) 
aiming for removal of RNA contaminants, after which the eluted frac-
tions were pooled together and concentrated for size-exclusion chro-
matography (Superdex 200 Increase 10/300 (GE)) in buffer containing 
20 mM HEPES (pH 7.8), 100 mM NaCl and 2 mM dithiothreitol (DTT)  
at 4 °C in a cold room. Protein fractions with purity better than 90%  
were pooled together and concentrated with a 50 kDa cutoff  
Centricon (Millipore) to 2 mg ml−1 for storage at −80 °C. TUT4 wild-type 
and mutant proteins were purified using a very similar method.

The gene for human LIN28A was synthesized by Twist Bioscience. 
LIN28A was cloned into the pHGT-bio vector (primers listed in the 
Supplementary Information) and expressed as an N-terminal His6-GST 
fusion protein, which was expressed in E. coli KRX stain in TB medium 
and induced by 0.1% Rhamnose (as above). LIN28A recombinant pro-
tein was purified using Ni2+-affinity chromatography. The high levels 
of contaminating nucleic acids were removed by passage through a 
Heparin column (GE) and eluted with a linear gradient from 0.05 to 
1 M NaCl. Nucleic acid-free LIN28A was concentrated and loaded onto 
a size-exclusion column (Superdex 200 Increase 15/300 (GE)) equili-
brated in buffer containing 20 mM HEPES (pH 7.8), 100 mM NaCl and 
2 mM DTT at 4 °C in a cold room. Protein fractions with purity better 
than 95% were pooled together and concentrated with a 10 kDa cutoff 
Centricon (Millipore) to 1 mg ml−1 for storage at −80 °C.

PEGylation modification of TUT7
To protect the TUT7 particles from sticking to the air–water interface 
where they were prone to denaturation, a PEGylation modification 
was applied for cryo-EM sample preparation. Then 100 μl of 2 mg ml−1 
TUT7 was prepared in HEPES buffer: 20 mM HEPES (pH 7.8), 100 mM 
NaCl and 2 mM DTT. NHS-PEG4-Azide (ThermoFisher) was added at a 
final concentration of 2 mM. The PEGylation reaction was performed on 
ice for 2 h, quenched by adding 50 mM Tris buffer (pH 8.0) followed by 
size-exclusion chromatography (Superdex 200 Increase 1.5/150 (GE)). 
Protein fractions with purity better than 95% were pooled together and 
concentrated with a 50 kDa cutoff Centricon (Millipore) to 1 mg ml−1 
for storage at −80 °C.

In vitro reconstitution of TUT7 and TUT4 complexes
The pre-let-7g was synthesized by GenScript Biotech Corporation 
(sequence listed in the Supplementary Information). To form its hairpin 
structure, pre-let-7g was first heated at 95 °C for 3 min in 20 mM HEPES 
(pH 7.8), 100 mM NaCl, 1 mM EDTA and then slowly cooled down to 
room temperature for 45 min. To prepare the TUT7–RNA complex, 
the purified TUT7 (300 μl at 5.8 μM, around 600 μg or 3.48 nmol) 
was mixed with heat-treated and cooled (folded) pre-let-7 (52 μl at 
50 μM) at a molar ratio of 1:1.5 and incubated further on ice for 1 h with 
additional presence of 0.5 mM UTPαS, 2 mM DTT and 2 mM CaCl2. 
The complex sample was concentrated to 100 μl and subjected to 

size-exclusion chromatography (Superdex 200 Increase 1.5/150 (GE)) 
in buffer containing 20 mM HEPES (pH 7.8), 100 mM NaCl, 2 mM DTT 
and 2 mM CaCl2 at 4 °C in a cold room. Fractions containing TUT7/
pre-let-7g were selected and concentrated to 1 mg ml−1 (absorbance 
ratio A260/A280 = 1.76).

The TUT7/pre-let-7/LIN28A complex was prepared as follows: 
250 μl of 5.8 μM TUT7 was mixed with 43.5 μl of 50 μM pre-let-7 
and 24 μl of 120 μM LIN28A at a molar ratio of 1:1.5:2 and incubated 
overnight on ice with additional presence of 0.5 mM UTPαS 2 mM 
DTT and 2 mM CaCl2. After this, the complex sample was concen-
trated to 100 μl and subjected to size-exclusion chromatography  
(Superdex 200 Increase 1.5/150 (GE)) in buffer containing 20 mM HEPES 
(pH 7.8), 100 mM NaCl, 2 mM DTT and 2 mM CaCl2 at 4 °C in a cold 
room. Fractions containing TUT7/pre-let-7g/LIN28A were selected 
and concentrated to 1.5 mg ml−1 (A260/A280 = 1.72). The TUT4/pre-let-7/
LIN28A sample was prepared as follows: 338 μl of 8 μM purified TUT4 
was mixed with 81 μl of 50 μM pre-let-7 and 45 μl of 120 μM LIN28A at 
a molar ratio of 1:1.5:2 and incubated overnight on ice with additional 
presence of 0.5 mM UTPαS 2 mM DTT and 2 mM CaCl2 followed by 
subjecting to size-exclusion chromatography (Superdex 200 Increase 
1.5/150 (GE)) in buffer containing 20 mM HEPES (pH 7.8), 100 mM NaCl, 
2 mM DTT and 2 mM CaCl2 at 4 °C in a cold room. Fractions containing 
TUT4/LIN28A/pre-let-7 were selected and concentrated to 1 mg ml−1 
(A260/A280 = 1.79) for storage at −80 °C.

Uridylation activity assay
The assay substrate pre-let-7g was labeled by 3′ cyanine (3′ CY) at its  
5′ end during synthesis by GenScript Biotech Inc. 3′ CY labeled 
pre-let-7g was first denatured at 95 °C for 3 min in a solution containing 
20 mM HEPES (pH 7.8), 100 mM NaCl and 1 mM EDTA, and then slowly 
cooled down to room temperature for 45 min. The mono-uridylation 
assay was performed by mixing 1 μl of 0.2 μM TUT7/4 (wild type or 
mutants) with 1 μl of 1 μM 3′ CY labeled pre-let-7g in 10 μl of reac-
tion solution containing 20 mM HEPES (pH 7.8), 100 mM NaCl, 5 mM 
MgCl2, 50 µM ZnCl2, 5% glycerol, 5 mM DTT, 0.4 U of RNAase inhibitor 
(ThermoFisher) and 0.5 mM UTP (ThermoFisher), followed by incubat-
ing in a heating block at 37 °C for 20 min or times of 0, 5, 10, 20 min, 
according to the purpose of the assay. The reaction was quenched by 
adding 10 μl of Terminal buffer containing 0.1% SDS and 0.1 mM EDTA 
(pH 8.0) followed by addition of 5 μl of loading buffer (Invitrogen) and 
heating at 100 °C for 15 min. The products were separated by 15% (w/v) 
polyacrylamide gel electrophoresis under denaturing conditions and 
imaged using an iBright 5000 (ThermoFisher). The oligo-uridylation 
assay was performed according to a similar protocol, except that 1 μl 
of 1 μM 3′ CY labeled pre-let-7g was preincubated with 1 μl of 10 μM 
LIN28A and 1 μl of 0.2 μM TUT7/4 (wild type or mutants) for 20 min 
on ice before adding into the 10 μl reaction solution 20 mM HEPES 
(pH 7.8), 100 mM NaCl, 5 mM MgCl2, 50 µM ZnCl2, 5% glycerol, 5 mM 
DTT, 0.5 mM UTP and 0.4 U RNAase inhibitor (ThermoFisher) followed 
by separating and imaging.

EMSA
For the electrophoretic mobility shift assay (EMSA), the 3′ CY labeled 
pre-let-7 was first formed into its hairpin structure by denaturation at 
95 °C for 3 min in 20 mM HEPES (pH 7.8), 100 mM NaCl, 1 mM EDTA and 
then slowly cooled down to room temperature for 45 min. The EMSA tri-
als were performed by mixing 1 μl of 1 μM RNA with 1 μl of 2 μM TUT7/4 
in the presence or absence of 1 μl of 3 μM LIN28A in 10 μl of volume 
buffer containing 20 mM HEPES (pH 7.8), 100 mM NaCl, 2 mM CaCl2, 
50 µM ZnCl2, 5% Glycerol, 5 mM DTT, 0.5 mM UTP and 0.4 U RNAase 
inhibitor (ThermoFisher) on ice for 30 min followed by adding 5 μl of 
protein native loading buffer (Novex). Samples were separated through 
3–12% native acrylamide gels in 1× TBE buffer (ThermoFisher) under 
100 V and 12–16 mA for 5 h at 4 °C in a cold room followed by imaging 
the gels via an iBright 5000 (ThermoFisher).
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Cryo-EM specimen preparation and data acquisition
The PEGylated TUT7 was diluted to 0.4 mg ml−1, and 0.2% glycerol and 
0.002% Tween-20 were added before preparing the frozen-hydrated 
grids. Generally, an aliquot of 3.6 µl of sample was applied to commer-
cial grids (Au C-flat, 2/1, 200 mesh), which were preglow discharged 
using a plasma cleaner (Harrick Plasma system) for 30 s at medium 
level plasma after 1 min of evacuation. The grids were blotted for 4 s 
with −6 force at 4 °C and 100% humidity using a Vitrobot (FEI), followed 
by plunging into liquid ethane cooled by liquid nitrogen. The TUT7/
pre-let-7, TUT7/pre-let-7/LIN28A and TUT4/pre-let-7/LIN28A were 
diluted to 0.6, 0.8 and 1 mg ml−1, respectively. The same method was 
also used for the TUT7 apo sample to prepare frozen-hydrated grids.

Cryo-EM data were collected using an FEI Titan Krios operating at 
300 kV with a Gatan K3 with GIF Quantum camera (at eBIC) or Falcon 4 
with GIF Quantum camera (at OPIC). All data were automatically col-
lected using EPU software with defocus ranging from −1.5 to −3 µM. 
Other parameters such as magnification, total dose and frames used 
varied between different sample collections and are provided in Table 1.

Image processing of electron micrographs
All datasets were subject to a similar protocol for image processing via 
CryoSPARC51. Raw micrographs were imported, followed by motion 
correction and calculation of the contrast transfer function. The output 
micrographs were curated manually to remove those images with poor 
image quality (for example, astigmatic, moving). Then, 500 micro-
graphs were used for automatic particle picking to generate initial 2D 
templates. After several rounds of 2D classification, those particles 
with the best 2D classes averages were selected for Topaz training52,53 in 
CryoSPARC51 using the full dataset. After diverse 2D classification with 
different particle picking strategies, all good particles with decent 2D 
class averages were merged and then the particle images of TUT7/RNA, 
TUT7/RNA/LIN28A and TUT4/RNA/LIN28A were rebalanced aiming to 
remove excess representation of certain views. The output particles 
were used for ab initio reconstruction, followed by hetero-refinement. 
Good models with better overall structure features were selected 
for nonuniform refinement, followed by use of DeepEMhancer54 to 
improve the quality of the local density of the map. In two cases (the 
binary complex of TUT7+pre-miRNA, and the ternary complex of 
TUT7+pre-miRNA+LIN28A (conformation II)) further refinement was 
necessary to gain the maps presented here. For the binary complex 
the number of particles used for generation of an earlier map (114,985 
total images in the dataset) was increased by collection of further 
data using a stored sample of preformed complex, to 185,567 particle 
images (Extended Data Fig. 2g–l). This improved the resolution from 
an earlier estimate of 3.76 Å to an improved 3.55 Å. For the TUT7 ternary 
complex conformation II, reprocessing with the benefit of additional 
Topax training, rebalancing of the representation of 2D averages with 
removal of bad particle images, allowed an increase in the dataset of 
qualified particles from 140,119 to 180,310 and an increase in estimated 
resolution from 3.63 to 3.53 Å, which also provided for better local 
density features (Extended Data Fig. 5).

In all cases, the resolution was determined by gold-standard 
Fourier shell correlation (FSC). The local resolution estimation was 
calculated in Chimera55 based on the output maps from CryoSPARC51. 
3D conformational variability analysis was carried out using 3DVA56

The detailed processing for every dataset is further shown system-
atically and schematically elsewhere in Extended Data Figs. 2, 4 and 7.

Model building into the cryo-EM maps
The TUT7/pre-let-7/LIN28A conformation II with the highest resolu-
tion EM density map was used for initial model building. The Alpha-
Fold TUT7 LIM region, crystal structure of TUT7 CM (Protein Data 
Bank (PDB) 5W0B)34, ZK domain of LIN28A (PDB 3TS2)35 and predicted 
pre-let-7g structure generated from ViennaRNA Web Services (http://
rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) were docked 

into the TUT7 ternary complex conformation II map. The generated 
docked model was then processed by multiple rounds of real-space 
refinement in Phenix57 and manual building in Coot58. Unexpected den-
sity for the TUT7 ZK1 was identified, the structure of which had not been 
resolved in the previous crystallographic study33. Therefore, a model 
for ZK1 obtained from AlphaFold and incorporating residues 945–983 
was docked into the associated region of the EM map, where it fitted 
well into the density. The ZK1 model was then merged into the rest of 
the TUT7/pre-let-7/LIN28A model before processing through multiple 
rounds of real-space refinement in Phenix57 and manual rebuilding in 
Coot58. Output models were examined using either Pymol (The PyMOL 
Molecular Graphics System, v.2.0 Schrödinger, LLC), Chimera55 or  
ChimeraX59. TUT7 apo, TUT7 binary complex and TUT7 ternary  
complex I were built based on the TUT7 ternary complex II model. 
Model building for the TUT4/pre-let-7g/LIN28A structure used a similar 
approach. Thus, the crystal structure of the TUT4 LIM (PDB 6IW6)33 was 
initially docked into the EM density along with the predicted pre-let-7g 
structure generated from ViennaRNA Web Services (http://rna.tbi.
univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) before subsequent 
processing through multiple rounds of real-space refinement in  
Phenix57 and manual building in Coot58 using the generated model. All 
models were validated using Phenix57 and are summarized in Table 1.

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

Data availability
The density maps and atomic coordinates reported in this paper have 
been deposited in the Electron Microscopy Data Bank (EMDB) and 
RCSB PDB, respectively, with accession codes as follows: TUT7 apo 
structure EMD-16825 and PDB ID 8OEF; TUT7 bound with pre-let-7g 
and UTPαS EMD-17084 and PDB ID 8OPP; TUT7 bound with pre-let-7g 
and LIN28A conformation I EMD-17086 and PDB ID 8OPS; TUT7 bound 
with pre-let-7g and LIN28A conformation II EMD-17087 and PDB ID 
8OPT; TUT4 bound with pre-let-7g and LIN28A (equivalent to TUT7 
ternary conformation I) EMD-17164 and PDB ID 8OST. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Assembly of TUT7 and TUT4 with pre-let-7 in the 
presence or absence of LIN28A. (a) Size exclusion chromatography profile 
of apo TUT7 purification. (b) SDS-PAGE analysis of apo TUT7, TUT7/pre-let-7g, 
TUT7/pre-let-7g/LIN28A and PEGlylated TUT7 respectively. This trial performed 
twice. (c) Size exclusion chromatography of PEGylated TUT7 in the presence of 
UTPαS. (d) Size exclusion chromatography of TUT7/pre-let-7g in the presence 
of UTPαS. (e) Size exclusion chromatography of TUT7/pre-let-7g/LIN28A. The 
elution volumes of peaks for apo TUT7, TUT7/pre-let-7, TUT7/pre-let-7/LIN28A 
and PEGlylated TUT7 are 1.62 ml, 1.54 ml, 1.52 ml and 1.7 ml respectively. (f) In 
vitro activity assays for TUT7 showing mono-uridylation activity in the absence 
of LIN28A or oligo-uridylation activity in the presence of LIN28A. Time across at 

0, 5, 10, 20 minutes. Marker1=pre-let-7, 78 nt, shown in lane1. This array of assays 
performed twice. (g) SDS-PAGE analysis of TUT4 (254-1315), TUT4 (153-1649) and 
TUT4 (1-1649) (left) and in vitro activity assays for each TUT4 showing a similar 
level of oligo-uridylation activity in the presence of LIN28A for each expression 
construct. Time across at 0, 5, 10, 20 minutes (right). These assays performed 
twice. (h) Size exclusion chromatography profile of TUT4 (254-1315)/pre-let-7g/
LIN28A. (i) SDS-PAGE analysis of TUT4(254-1315)/pre-let-7g/LIN28A. For panels H 
and I the assay was performed twice. (j) In vitro activity assays for TUT4(254-1315) 
showing mono-uridylation in the absence of LIN28A or oligo-uridylation activity 
in the presence of LIN28A. Time across at 0, 5, 10, 20 minutes, Marker1=pre-let-7, 
78 nt, shown in lane1. This assay was performed twice.
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Extended Data Fig. 2 | Cryo-EM image processing workflow of TUT7 apo and 
binary complex with pre-let-7 miRNA. (a) Representative raw micrograph of 
TUT7 apo. Similar images were captured on three separate occasions. (b) Gallery 
of reference-free 2D class averages of TUT7 apo.(c) Data processing workflow 
of TUT7 apo. (d) Gold standard FSC curves for TUT7 apo. (e) Orientational 
distribution heat map of TUT7 apo. (f) Final electron density map colored 

according to the local resolution of TUT7 apo. (g) Representative raw micrograph 
of TUT7/pre-let-7g. Similar images were captured on two separate occasions. (h) 
Gallery of reference-free 2D class averages of TUT7/pre-let-7g. (i) Data processing 
workflow of TUT7/pre-let-7g. (j) Gold standard FSC curves for TUT7/pre-let-7. (k) 
Orientational distribution heat map of TUT7/pre-let-7g. (l) Final electron density 
map colored according to the local resolution of TUT7/pre-let-7g.

http://www.nature.com/nsmb
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Extended Data Fig. 3 | Structural details of the TUT7/pre-let-7g miRNA model 
including views of EM density maps. (a) Gallery of segments from the TUT7/
pre-let-7g binary complex structure showing atomic models and EM density 
for the protein and bound UTPαS. (b) Zoomed-in two views of UTPαS within the 
catalytic pocket interacting with the terminal pre-let-7g base C78 and the TUT7 
residues shown, related by a 70° rotation, as indicated, see also Fig. 1h. (c) Close-
up of K969 that follows the second CCHC motif cysteine in interacting with  

pre-let-7g in the binary complex in two views related by a 90° rotation. (d-e) 
Cartoon models of TUT7 bound with pre-let-7g miRNA (binary complex) and 
apo state. Coloring as in Figs. 1 and 2, with density associated with the linking 
polypeptide region between the LIM and CM that contains ZK1 shown in orange 
density map. (f) Sequence alignment of ZK1-ZK3 from TUT7 and TUT4; red 
asterisks highlight the residues after the first cysteine and first histidine in the 
CCHC knuckle architecture, respectively.
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Extended Data Fig. 4 | Cryo-EM image processing workflow of TUT7 with 
pre-let-7g and LIN28A. (a) Representative raw micrograph of TUT7/pre-
let-7g/LIN28A complexes. Similar images were captured on three separate 
occasions. (b). Gallery of reference-free 2D class averages of TUT7/pre-
let-7g/LIN28A complex (c) Data processing workflow of TUT7/pre-let-7g/
LIN28A. (d) Gold standard FSC curves for TUT7/pre-let-7g/LIN28A complex 
reconstructions (conformation-I). (e) Orientational distribution heat map of 

TUT7/pre-let-7g/LIN28A complex (conformation-I). (f) Final electron density 
map colored according to the local resolution of TUT7/pre-let-7g/LIN28A 
(conformation-I). (g) Gold standard FSC curves for TUT7/pre-let-7g/LIN28A 
complex reconstructions (conformation-II). (h) Orientational distribution heat 
map of TUT7/pre-let-7g/LIN28A complex (conformation-II). (i) Final electron 
density map colored according to the local resolution of TUT7/pre-let-7g/LIN28A 
(conformation-II).
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Extended Data Fig. 5 | Representative segments of cryo-EM map fitted with the TUT7/pre-let-7g/LIN28A. (a) TUT7/pre-let-7g/LIN28A conformation-I and (b) 
TUT7/pre-let-7g/LIN28A conformation-II.
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Extended Data Fig. 6 | Structural details of TUT7/pre-let-7g/LIN28A model. 
(a) Cartoon model of TUT7 ternary complex in conformation-II. Coloring as in 
Figs. 1 and 2, with density associated with the linking polypeptide region between 
the LIM and CM that contains ZK1 shown in orange density map. (b) Close-up 

of the physical interface between the LIM and CM in the ternary complex in two 
views related by a 120° rotation. (c) The alternative interface found in the ternary 
complexes in which R970, E971, K969 and E980 interface with pre-let-7g miRNA 
in two views related by an 80° rotation.
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Extended Data Fig. 7 | Cryo-EM image processing workflow of TUT4/pre-g/LIN28A. 
(a) Representative raw micrograph of TUT4/pre-let-7g/LIN28A. Similar images 
were collected on four separate occasions. (b) Gallery of reference-free 2D class 
averages of TUT4/pre-let-7/LIN28A. (c) Data processing workflow of TUT4/ 
pre-let-7g/LIN28A. (d) Gold standard FSC curves for TUT4/pre-let-7g/LIN28A.  

(e) Orientational distribution heat map of TUT4/pre-let-7g/LIN28A. (f) Final 
electron density map colored according to the local resolution of TUT4/pre-let-
7g/LIN28A. (g) Representative segments of cryo-EM map fitted with the model  
of TUT4/pre-let-7g/LIN28A.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Structural comparison of TUT4 cryo-EM and crystal 
structures,and of density maps for pre-let-7g in diverse states bound to 
TUT7 and TUT4. (a) Cartoon model of the TUT4/pre-let-7g/LIN28A ternary 
complex reported here. (b) Superimposition of the TUT7/pre-let-7g/LIN28A 
ternary complex conformation-I (pale green) and TUT4/pre-let-7g/LIN28A 
ternary complex (colored), aligning by the TUT4 LIM. (c) Crystal structure of the 

TUT4 LIM (PDB: 6iw6). (d) Superimposition of the crystal structure of the TUT4 
LIM (pink) and TUT4/pre-let-7g/LIN28A, aligning by the TUT4. (e) Overview 
of the TUT4/pre-let-7g/LIN28A complex with density for the pre-miRNA alone 
displayed. Protein regions are colored as in the main figures. (f) TUT7/pre-let-7g/
LIN28A in conformation-I. (g) TUT7/pre-let-7/LIN28A in conformation-II.  
(h) TUT7/pre-let-7g binary complex.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Sequence alignments of TUTs and LIN28A. (a) The 
amino acid sequences of human TUT4 (HsTUT4) and TUT7 (HsTUT7) are aligned 
with those of the TUT4 or TUT7 proteins from other organisms: California sea 
lion, Cow, Little brown bat and Xenopus laevis. Secondary structural elements 
revealed by TUT7 structures determined in the present study, are depicted 
above the sequences, with α-helices and β-sheets shown as cartoon helices and 

arrows, respectively. Conserved interaction site residues are shaded while non-
conserved interaction site residues are colored and unshaded. (b) The amino 
acid sequence of human LIN28A (HsLIN28A) is aligned with those of the LIN28A 
proteins from other organisms: California sea lion, Cow, Little brown bat and 
Xenopus laevis.
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Extended Data Fig. 10 | Assembly of TUT4 with pre-let-7 and LIN28A with 
components added in different orders. (a) Size exclusion chromatography 
profile of TUT4/pre-let-7g/LIN28A assembled in order #1. The pre-let-7 and 
LIN28A were pre-incubated at ratio 1.2:1.5 for 4 hours on ice and then mixed with 
TUT4 at a final ratio 1.2:1.5:1 (pre-let-7/LIN28A/TUT4) for 4 hours on ice followed 
by SEC. (b) Representative 2D projection averages of the TUT4 3D volume 
described elsewhere in this paper (Figs. 4 and 5). (c) Gallery of reference-free 
2D class averages generated with a blob picking strategy (top) and template 
picking strategy (bottom) for the sample assembled by order #1. Red boxed 2D 

class averages were chosen as templates for template picking. (d) Size exclusion 
chromatography profile of TUT4/pre-let-7g/LIN28A assembled in order #2. The 
TUT4 and pre-let-7 were pre-incubated at the ratio 1:1.2 for 4 hours on ice and 
then mixed with LIN28A at final ratio 1:1.2:1.5 (TUT4/pre-let-7/LIN28A) for 4 hours 
on ice followed by SEC. (e) Gallery of reference-free 2D class averages generated 
from a blob picking strategy (top) and a template picking strategy (bottom) for 
the sample assembled by order #2. Red boxed 2D class averages were chosen as 
templates for template picking.
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