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Supplementary Fig. 1: Comparison of solution and MAS NMR spectra of TET2.
(A) Alanine Cα-Cβ correlation spectrum. The solution-state NMR spectrum was collected with a
deuterated sample labeled with 13C1H3 group and a 13C spin at the Cα position. The spectrum is a
1H detected 1H-13C-13C correlation, projected along the 1H dimension. The MAS NMR spectrum
is a DARR experiment, recorded on uniformly 13C,15N labeled sedimented sample, collected at 15
kHz MAS (14.1 T). Note that because of spin relaxation during the transfer steps in the solution-
NMR 3D correlation spectrum, several peaks are undetected. The observable peaks match very
well the ones in the MAS NMR spectrum.
(B) Comparison of 1H-13C correlation spectra of Ile methyl groups in solution and in an MPD-
precipitated TET2 sample. The peaks denoted with an asterisk are resonances from valine sites,
which are methyl-labeled in the MAS NMR sample, but not in the solution-NMR sample.
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Supplementary Fig. 2: Assigned 2D MAS NMR correlation spectra of TET2. (A) NCA
correlation spectrum (13C-detected) of uniformly 13C,15N-labeled TET2 recorded at 1000 MHz
1H Larmor frequency, and a zoom of the central part (B).
(C) 1H-detected amide 1H-15N correlation spectrum of uniformly 2H,13C,15N-labeled TET2.
(D) 1H-detected methyl 1H-13C MAS NMR correlation spectrum of u-[2H,15N]-
Ileδ1,LeuproS,ValproS-[13CHD2]-labeled TET2 at 600 MHz 1H Larmor frequency (14.1 T).
(The pro-S position is also referred to as γ2 (in Val) and δ2 (in Leu).) Ile, Val and Leu methyl
groups are annotated in blue, black and green, respectively.
(E) Secondary structure in TET2 derived from MAS NMR chemical shift assignments using the
program TALOS-N1, and comparison to secondary structures in the crystal structure. Loop/coil
regions are shown in black, α-helices in green and β-strands in red. Grey bars in the background
denote residues for which no backbone assignment was obtained, comprising the long flexible loop
from residues 120-133. Note that for residues where no/insufficient chemical-shift assignments
are available, TALOS-N uses a database approach to propose secondary structures; these residues
are shown as shorter bars in the TALOS-N plot. For comparison, the results from the manual
and automatic (FLYA) assignments are shown. The confidence level of the TALOS-N secondary
structure predicting is shown for the FLYA data set. The lowest shows the secondary structures as
obtained from the crystal structure (PDB entry 1Y0R) and the DSS algorithm, determined with
pymol. Missing bars denote residues not modeled in the crystal structure.

4



HN/Hα

N/Cα/Cʼ
β
γ
δ
ε
ζ
η

ME V RNMV D Y E
10

L L K K V V E A PG
20

V SGY E F L G I R
30

D V V I E E I K D Y
40

VD E V K V D K L G
50

N V I A HK KGEG
60

P K VM I A A HMD
70

HN/Hα

N/Cα/Cʼ
β
γ
δ
ε
ζ
η

Q I G L MV T H I E
80

K NG F L RV A P I
90

GGV D P K T L I A
100

QR F K VW I D KG
110

K F I YGVGA S V
120

P P H I QK P EDR
130

K K A P DWDQ I F
140

HN/Hα

N/Cα/Cʼ
β
γ
δ
ε
ζ
η

I D I GA E S K E E
150

A E DMGV K I G T
160

V I TWDGR L E R
170

L GK HR F V S I A
180

F DDR I A V Y T I
190

L E V A KQ L KD A
200

K AD V Y F V A T V
210

HN/Hα

N/Cα/Cʼ
β
γ
δ
ε
ζ
η

QE E VG L RGAR
220

T S A F G I E P D Y
230

G F A I D V T I A A
240

D I PG T P EH KQ
250

V T H L GKG T A I
260

K I MDRS V I CH
270

P T I V RWL E E L
280

HN/Hα

N/Cα/Cʼ
β
γ
δ
ε
ζ
η

A K K H E I P YQ L
290

E I L L GGG T D A
300

GA I H L T K AGV
310

P T GA L S V P A R
320

Y I H SN T E V V D
330

ERD V DA T V E L
340

MT K A L E N I HE
350

HN/Hα

N/Cα/Cʼ
β
γ
δ
ε
ζ
η

L K I

Supplementary Fig. 3: Automatic assignment of MAS NMR spectra of TET2 using the program
FLYA.2 The program used the following spectra for assignment: NCA, NCO, NCOCX, CANCO,
NCACX, NCACB, NcoCACB, CONCACB, CANCOCX, NCOCX(GRYF), NCOCX(ILV),
NCOCX(LKP), NCACX(GRYF), NCACX(ILV), NCACX(LKP), hCANH, hCONH, hcoCA-
coNH, CCCdarrdarr(ILV), CCC, caNCO(GRYF), coNCA(GRYF), coNCA(ILV), coNCA(LKP).
The color code reflects the assignment for each atom, and compares it to the manual assignment,
as follows. Green: Automatic and manual assignment agree; red: automatic assignment differs
from manual assignment; blue: no manual assignment available. Dark colors (green, blue, red)
denote atoms for which the FLYA assignment has converged, i.e., the same assignment is found
in more than 80% of the 20 independent runs, while light colors denote atoms for which FLYA
has not converged, i.e., the results have less confidence. The row labeled HN/Hα shows for each
residue HN on the left. The N/Cα/C’ row shows for each residue the N, Cα, and C’ assignments
from left to right. The rows labeled with β-η show the side-chain assignments for the heavy atoms.
In the case of branched side chains, e.g. Val and Leu, the corresponding row is split into an upper
part for one branch and a lower part for the other branch.
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Supplementary Fig. 4: Distance restraints from MAS NMR and solution-NMR experiments.
(A) Pulse sequence used for the simultaneous measurement of 1H-1H spatial proximities between
amide and methyl moieties under fast-MAS conditions, for application to deuterated, amide-
protonated and methyl 13CHD2 labeled samples. Filled and open narrow rectangles denote 90◦ and
180◦ pulses, respectively, and wide open rectangles denote cross-polarization steps, applied with
a linear ramp on the 1H channel. The RFDR mixing, of a total duration of 5 ms, is comprised of
a train of n equally-spaced pulses where the centers of two consecutive pulses are separated by
the MAS rotor period; the pulse phase is alternated according to the XY16 scheme. The cross-
polarization steps simultaneously transfer polarization from amide-1H to 15N and from the methyl-
1H to the methyl-13C (out and back). Pulse phases are denoted above the respective symbols.
Quadrature detection in the indirect dimensions (t1, t2) was performed by varying the phase of
the 13C and 15N cross-polarization irradiation prior to the chemical-shift (denoted by an asterisk)
according to the States-TPPI scheme. Decoupling of spin-spin couplings during direct and indi-
rection dimensions and the solvent-suppression scheme (”solv.”) are denoted by grey rectangles.
(B) Schematic representation of the outcome of this experiment, showing connections between two
amide sites, between two methyl sites and between an amide and a methyl site.
(C) Experimental distance restraints from the RFDR experiment shown on part of the TET2 struc-
ture.
(D) Excerpts from the 3D RFDR MAS NMR spectrum, showing the cross-peaks supporting the
distance restraints shown in (C).
(E) Subunit-specific labeling of TET2 to filter inter-subunit distance information. Example
strips from 3D HMQC-NOESY-HMQC spectra recorded on either u-[2H,15N],Ileδ1,Thrγ2,ValproS-
[13CH3] (red), u-[2H,15N],Metε,Alaβ ,ValproR-[13CH3] (blue) or a sample in which these two differ-
ently labeled subunit types were mixed in a 1:1 ratio (black).
(F) Labeling scheme for these spectra. The numbers reflect the relative cross-peak intensities re-
sulting from the stochastic mixing scheme.
(G) Illustration of inter-subunit distance restraints detected between M263 in one subunit and T77
and I90 in another subunit. An additional methyl group from which an intra-subunit contact is
observed in the spectra in (C) is shown with a dotted sphere. Note that the inter-subunit dis-
tance restraints have not been used directly in this work, but we have only used this information
for excluding inter-subunit restraints from the calculations (see Methods). A total of only eight
inter-subunit distances has been identified, and this set of experiments might not be crucial in the
presented approach.
(H) Residue contact maps showing the restraints from the 1H-1H MAS NMR RFDR experiment
connecting amide and methyl sites (black), the 13C DARR experiment on LKP-labeled TET2
(blue), and the solution-state NOESY experiments (green). The eight inter-subunit restraints have
been removed from this graph.
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Supplementary Fig. 5: Structure calculation of the monomer of TET2 using only the liquid and
solid-state NMR derived restraints. Figure (A) represents the NMR ensemble of 10 structures
superimposed on their secondary structure elements (backbone RMSD: 10.5 ± 1.6 Å). Figure (B)
shows the same NMR structure ensemble superimposed on the largest helix α8, each structure of
this ensemble are displayed individually on figures (C) to (L).
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40 nm

Supplementary Fig. 6: (A) Typical cryo-electron micrograph showing TET particles (darker than
the background densities) in random orientations. (B) Used initial low resolution 3D model ob-
tained by imposition of tetrahedral symmetry. (C) Best eighteen 2D class averages obtained from
27,130 particles. (D) Fourier Shell Correlation plot for the presented 3D cryo-EM reconstruction.
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Supplementary Fig. 7: Attempts to determine the structure from the EM map only. Direct re-
building from the 4.1 Å cryo-EM map fails to produce interpretable structures, regardless of the
symmetry that is imposed (or not) for model-building, and of whether (or not) a partial or a starting
model is provided. Briefly, we used phenix.map to model (10 rebuild cycles) to attempt rebuilding
the structure directly from the cryo-EM map (4.1 Å resolution) using either no prior information
(no model), or the X-ray (1y0r) or the NMR+cryo-EM (6f3k, this paper) structures as starting co-
ordinates. We tested inclusion of these models either as ”partial” or ”starting” models, and in all
cases, imposed the use of the input-model Cα-atoms as seeds for the initial tracing of the map.
Rebuilding was attempted with (upper row) or without (lower row) imposing the known symme-
try of the particle. In both case, phenix.map to model was able to trace the map, but detection
of the NCS symmetry from the map (lower panel), as opposed to inferred from the X-ray pdb
structure (upper panel), drastically improved the quality of the model. At the map resolution, how-
ever, phenix.model to map was not able to interpret the Coulombic potential in terms of secondary
structure and/or sequence at least not in 10 rebuild cycles. Arguably, the traced model produced by
phenix.map to model would have been interpretable by an experienced crystallographer or elec-
tron microscopist, but reaching the quality of 6f3k would have been very challenging.
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Supplementary Fig. 8: Automatic detection and clustering of secondary structures. (A) Sec-
ondary structures detected by gorgon 3 from the 8 Å EM map of TET2, zooming on one TET2
subunit. α-helices and β-sheet regions are depicted in green and pink, respectively. Note that in
this study we have only used five α-helices, labeled with A to E, and we have not used the informa-
tion about the location of the β-sheets. Including these regions is straightforward and may prove
useful in other applications, with proteins containing primarily β-sheets.
(B,C) Cluster analysis of the α-helices from the EM map, aimed at identifying the α-helices be-
longing to the same monomer. This automatic distance-based clustering analysis used the python
library sklearn.cluster, and needs as input (i) the coordinates of the points in space to be clustered
– here, the centers of the 84 automatically detected α-helices –, (ii) the minimum number of el-
ements in each cluster and (iii) the maximum distance between the points belonging to a given
cluster. Note that no information about the symmetry or the number of subunits (number of clus-
ters) is provided.
In (B), the minimum number of elements belonging to the same cluster was set to 7. The points
distributed in space, representing the centers of the α-helices in the dodecamer, are color-coded
according to the group/cluster to which they are assigned. While this clustering does not retrieve
the monomer subunits, it detects clusters of 21 points, which correspond to trimers of TET2.
In (C), this analysis was repeated, setting the minimum number of elements per cluster to 6. In
this case, the six points assigned to each cluster (shown in blue, red or green) indeed correspond
to helix centers of a given subunit. The additional white dots represent the helix centers that could
not be assigned to any cluster using the distance-based clustering algorithm. The green plane is
shown for facilitating visualization of one trimer within the dodecamer. In Step 1 of our structure
calculation protocol we have used the five α-helices within these clusters which are closest in space
to each other, omitting the sixth helix.
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Supplementary Fig. 9: Illustration of the procedure through which, in Step 2 of this approach,
residues were restrained to real-space coordinates, based on their overlap with the EM map. Briefly,
after flexible fitting with iModFit the structure was compared to the 8 Å EM map to evaluate how
well different parts of the chain reside inside the density. To this end, the molmap and measure
correlation modules in UCSF Chimera were used to compute the overlap of an in silico map, con-
structued from the backbone atoms of a given residue, with the experimental map. The correlation
between these two maps, a value ranging from 1 (atom is fully inside density) to 0 (atom outside
density) was used as a criterion whether the residue resides within the map or not. If the value was
above 0.7 for a given residue, the Cα atom of this residue was then kept in place in the subsequent
CYANA calculation by adding restraints from this atom to the other atoms that are fixed in space
(using a tolerance of 0.5 Å.)
(A) Residue-wise plot of the overlap score in the first and fourth iteration of Step 2. The green bar
on the top left indicates the residues which are shown in (B).
(B) Example of the overlap in the first and fourth iteration. Cα atoms with an overlap score above
0.7 are indicated with green spheres and were constrained in space with a tolerance of ± 2 Å.
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Supplementary Fig. 10: (A) Local resolution of the EM density map colored according to resolu-
tion (in Å) estimated by ResMap 4 and histogram of (Euler) views distribution shown as blue-red
cylinders. (B) FSC between EM map and atomic models obtained by X-ray crystallography and
by the proposed method.
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Supplementary Fig. 11: Evolution of the structure of TET2 along the various steps of the inte-
grated NMR/EM structure calculation approach, denoted as Step 1 to 3 in Figure 3. The structures
shown correspond to the lowest-energy models generated by CYANA (Steps 1 and 2) or XPLOR-
NIH (Step 3).
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(A) α helices cryo-EM Length (cryo-EM) α helices NMR
A 30.8 Å α8
B 20.2 Å α6,α4
C 21.7 Å α6,α4
D 18.1 Å α6,α4,α5,α2,α1,α7,α3
E 13.1 Å α5,α2,α1,α7,α3
(B) Residues placed in centers of the α-helices and estimated lenghts in Å
α1 Lys 13 13.0 Å
α2 Ile 34 13.0 Å
α3 Ala 151 8.6 Å
α4 Leu 191 15.8 Å
α5 Arg 220 13.0 Å
α6 Leu 277 18.7 Å
α7 Ile 303 8.6 Å
α8 Met 341 31.7 Å
(C) Distance restraints corresponding to the correct helix-to-density assignment
Met 341 Cα Leu 277 Cα 10.84 ± 0.50 Å
Met 341 Cα Leu 191 Cα 10.46 ± 0.50 Å
Met 341 Cα Ile 34 Cα 20.36 ± 0.50 Å
Met 341 Cα Lys 13 Cα 19.24 ± 0.50 Å
Leu 277 Cα Leu 191 Cα 18.30 ± 0.50 Å
Leu 277 Cα Ile 34 Cα 28.11 ± 0.50 Å
Leu 277 Cα Lys 13 Cα 28.92 ± 0.50 Å
Leu 191 Cα Ile 34 Cα 10.43 ± 0.50 Å
Leu 191 Cα Lys 13 Cα 12.49 ± 0.50 Å
Ile 34 Cα Lys 13 Cα 12.52 ± 0.50 Å
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Supplementary Table 1: (Preceding page) Details about the helix-to-density assignments. The
number of helix-to-density assignments for eight α-helices detected in the sequence, placed into
the seven α-helical densities detected in the EM map (i.e., leaving out one helix in each combi-
nation), ignoring the helix polarity, can be calculated as 8! = 40320. Including the helix polarity
increases this number to 8!× 27 ≈ 5 · 106. Considering the possibility that the seven densities may
not be ascribed unambiguously to a given subunit further increases this number. We solved this
latter point (identifying densities of one subunit) by a cluster analysis (see Figure 8) and retaining
only the five longest helical densities, which are also closest in space. We explicitly disregarded
the helix polarity, by using only the center of the helices in the CYANA calculation, letting the
rotation free. The number is furthermore greatly reduced by comparing the lengths of α-helices
along the sequence with the helical densities.
(A) This table shows the lengths (middle column) of the helical densities from the EM map (de-
noted as A-E as shown in Figure 2A, left column), and the α-helices along the sequence (right
column, see Figure 2A) that may match the lengths of these densities. Hereby, we have considered
that a helix has a length of 1.4 Å per residue. In selecting the possible helix-to-density assign-
ments, we applied a tolerance of ± 2 amino acids (corresponding to ± 2.8 Å). As a result, only
1× 2× 5× 4 = 40 helix-to-density assignments remain that are checked by structure calculations.
(B) Identity of the residues assumed to be in the centers of the α-helices, as obtained from the NMR
assignments and TALOS-N. The lengths of the helices in Å was estimated from the length in num-
ber of residues, as obtained by TALOS-N, assuming a canonical translation length per residue of
ca. 1.45 Å.
(C) Practical implementation of the helix-helix distance restraints, shown here for the correct helix-
to-density assignment. These distance restraints were used in CYANA, alongside the other NMR
distance restraints and backbone dihedral-angle restraints.
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Å
us

in
g

ph
en

ix
.re

al
sp

ac
e

re
fin

e
(s

im
.a

nn
ea

lin
g

an
d

m
in

im
iz

at
io

n)
(A

ft
er

St
ep

s
1,

2,
3

w
ith

8
Å
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