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SI Methods
Protein Expression and Purification. A DNA fragment comprising
residues 1–460 of Saccharomyces cerevisiae Nup84 was amplified
by PCR and cloned into a pET28a vector (Novagen), modified
to contain a PreScission protease-cleavable N-terminal hexa-
histidine tag (1). Protease cleavage of Nup84 NTD leaves a
six-residue N-terminal overhang (GPHMAS). DNA fragments
of Nup145C, comprising residues 125–555, and full-length Sec13
were amplified by PCR and cloned into the bicistronic pET-
Duet-1 (Novagen) expression vector using BamHI-NotI and
NdeI-XhoI restriction sites, respectively. The resulting
Sec13�Nup145C heterodimer contains untagged Sec13 and a
Nup145C fusion protein with an uncleavable N-terminal hexa-
histidine tag (MGSSHHHHHHSQDP), as described (2). Addi-
tional methionines were incorporated into Sec13 (L11M, L17M,
I46M, I81M, L115M, and L222M) by QuikChange Mutagenesis
(Stratagene) to obtain seleno-L-methionine labeled crystals with
increased phasing power.

The Sec13�Nup145C complex and Nup84 NTD were expressed
separately in E. coli BL21-CodonPlus (DE3)-RIL cells (Strat-
agene). Protein expression was carried out in LB medium and
induced at an OD600 of 0.8 by the addition of 0.5 mM isopropyl-
�-D-thio-galactoside (IPTG) at 18 °C for 16 h. Cells were
harvested by centrifugation and resuspended in a buffer con-
taining 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM �-mer-
captoethanol, 0.5 mM PMSF, 2 �M bovine lung aprotinin, and
Complete EDTA-free protease inhibitor mixture (Roche). The
cells were lysed with a cell disrupter (Avestin), and the lysate was
cleared by centrifugation at 35,000 � g for 90 min.

For the purification of Nup84 NTD, the lysate was loaded onto
a Ni-NTA agarose column (Qiagen) and eluted via an imidazole
gradient (10–1,000 mM). Protein-containing fractions were
pooled, desalted on a HiPrep 26/20 desalting column (GE
Healthcare) using a buffer containing 20 mM Tris-HCl, pH 8.0,
100 mM NaCl, and 5 mM �-mercaptoethanol. The protein was
then subjected to cleavage with PreScission protease (GE
Healthcare) for 24 h, and rerun over a Ni-NTA column to
remove hexa-histidine tagged Nup84 NTD. The flow-through
containing the cleaved Nup84 NTD was desalted and loaded
onto a MonoQ 5/50 GL column (GE Healthcare) and eluted via
a NaCl gradient (100–600 mM). Fractions containing Nup84
NTD were pooled and concentrated and further purified by
size-exclusion chromatography using a 16/60 HiLoad Superdex
200 column (GE Healthcare) and a buffer containing 20 mM
Tris-HCl, pH 8.0, 100 mM NaCl, and 5 mM DTT. Fractions
containing the pure protein were pooled and concentrated to 40
mg/ml. The Sec13�Nup145C complex was expressed and purified
as Nup84 NTD with the exception that the PreScission cleavage
and the following second affinity step were omitted.

The heterotrimeric Sec13�Nup145C�Nup84 NTD complex was
formed by incubation of equimolar amounts (150 �M) of
Sec13�Nup145C and Nup84 NTD for 1 h at 4 °C. The hetero-
trimer was further purified by size-exclusion chromatography on
a 16/60 Superdex 200 column in a buffer containing 20 mM
Tris-HCl, pH 8.0, 100 mM NaCl, and 5 mM DTT. Fractions
containing the heterotrimer were pooled and concentrated to 40
mg/mL for crystallization. Seleno-L-methionine-labeled pro-
teins were produced with a methionine pathway inhibition
protocol (3).

Crystallization. Crystals of the Sec13�Nup145C�Nup84 NTD com-
plex (5–20 mg/mL) were grown at 20 °C in hanging drops

containing 1 �L protein and 1 �L reservoir solution consisting
of 100 mM Mes, pH 5.6, 1.5–3.5% (wt/vol) PEG 20,000, and
1–6% (vol/vol) methanol. Crystals appeared in the orthorhom-
bic space group P212121 with three complexes in the asymmetric
unit. Crystals were cryoprotected by stepwise transfer in 100 mM
Mes, pH 5.6, 5.3% PEG 20,000, 1–6% (vol/vol) methanol, and
23% (vol/vol) glycerol (increased in 5% steps), and flash frozen
in liquid nitrogen-cooled liquid propane. X-ray diffraction data
were acquired at the National Synchrotron Light Source (NSLS),
the Advanced Photon Source (APS), and the Advanced Light
Source (ALS). X-ray intensities were processed using HKL2000
(4), and the CCP4 program package (5) was used for subsequent
calculations.

Structure Determination. Initial phases were determined using a
[Ta6Br12]2� cluster derivative and SAD measurements (1, 6, 7).
These phases were used to locate and validate the heavy atom
sites of potassium osmate (K2OsO4) derivatized and SeMet-
labeled protein crystals. Combined phasing using isomorphous
K2OsO4 and SeMet SAD and native datasets was carried out in
SHARP (8), followed by density modification in DM (5), with
solvent flattening and histogram matching. These phases al-
lowed definition of the non-crystallographic symmetry (NCS)
operators and the generation of NCS averaged maps. This
procedure yielded an interpretable electron density map of high
quality. Early attempts to solve the structure by molecular
replacement were fruitless, presumably due to the conformation
Sec13�Nup145C adopts in the heterotrimer.

The Sec13�Nup145C heterodimers (PDB ID code 3BG1) (2)
were docked into the electron density and an initial model for
Nup84 NTD was built using O (9). The structure was refined to
3.2-Å resolution in CNS (10) with an Rcryst of 23.4% and an Rfree
of 27.3%. NCS restrains were applied throughout the refine-
ment. No electron density was observed for the 3 C-terminal
residues of Nup145C, the 7 N-terminal residues, 4 C-terminal
residues, and residues 158–169 of Sec13, and the 6 N-terminal
residues, residues 368–377 and the 18 C-terminal residues of
Nup84 NTD. These residues are presumed to be disordered and
therefore have been omitted from the final model. The stereo-
chemical quality of the final model was assessed with PRO-
CHECK (11) and MOLPROBITY (12). There are no residues
in the disallowed region of the Ramachandran plot. Data
collection and refinement statistics are shown in Table S1.

Analytical Ultracentrifugation. Sedimentation velocity experiments
were performed at 20 °C in a Beckman Optima XL-I analytical
ultracentrifuge at a rotor speed of 50,000 rpm. Double-sector
cells were loaded with 400 �L protein sample (1.0 mg/mL Nup84
NTD, 0.7 mg/mL Sec13�Nup145C, or 0.8 mg/mL
Sec13�Nup145C�Nup84 NTD in a buffer containing 20 mM Tris,
pH 8.0, 100 mM NaCl, and 2.5 mM DTT) and 410 �L reference
buffer, respectively. Data were recorded with absorbance de-
tection at wavelength 280 nm. The partial specific volume and
the solvent density were calculated using the SEDNTERP
program (www.jphilo.mailway.com). The SEDFIT analysis pro-
gram was used to analyze the absorbance profiles and to
calculate the sedimentation coefficient distribution c(s), which
was then transformed into a molar mass distribution c(M) (13).

Isothermal Titration Calorimetry (ITC). ITC measurements were
performed with thoroughly degassed proteins at 25 °C in a buffer
containing 20 mM Tris-HCl, pH 8.0, 100 mM NaCl and 1 mM
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TCEP using a MicroCal VP-ITC calorimeter. Every 180 s, 10 �L
of 200 �M Nup84 NTD were injected into 1.7 mL of 10 �M
Sec13�Nup145C. The heat generated due to dilution was sub-
tracted for baseline correction. Baseline corrected data were
analyzed with MicroCal ORIGIN Version 7.0 software. All
experiments were performed at least twice.

Size-Exclusion Chromatography Analysis. Purified proteins were
analyzed on a Superdex 200 10/300 GL column (GE Healthcare)
equilibrated with a buffer containing 20 mM Tris-HCl, pH 8.0,
100 mM NaCl, and 5 mM DTT. Protein solutions were injected
onto the column at concentrations of 60–480 �M, and peak
fractions were analyzed by SDS/PAGE. The elution volumes of
molecular weight standards have been used to determine ap-
parent molecular weights.

Multiangle Light Scattering. Purified proteins were characterized
by multiangle light scattering following size-exclusion chroma-
tography (14). Protein at various concentrations (120–480 �M)
was injected onto a Superdex 200 10/300 GL size-exclusion
chromatography column (GE Healthcare) equilibrated in buffer
containing 20 mM Tris-HCl pH 8.0, 100 mM NaCl, and 5 mM
DTT. The chromatography system was connected in series with

an 18-angle light scattering detector (DAWN HELEOS) and
refractive index detector (OptilabrEX) (Wyatt Technology).
Data were collected every 1 s at a flow rate of 0.25 mL/min at
ambient temperature. Data analysis was carried out using the
program ASTRA, yielding the molar mass and mass distribution
(polydispersity) of the sample.

Docking of Crystal Structures into the EM Map. Nucleoporin crystal
structures were docked into a negative-stain EM reconstruction
envelope of the Saccharomyces cerevisiae Nup84 complex (15)
using algorithms from the Situs (16) and Chimera (17) packages.
The following crystal structures were used for rigid-body dock-
ing: Nup85�Seh1 (PDB ID code 3F3F) (18), Nup133 N-terminal
domain (PDB ID code 1XKS) (19), Nup107�Nup133 C-terminal
domains (Nup107 is the human homolog of yeast Nup84) (PDB
ID code 3CQC) (20), Nup120 (PDB ID code 3F7F) (21), and
Sec13�Nup145C� Nup84 NTD (PDB ID code 3IKO, present
study).

Illustrations and Figures. Figures were generated using PyMOL
(www.pymol.org) and Chimera (17). The molecular surfaces
were calculated using MSMS (22), and the electrostatic potential
was calculated using APBS (23). Sequence alignments were
generated using ClustalX (24) and colored with Alscript (25).
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Fig. S1. Crystallographic analysis of the Sec13�Nup145C�Nup84 NTD crystals. The asymmetric unit harbors three copies of the Sec13�Nup145C�Nup84 NTD
heterotrimer that interact with each other in a head-to-tail fashion and are related by an approximate 32-screw axis. A 90°-rotated view is shown on the right.
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Fig. S2. Dynamic behavior of Sec13�Nup145C and Nup84 NTD in solution. Size-exclusion chromatography analysis of (A) the Nup84 NTD and (B) the
Sec13�Nup145C�Nup84 NTD complex. All proteins were injected at the indicated concentrations. The elution volumes of molecular weight standards (orange
arrows) and the dimer peak positions (green arrows) are illustrated. The inset displays the magnifications of the dimer peaks. Determination of molecular masses
by multiangle light scattering of (C) the Nup84 NTD and (D) the Sec13�Nup145C�Nup84 NTD complex. The 90° light-scattering signal is plotted against the elution
volume and is overlaid with the determined molecular masses for the selected peaks. The small peak eluting after the principal peak in B and D corresponds to
excess Sec13�Nup145C. Compared to A and B, the peak positions in the light scattering experiments are shifted due to the larger delay volume. (E) Sedimentation
velocity analysis of the interaction between Sec13�Nup145C and Nup84 NTD. Sedimentation coefficient distributions of the Nup84 NTD (purple), of the
Sec13�Nup145C nucleoporin pair (blue), and the Sec13�Nup145C�Nup84 NTD complex (magenta). Due to the small fraction of the dimeric species in solution
combined with the low protein concentration dictated by analytical ultracentrifugation, the dimeric species were only barely detectable. The sedimentation
positions of the dimeric species are indicated by arrows in the same color scheme. The residuals of the fits for the three experiments are shown on the right. The
molecular masses determined by the various techniques are summarized in Table S2.
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Fig. S3. Multispecies sequence alignment of Nup84 homologs. The numbering below the alignment is relative to S. cerevisiae Nup84. The overall sequence
conservation at each position is shaded in a color gradient from yellow (60% similarity) to red (100% identity) using the Blosum62 weighting algorithm. The
secondary structure is indicated above the sequence as blue boxes (� helices), gray lines (coil regions), and gray dots (disordered residues). The positions of the
two residues (Ile-206 and Met-210, located in helix �H) that abolish complex formation with Nup145C when mutated to Asp are indicated by green dots.
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Fig. S4. Isothermal titration calorimetry (ITC) analysis of the Sec13�Nup145C�Nup84 NTD complex. The Nup84 NTD was titrated against the Sec13�Nup145C
complex. The dissociation constant (Kd), the binding enthalpy (�H), and the entropy (T�S) were derived by curve fitting using the single-site model.
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Fig. S5. Structural comparison of Nup145C�Nup145C homodimers and Nup145�Nup84 heterodimers. (A) Conformation of Sec13�Nup145 in the Sec13�Nup145C
hetero-octamer. (B) Conformation of Sec13�Nup145 in the Sec13�Nup145C�Nup84 NTD heterotrimer. (C) Superposition of the Sec13�Nup145 conformations in A
and B. The structural alignment is based on Sec13 and the upper arms of the Nup145C solenoid that form a relatively rigid unit. (D) The inset shows the solenoid
subdomain (helices �F–J) and the characteristic bent helix �E that undergo conformational changes upon Nup84 NTD binding.
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Movie S1 (MOV)

Movie S1. Rotating structure of Sec13�Nup145C�Nup84 in ribbon representation.
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Movie S2 (MOV)

Movie S2. Rotating structure of Sec13�Nup145C�Nup84 in surface representation.
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Movie S3 (MOV)

Movie S3. Rotating electron microscopy envelope with docked heptamer nucleoporin structures.
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Table S1. Crystallographic analysis

Crystal 1 native Crystal 2 [Ta6Br12]2� Crystal 3 K2OsO4 Crystal 4 SeMet

Data collection
Synchrotron APS* APS APS APS
Beamline GM/CA-CAT 23ID-D GM/CA-CAT 23ID-D GM/CA-CAT 23ID-D GM/CA-CAT 23ID-B
Space group P212121 P212121 P212121 P212121

Cell dimensions
a, Å 101.4 101.4 101.4 101.4
b, Å 194.1 192.0 193.4 193.4
c, Å 327.8 321.6 324.7 324.6
�, ° 90 90 90 90
�, ° 90 90 90 90
�, ° 90 90 90 90

Ta peak Os Peak Se Peak
Wavelength, Å 1.14006 1.25477 1.14016 0.97951
Resolution, Å† 50.0–3.2 (3.31–3.20) 50.0–5.3 (5.49–5.30) 50.0–6.0 (6.21–6.00) 50.0–4.0 (4.14–4.00)
Rsym, % 11.5 (52.5) 11.7 (52.0) 10.4 (41.0) 10.3 (47.5)
�I/�I� 16.1 (2.0) 14.3 (2.7) 15.9 (1.9) 14.7 (2.3)
Completeness, % 96.5 (75.9) 99.8 (98.7) 95.9 (72.1) 96.8 (99.8)
Redundancy 7.5 (4.9) 6.9 (5.0) 6.9 (4.2) 6.6 (4.6)

Refinement
Resolution, Å 50.0–3.2
No. reflections 97,899
Test set 9,887 (9.2%)
Rcryst/Rfree, % 23.4 / 27.3
No. of atoms 27,039

rmsd
Bond angles, ° 1.5
Bond lengths, Å 0.010
Ramachandran statistics‡

Most favored, % 79.2
Additionally allowed, % 19.4
Generously allowed, % 1.4

Disallowed (%) 0.0

*APS, Advanced Photon Source, Argonne National Laboratory.
†Values for the highest-resolution shell are shown in parentheses.
‡As determined by Procheck.
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Table S2. Biophysical analysis of oligomerization

SEC* AUC† MALS‡ Calculated

Nup84 NTD

Monomer, kDa 80 57 � 2 50 � 0 53.4
Dimer, kDa 190 120 100 � 3 106.8
Concentration, �M 60–480 20 120–480
Concentration, mg/mL 3–25 1 6–25

Sec13�Nup145C�Nup84 NTD

Monomer, kDa 215 134 � 5 126 � 2 137.7
Dimer, kDa 560 295 249 � 5 275.4
Concentration, �M 60–480 6 120–480
Concentration, mg/mL 8–66 1 16–66

*Size-exclusion chromatography. Molecular weight standards have been used to determine the apparent molecular weights.
†Analytical ultracentrifugation. Accurate molar masses of the monomers determined by analytical ultracentrifugation are given with their standard deviation.
Dimers were barely detectable at the analyzed concentrations.

‡Multi-angle light scattering. Reported errors are standard deviation and result from three independent experiments.
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