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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Purification of the endogenous Nup84 complex

To purify the native S. cerevisiae Nup84 complex, we used a strain in which the Nup84-
encoding gene was genomically tagged with PrA preceded by the human rhinovirus 3C
protease (ppx) target sequence (GLEVLFQGPS). Harvested cells, grown in YPD at
30°C, were frozen in liquid nitrogen and cryogenically lysed in a Retsch PM 100
planetary ball mill (http://lab.rockefeller.edu/rout/protocols). A total of 10-20 g of frozen
cell powder were resuspended in 9 volumes of resuspension buffer (20 mM Hepes/KOH
pH 7.4, 500 mM NaCl, 2 mM MgCly, 0.1% (w/v) CHAPS, 1 mM DTT, 1/500 (v/v)
Protease Inhibitor Cocktail (Sigma)). Cell lysate was clarified by centrifugation at 20,000
g for 10 minutes. IgG Ab conjugated magnetic beads (Invitrogen) at a concentration of
50 pL slurry/g of frozen powder were added to the clarified cell lysate and incubated for
30 minutes at 4°C. Beads were washed three times with 1 ml of resuspension buffer
without protease inhibitors. Beads were resuspended in 10 pL of buffer and 3 pg of ppx
protease were added. Beads were incubated at 4°C for 45 minutes with constant
agitation. A magnet was used to separate the beads from the supernatant, 100 pL of
digestion buffer were used to wash the remaining beads, and the total volume of sample
was then centrifuged at 20,000 g for 10 minutes. The sample was then processed for

cross-linking as described in the Experimental Procedures section.



Bayesian scoring function

The Bayesian approach (1) estimates the probability of a model, given information
available about the system, including both prior knowledge and newly acquired
experimental data. The model M =(X,{¢,}) includes the structure coordinates X and
additional parameters {¢,} . Using Bayes’ theorem, the posterior probability p(M I D,I),
given data D and prior knowledge 1, is p(M|D,I)e< p(DIM,[)p(M,I), where the
likelihood function p(DIM,I) is the probability of observing data D, given I and M,
and the prior is the probability of model M , given . To define the likelihood function,
one needs a forward model that predicts the data point (i.e., the presence of a cross-link
between two given residues) given any model M , and a noise model that specifies the
distribution of the deviation between the observed and predicted data points. The

Bayesian scoring function is the negative logarithm of p(DIM,I)p(M 1), which ranks

the models identically to the posterior probability.

Briefly, the forward model f, is computed as the probability of randomly picking two

n

points . and f, within the spheres centered on the C, atoms of the cross-linked
residues, with coordinates r, and r;, with unknown radii o; and o,, such that the

: the radii

distance between them 7, is lower than the maximum cross-linker length /,, ;

o, and o, are proxies for the uncertainty of forming a cross-link, given structural model

X . To reduce the number of parameters in the model, we utilized a single uncertainty

parameter ¢ for all residues. We imposed I,, =21 A and 16 A for the DSS and EDC

cross-linkers, respectively.



The likelihood function for a cross-link d, is p(d, | X, )=y -(1-f,(X)+ f,(X)-(1-y),
where y is the uncertainty of observing a cross-link that is approximately equal to the
fraction of false-positive cross-links. We set y to 5%. The joint likelihood function
p(DIM,I) for a dataset D={d,} of N,, independently observed cross-links is the
product of likelihood functions for each data point. When multiple residue pairs

(n,n+1,....) are assigned to an individual cross-link observation, the ambiguity is taken

account for by the following compound likelihood p(d,,., 1X,I)=1 —H(l -p(d 1X,I)).

n

The model prior p(M 1) is defined as a product of the priors p(X) and p(c) on the
structural coordinates X and uncertainty o, respectively. The prior p(X) includes the

excluded volume restraints, the sequence connectivity restraints, the EM2D restraint,
and a weak restraint whose score depends linearly on the distance between cross-

linked residues, with a slope of 0.01 &, p(o) is a uniform distribution over the interval

[0,100].

A detailed description of the representation, scoring function, and sampling is described

elsewhere (2, 3).



EM 2D Restraint and Scoring Function

The EM 2D restraint fits a given model to an EM class average (4) and computes a
score that quantifies the match (5). The computation proceeds in three stages: (i)
generation of alternative model projections, (ii) alignment of the class average and each

model projection, and (iii) calculation of the fitting score for each projection.

Projection generation. The highest resolution bead representation of the evaluated
model is used (Figure S3). The electron density of each bead is represented by a 3D
Gaussian function projected onto a 2D grid. The pixel size of the resulting projection
image is equal to the pixel size of the class average (5.9A). The intensity of each grid

point is:

. m _(AI‘)2
Pi;= \/ﬂozexp[ s ]

where m is the mass of the bead, Aris the distance between the bead center and the (i,
J, k) point in 3D space, and ¢ is 0.425 times the resolution of the EM class average (30
A here) (6). For sufficient coverage, 400 projections are generated by uniform sampling
of the unit sphere (7). In the subsequent evaluations of the scoring function, to save
time only projections that are within 20 degrees on the unit sphere from the previously
selected best projection are considered; this periodic update is possible because the
model changes slowly during sampling. All projections are calculated from scratch every

100 model sampling iterations.

Alignment of the class average and model projection. The projections and the class
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average are segmented to identify the pixels originating from the modeled system, using
thresholding and connected component labeling (8). Next, the principal axes of the
segmented areas are computed. Each projection is aligned efficiently to the class

average using only the principal axes of the segmented areas.

Calculation of the fitting score. For each pair of the aligned class average and a
projection, the score is calculated as the cross-correlation coefficient between the two
images. The final restraint score is the negative logarithm of the highest cross-
correlation coefficient. The relative weight of the EM 2D restraint in the total score of a
model was set to 500 based on an enumeration of the weight, requiring reasonable

satisfaction of all types of restraints.



SUPPLEMENTAL TABLES
Supplemental Table S1. DSS cross-linking MS data (attached separately)

Note that only the identification with the best score is shown.

Supplemental Table S2. EDC cross-linking MS data (attached separately)

Note that only the identification with the best score is shown. We were unable to
unambiguously locate the conjugation sites for ~20% of the EDC cross-links, because
many result from peptides containing consecutive and/or adjacent carboxylic acids.
These ambiguities were accounted for in our modeling calculations, resulting in 123

possible EDC cross-links used for further analysis.



A 59 DSS cross-links 47 EDC cross-links
: - : - Median . - g 5 Median
Protein 1 Residue 1| Protein 2 Residue 2 Protein 1 Residue 1| Protein2 Residue 2
Distance [A] Distance [A]
Sec13 245 Nup85 2 773 Nup133 253 Nup84 340 201.6
Sec13 183 Seh1 198 71.8 Sec13 2 Nup120 990 753
Sec13 252 Nup85 734 69.9 Nup145c 141 Seh1 284 72.7
Nup145c 39 Nup85 163 64.4 Nup145c 39 Nup85 164 64.2
Nup145¢ 43 Nup85 163 63.7 Nup85 705 Seh1 144 59.2
Nup85 60 Nup145c 43 62.8 Sec13 2 Seh1 279 5552
Nup85 718 Seh1 198 59.7 Nup145c 62 Nup85 2 529
Nup133 966 Nup84 625 56.5 Nup145c 63 Nup85 2 529
Nup145c¢ 1 Nup85 163 55.0 Sec13 2 Nup145c¢ 283 527,
Nup145¢ 39 Nup85 2 53.2 Seh1 40 Nup145¢ 44 413
Seh1 207 Nup85 2 494 Nup85 536 Nup145c 70 40.9
Seh1 212 Nup85 2 45.9 Nup145c¢ 39 Nup85 715 40.8
Sec13 2 Seh1 198 45.8 Seh1 79 Nup85 2 40.4
Nup145c 59 Nup85 680 39.7 Nup145c 39 Nup85 717 36.5
Nup85 680 Nup145c¢ 43 39.7 Sec13 2 Seh1 141 32.0
Sec13 83 Nup145c 649 395 Nup145c 43 Seh1 138 30.8
Nup145c¢ 39 Nup85 680 389 Nup145c¢ 39 Seh1 138 29.6
Seh1 236 Nup85 2 383 Nup145c¢ 39 Nup85 587 248
Seh1 100 Nup85 2 349 Nup145c¢ 39 Seh1 141 248
Seh1 40 Nup85 564 346 Nup145¢ 43 Seh1 141 24.7
Sec13 2 Nup145c 141 344 Nup84 154 Nup145c 335 24.0
Nup145c¢ 59 Nup85 564 273 Nup84 154 Nup145c¢ 338 20.1
Nup145c¢ 1 Nup85 564 254 Nup133 936 Nup84 713 20.0
Seh1 1 Nup85 163 247 Sec13 282 Nup145c 438 194
Sec13 244 Nup145c 437 238 Sec13 2 Nup145c¢ 22 19.3
Nup145c¢ 183 Sec13 282 23.7 Nup85 585 Nup145c¢ 42 189
Nup145c¢ 694 Nup85 729 235 Sec13 2 Nup145c 42 183
Inter- Nup85 438 Seh1 244 225 Sec13 2 Nup145c¢ 60 183
molecular Nup120 972 Nup85 729 225 Nup84 712 Nup133 935 18.0
i Nup120 972 Nup85 734 223 Seh1 40 Nup85 2 17.6
cross-links Nup120 943 Nup145¢ 672 220 Nup84 143 Nup145¢ 335 17.1
Seh1 34 Nup85 2 219 Nup145c 43 Nup85 587 17.0
Nup120 972 Nup85 733 20.6 Sec13 2 Nup145¢ 72 16.8
Nup120 972 Nup145c 694 20.6 Sec13 2 Nup145c 61 16.8
Nup120 972 Nup145c 681 20.1 Sec13 282 Nup145c¢ 179 16.6
Nup120 943 Nup145c¢ 681 19.6 Sec13 283 Nup145c¢ 437 15.5
Sec13 2 Nup145c 39 193 Sec13 2 Nup145c 164 14.4
Sec13 31 Nup145c¢ 141 19.0 Seh1 2 Nup85 34 141
Seh1 236 Nup85 64 189 Seh1 1 Nup85 33 13.9
Nup133 936 Nup84 712 18.8 Seh1 1 Nup85 32 139
Sec13 2 Nup145c¢ 59 183 Sec13 10 Nup145c¢ 164 134
Sec13 2 Nup145c 43 18.3 Nup85 17 Seh1 1 12.2
Sec13 282 Nup145c 437 18.2 Seh1 1 Nup85 4 122
Seh1 40 Nup85 2 17.6 Nup85 2 Seh1 1 122
Sec13 288 Nup145c 437 16.3 Sec13 286 Nup145c 437 11.7
Sec13 2 Nup145c¢ 163 15.8 Seh1 2 Nup85 4 10.8
Sec13 282 Nup145c 174 15.7 Seh1 2 Nup85 5 108
Sec13 65 Nup145c 509 14.9
Seh1 1 Nup85 39 139
Seh1 1 Nup85 30 13.9
Seh1 1 Nup85 89 13.1
Sec13 44 Nup145c 168 13.0
Seh1 1 Nup85 2 12.2
Nup145c¢ 353 Nup84 154 121
Sec13 2 Nup145c 168 12.0
Seh1 2 Nup85 1 108
Sec13 277 Nup145c 174 10.7
Sec13 34 Nup145c 168 10.3
Sec13 2 Nup145c 174 9.5

Supplemental Table S3. (A) The median distances of the inter-molecular cross-
links calculated using the 6,520 solutions.

Violated cross-links are highlighted in orange.
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B 104 DSS cross-links 76 EDC cross-links
Protein 1 Residue 1| Protein2 Residue2 DI:‘II‘;“W Protein 1 Residue 1| Protein 2 Residue 2
Nup8s 203 Nup8s 2 622 Nupi33 936 | Nupi33 392
Nup85 231 Nup8s 2 545 Nup145¢ 593 Nup145¢ 201
Nup133 506 Nup133 59 386 Nup133 946 Nup133 1097
Nup133 1072 Nup133 936 306 Nup145¢ 250 Nup145c 213
Nup85 85 Nup8s 2 266 Nup84 544 Nup84 565
Sec13 2 Sec13 3 248 Nup133 936 Nup133 952
Nup133 59 Nup133 5 242 Nup133 1072 Nup133 1032
Nup84q 573 Nup84 544 238 Nup145¢ 39 Nup145¢ 61
Nup84 592 Nup84 560 234 Sec13 2 Sec13 47
Nup145c 183 Nup145¢ 174 232 Nup84 143 Nup84 164
Nup8d 544 Nup84 670 230 Nupl20 400 | Nup120 = 441
Nup133 191 Nup133 239 228 Seh1 207 Seh1 279
Nup133 1034 Nup133 946 28 Seh1 207 Seh1 283
Nupi33 613 | Nup133 = 946 27 Nup85 30 Nup8s 164
Nup133 544 Nup133 488 222 Nup133 913 Nup133 = 1097
Nup85 ns Nup8s 734 22 Nup145¢ 215 Nup145¢ 187 182
Nup85 718 Nup85s 733 221 Nup133 946 Nup133 935 178
Nup145¢ 593 Nup145¢ 694 218 Nup145¢ 9N Nup145c 70 17.3
Nup133 532 Nup133 488 27 Nup120 865 Nup120 894 172
Nup145¢ 1 Nup145c 43 216 Nup120 865 Nup120 898 17.2
Nup120 17 Nup120 735 213 Nup145¢ 642 Nup145¢ 686 16.7
Nup145¢ 668 Nup145¢ 593 212 Nup145¢ 7N Nup145¢ 60 16,5
Nup133 946 Nup133 912 208 Nup145¢ 9N Nup145¢ 44 16.5
NupldSc 183 | Nupl4sc = 197 205 Nup120 38 Nupi20 = 429 164
Nup145¢ 1 Nup145¢ 39 202 Nup133 913 Nup133 989 164
Seh1 207 Seh1 198 202 Nup120 735 Nup120 403 16.2
Nup85 60 Nup85s 39 201 Seh1 37 Seht 89 16.2
Nup85 39 Nup8s 60 201 Nup85 87 Nup85 59 16.2
Nup133 168 Nup133 191 198 Nup145¢ 39 Nup145¢ 60 16.2
Nup85 60 Nup8s 2 198 Nupl4Sc 672 | Nupl4sc = 700 162
Nup84 23 Nup84 14 19.8 Nup133 1142 Nup133 1068 16.0
Nup133 1072 Nup133 1035 195 Nup145¢ 681 Nup145¢ 700 16.0
Nup145¢ 683 Nup145¢ 672 192 Nup145¢ 681 Nup145¢ 704 16.0
Seh1 40 Seht 34 19.1 Nup133 912 Nup133 1097 158
Nup145¢ 642 Nup145¢ 694 188 Nup120 400 Nup120 440 158
Nup145¢ 694 Nup145¢ 649 188 Nup133 187 Nup133 127 158
Nup120 400 Nup120 735 187 Seh1 201 Seh1 279 155
Nup133 1072 Nup133 1034 187 Seh1 201 Seh1 283 155
Nup85 30 Nup8s 163 185 Nupl20 206 | Nup120 = 219 147
NupidSc 67 | NupldSc = 43 185 Nupl33 486 | Nupi33 = 442 145
Nup84 602 Nup84 544 17.7 Nup133 484 Nup133 442 145
Nup120 735 Nup120 412 176 Nup133 103 Nup133 131 142
Sec13 2 Sec13 34 174 Nup133 103 Nup133 130 14.2
Nup84 23 Nup84 460 172 Nupl33 394 | Nup133 | 454 142
Nup85 680 Nup85 734 171 Nup133 142 Nup133 1069 14.2
Nup8S5 89 Nup8s 2 170 Nup133 168 | Nup133 131 14.0
Nup85 247 Nup8s 237 168 Nupl20 735 Nupi20 = 405 14.0
Nup145¢ 642 Nup145c 681 16.7 Nup145¢ 309 Nup145c 293 139
Nup145¢ 642 Nup145¢ 683 16.7 Sec13 277 Sec13 294 139
Intra- Nup145¢ 284 Nup145¢ 357 16.7 Nup133 506 Nup133 562 136
Nup85 39 Nup8s 2 166 Nup133 mn Nup133 127 135
molecular | o0 30 Nup8s 1 166 Sehl 198 Seh 279 134
cross-links | nupss 30 Nup8s 2 166 Nup84 544 Nup84 598 129
Seh1 248 Seht 207 164 Secl3 2 Sec13 37 127
Nup145¢ 48 Nup145c 39 16.2 Nup145¢ 219 Nup145c 231 122
Nup145¢ 59 Nup145¢ 39 16.2 Nup133 1144 Nup133 1068 120
Nup145¢ 694 Nup145¢ 672 16.2 Nup145¢ 193 Nup145¢ 223 120
Nup84 20 Nup84 459 16.1 Nup120 400 Nup120 523 1.6
Nup145c 681 Nup145¢ m 16.0 Nup145¢ 183 Nup145¢ 23 16
Nup145¢ 654 Nup145¢ 681 16.0 Secl3 186 Sec13 239 1.6
Nup145¢ 707 Nup145¢ 681 16.0 Nup84 143 Nup8g4 175 1.5
Sec13 277 Sec13 249 159 Sec13 22 Sec13 /N 1na
Nup84 669 Nup84 712 159 Nup8$ 85 Nup8s 63 13
Nup133 m Nup133 191 156 Nup145¢ 183 Nup145¢ 226 10.7
Sec13 252 Sec13 245 155 Sec13 288 Sec13 250 105
Nup120 400 Nup120 531 155 Nup133 480 Nup133 63 10.2
Nup133 278 Nup133 239 149 Seh1 37 Seh1 92 101
Nup84 573 Nup84 560 147 Nup145¢ 193 Nup145¢ 220 9.9
Nup120 206 Nup120 217 147 Nup84 619 Nup84 599 9.9
Nupi33 488 | Nup133 = 442 145 Nup84 592 Nupg4 626 97
Nup133 s Nup133 59 143 Nup120 17 Nup120 an 96
NupldSc 227 | Nupl4sc 183 142 Nup84 143 Nupg4 173 79
Nup120 972 Nup120 963 142 Nup133 m Nup133 195 72
Nup145¢ 204 Nup145¢ 532 139 Sec13 22 Sec13 39 64
Nup84 66 Nup84 382 134 Sec13 2 Sec13 4 53
Nup85 102 Nup8s 163 134 Nup133 m Nup133 197 51
Seh1 1 Seht 40 134
Nup84 460 Nup84 20 129
Sec13 e Sec13 2 128
Seh1 182 Seht 198 125
Sec13 244 Sec13 288 123
Nup84 114 Nup84 107 122
Nup120 17 Nup120 412 122
Nup120 400 Nup120 530 18
Sec13 288 Sec13 245 1n4
Nup84 592 Nup84 625 13
Nup85 85 Nup85 64 n3
Nup8S 247 Nup8s 345 1.0
Nup85 536 Nup85 564 105
Nup145¢ 360 Nup145¢ 353 105
Nup84 669 Nup84 676 102
Nup145¢ 163 Nup145c¢ 174 101
Nup120 384 | Nup120 = 362 94
Nup8S 231 Nup85 238 88
Nup8S 729 Nup8s 734 85
Sec13 288 Sec13 249 83
Seh1 236 Seh1 212 79
Seh1 82 Seh1 100 6.9
Nup145¢ 236 Nup145¢ 219 66
Seh1 108 Seht 79 6.2
Nup85 729 Nup8s 733 6.1
Nup133 973 Nup133 976 52
Nup133 966 Nup133 963 47
Sec13 186 Sec13 172 44




Supplemental Table S3. (B) The median distances of the intra-molecular cross-
links calculated using the 6,520 solutions

Violated cross-links are highlighted in orange.
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Numbe.r of Cluster Number of Precision
constrained Index structures | (dRMSD) [A]
interfaces
3 1 1,257 15.4
2 1,010 12.7
0 1 577 14.8
2 404 10.8

Supplemental Table S4. Precisions calculated on the hub region
The precisions of each dominant cluster of solutions, obtained with and without the 3

crystallographic dimer constraints, were calculated considering only the five subunits in

the hub region.
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Number of . .
. Cluster Number of Precision
co nstrained Index structures | (dRMSD) [A]

interfaces

3 1 5,064 17.3

2 1,475 17.3

0 1 2,885 17.3

2 1,401 19.2

Supplemental Table S5. Overall precisions of the solutions
The precisions of each dominant cluster of solutions, obtained with and without the 3
crystallographic dimer constraints, were calculated considering all subunits of the

Nup84 complex.
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i Vol Resi Resid
NUREA complex Estimated olume esidue esidue
components Volume Threshold number number
P (from sequence) (x 2.5) beginsat ends at
Nup84 110,189 275,473 1 726
Nup85 102,719 256,798 1 744
Nup120-NTD 98,861 247,153 1 712
Nup120-CTD 45,771 114,428 713 1037
Nup120 (whole) 144,632 361,580 1 1037
Nup133 161,305 403,263 1 1157
Nup145¢c-NTD 16,617 41,543 1 125
Nup145c-middle 59,693 149,233 126 553
Nup145¢-CTD 21,819 54,548 554 712
Nup145c (whole) 98,129 245,323 1 712
Seh1 47,336 118,340 1 349
Sec13 39,980 99,950 1 297
i 704,290 1,760,725
complex

Supplemental Table S6. Volume thresholds used for the localization density maps
of the Nup84 complex components

The volume of each Nup84 complex component was estimated from sequence in the
units of A3 (http://www.basic.northwestern.edu/biotools/proteincalc.html). Each volume
was then multiplied by 2.5 to obtain the volume threshold for contouring the localization
density map.
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1
2 4304
3 -3431
4 -3053
5 -2398
6 -2239
7 2237
8 1217
9 4138
10 -384
1 342
12 225
13 19
14 152
15 119
16 -116
17 99
18 97
19 94
20 -9
21 87
22 63
23 -6
24 45
25 41
26 4
27 36
28 33
29 33
30 -31
31 -3
32 28
3 27
34 26
3% 23
36 22
37 -2
38 -2
39 19
40 19
41 18
42 138
43 16
4 16
45 16
46 15
47 14
435 14
49 14
50 -14
51 13
52 13
53 13
54 13
55 12
56 12
57 12
58 12
59 11
60 -11
61 11
62 11
63 11
64 -1

M e e e e e e e e e e e A A A A A A NNNNNNNNNNWWE WR D

140.8
321

1904
114.9

B A N e e e e A A NS A RN A A AN AN A a2 A NNNNWNN R WW WD,
=
-

YKR082W
YGL092W
YDL116W
YKL057C
YLR208W
YJRO42W
YGL100W

splALBU_BOVIN|
YJRO09C
YLL024C
spITRY1_BOVIN|
YCRO012W
YDL229W
splK1C10_HUMAN|
YBR118W
YIL148W
YMLO63W
YLR340W
splK2C1_HUMAN|
YLR018C
YCR031C
YBR191W
YHR203C
YMLO31W
YNL178W
YLR044C
YLR407TW
YBR145W
YKL060C
YMR116C
YLLO04W
YDR233C
YFRO31C-A
YDROG4W
YLR454W
YHR174W
YHR207C
YBRO48W
YLRO48W
YLL034C
YJR123W
YLR225C
YOL151W
YMR131C
YMR237W
YMR199W
YMR264W
YLR260W
YGLOOGW
YHR021C
YDL126C
YNL312W
YBRO76W
YALO38W
YEL054C
YGL202W
YMR153W
YKLOB6W
YER050C
Q0075
YPL137C
YDR287TW
YER190W
YBLO37W

NUP133
NUP145
NUP84
NUP120
SEC13
NUP85
SEH1
Serum albumins
TDH2
SSA2
Cationic trypsin
PGK1
SSB1
K1C10_HUMAN (keratin)
TEF2
RPL40A
RPS1B
RPPO
K2C1_HUMAN (keratin)
POM34
RPS14A
RPL21A
RPS4B
NDC1
RPS3
PDC1
YLR407W

RSM18
Al5_BETA
GIP3
YDR287W
YRF1-2
APL3

Supplemental Table S7. Protein partners of the Nup84 complex identified

X!Tandem. The FPR of the identification was estimated to be 0.79%.
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SUPPLEMENTAL FIGURES

DSS EDC
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Supplemental Figure S1. Nup84 complex pullout and optimized cross-linking
titrations by either DSS or EDC cross-linker

The Nup84 complex was immuno-purified, natively eluted, and titrated to find the
optimal cross-linking conditions that show shifting of the complex bands without causing
over-crosslinking. On the left, SDS-PAGE gel showing cross-linking titration using 1 mM
DSS and different time points (T, in minutes). On the right side, SDS-PAGE gel showing
cross-linking titration using increasing concentrations (C, in mM) of EDC. Approximately
0.5 ug of complex per point were used. The time or concentration point selected for
further analysis is identified with a red line and arrow. The identity of the proteins is
shown in the middle (tagged protein in blue) and the molecular size reference on the

left.
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Supplemental Figure S2. Correlation between the number of cross-links and the
accuracy of dimer models

Scores (i.e., the sum of excluded volume and cross-link restraint scores) are plotted as
a function of the C, dRMSD of the Nup145c-Sec13 dimer models with respect to the

crystallographic interface (PDB code 3IKO (9)).
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81 Segments

39 structured | 42 disordered and/or

7 Components 10 Rigid domains segments unknown segments
with templates

begins  ends |begins  ends
at at at at beads
L 1
Nup84 (1-726) 7 - 20|21 - 2 1
1-6: flexible string of a bead (DISOPRED) 27 - 80 81 - 9 1
NU p 84 7-436: X-ray 3JRO_C, 3IKO_C (100% seq id) 9% - 126 127 - 135 1
429-488: Model 3F3F_G (10% seqid, HHpred) | 136 - 364 | 365 - 371 1
489-505: flexible string of beads (DISOPRED) | 372 - 484 485 - 505 2
506-726: Model 3CQC_A (18% seq id, HHpred) | 506 - 562 | 563 - 574 1
575 - 726
= = 3
S 1-43:fl anlnpsus m?b(l;sfszsopnm) 4 -2 ]
ﬁ s i 19 O aCACS ) 135 - 427 | 428 - 460 2
6 44-555: X-ray 3F3F_D, 3EWE_D (100% seq id) 461 - 52
Nu p 85 Linker (flexible string of a bead) 530 - 532 1
Nup85 CTD (533-744) 533 - 602 | 603 - 619 1
- 532-655: Model 2QX5_B (18% seq id, HHpred) | 620 - 671 672 - 679 1
Q 532-743 Model 4LCT_A (14% seq id, HHpred) | 680 - 743 | 744 - 744 1
744: flexible string of a bead (PSIPRED)
1 - 29 30 - 52 2
53 - 212 213 - 220 1
Nup120 NTD (1:712) . 221 - 305 | 306 - 310 1
1-712: X-ray 3F7F_A,3HXR_A (100%seqid) | S0 . o0 | 430 - 4390 :
440 - 712
Nup1 20 Linker (flexible string of a bead) 713 - 726 1
727 - 781 | 782 - 804 2
Nup120CTD (727-1037) 805 - 892 893 - 902 1
727-1037: Model 4FHN_B, 4FHN_D 903 - 910 | 9N - 920 1
(14% seq id, HHpred) 921 - 1010 | 1011 - 1022 1
1023 - 1037
1 - 55 3
56 - 78 79 - 85 1
Nup133 NTD (1-480) 86 - 125 126 - 132 1
1-55: flexible string of beads (DISOPRED) 133 - 144 145 - 161 1
56-480: Model VpNup 133 (in press) 162 - 184 185 - 192 1
(46% seq id, Muscle) 193 - 200 | 201 - 205 1
N up 133 206 - 249 | 250 - 257 1
258 480
Linker (flexible string of a bead) 481 - 489 1
4”9::":'::;31(:;0‘1 :ds :L e | 0 - 7@ 704 - m 1
: Mo seq id, HHp!
946-1157: X-ray 3KFO_A (100% seq id) 772 = M55 [ L
Nup145¢ (1-712) T - 125 7
1:125: flexible string of beads (DISOPRED) 126 - 144 | 145 - 150 1
Nup 145c¢ 126-553: X-ray 3IKO_B, 3JRO_A,38G1 B, | 151 - 175 | 176 - 181 1
3BGO_B (100% seq id) 182 - 553 | 554 - 712 8
554-712: flexible string of beads (PSIPRED)
Seh1(1-349) 1 - 248 | 249 - 287 2
Seh1 1-346: X-ray 3F3F (100% seq id) 288 - 346 | 347 - 349 1
347-349: flexible string of a bead (DISOPRED)
Sec13(1-297) = 1
Sec 1 3 1: flexible string of a bead (DISOPRED) 2 - 158 159 - 165 1
2-296: X-ray 2PM7_D (100% seq id) 166 - 296 | 297 - 297 1
297: flexible string of a bead (DISOPRED)

Supplemental Figure S3. Representation of the Nup84 complex proteins for
integrative modeling

The domains of the Nup84 complex subunits were represented by beads of varying
sizes, arranged into either a rigid-body (column 4) or a flexible string (column 5), based
on the available crystallographic structures and comparative models. The linkers

between rigid bodies are highlighted in red, in column 5. The atomic structures for some
18



of the yeast Nup84 complex components and their close homologs have been
previously determined by X-ray crystallography (9-19). For predicted non-disordered
domains of the remaining sequences, comparative models were built with MODELLER
9.13 (20) based on the closest known structure detected by HHPred (21, 22) and the
literature. Secondary structure and disordered regions were predicted by PSIPRED (23,

24) and DISOPRED (25), respectively.
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Supplemental Figure S4. The cross-link validation and normalized contact
frequency maps

(A) Validation of the 163 DSS cross-links (green circle=satisfied, orange
circle=violated), and the normalized contact frequency (scaled in black dots) are plotted
together for each of the two clusters (left and right columns, respectively). The three
crystallographic interfaces were constrained for generating the two clusters.

(B) Validation of the 123 EDC cross-links (green circle=satisfied, orange
20



circle=violated), and the normalized contact frequency (scaled in black dots) are plotted
together for each of the two clusters (left and right columns, respectively). The three

crystallographic interfaces were constrained for generating the two clusters.
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Supplemental Figure S5. The MS/MS spectra of cross-linked peptides

(A) A representative HCD MS/MS spectrum of DSS cross-link (m/z=899.052, z=5)

between the second residue of Sec13 (after cleavage of N-terminal methionine) and

lysine 59 of Nup145c. b and y ions are labeled accordingly.

2

2

(B) A representative HCD MS/MS spectrum of EDC cross-link (m/z=693.547, z=5)
between the 2nd residue of Sec13 and glutamic acid 22 of Nup145c. H* and Y* indicate
immonium ions of histidine and tyrosine, respectively.
(C) A representative ambiguous EDC cross-link spectrum (m/z=1025.273, z=5) in which

either aspartic acid 130 or glutamic acid 131 is potentially cross-linked.



(D) A representative MS/MS spectrum (m/z=602.573, z=5) of a false positive EDC
cross-link of Nup84(669) - Nup84(673) identified by the software. The peptide was
misassigned as an intra-molecular EDC cross-link and could be distinguished by the y

ions (y10-y14).
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A 3,413 solutions 3,107 solutions
from runs 1-10 from runs 11-20

Nup120 Nup85

Supplemental Figure S6. Thoroughness of sampling good-scoring solutions

(A) The thoroughness of configurational sampling was assessed by comparing a subset
of 3,413 solutions from runs 1-10 to another subset of 3,107 solutions from independent
runs 11-20. Each subset of solutions was converted into a density map of any volume
element being occupied by a given protein (the ‘localization density map’) using VMD
(26), contoured at the threshold that results in 2.5 times its volume estimated from
sequence (Supplemental Table S6). Importantly, the two localization density maps were
similar to each other, demonstrating that the sampling is likely to have sampled well all

solutions that satisfy the input restraints.
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Supplemental Figure S7. An ensemble of solutions without constraining the 3
crystallographic interfaces

Modeling calculations were repeated by omitting the three crystallographic interface
constraints (14, 18, 27). The localization density maps of the Nup84 subunits (solid
contour surfaces) and the entire complex (transparent surfaces) were then computed
using the resulting 4,286 solutions, and contoured at the threshold of approximately 3
times its volume estimated from sequence. The similarity of this localization probability
map to that obtained with the 3 crystallographic interface constraints validates the in
vivo relevance of the crystallographic interfaces.

(A) A representative single Nup84 complex structure (colored ribbon) is shown along
with the localization density maps of the individual subunits.

(B) The localization density maps of the two clusters (comprising 577 and 404 solutions,
respectively) computed on the hub region (Nup120-CTD, Nup85, Nup145c, Sec13, and
Seh1) are shown.

(C) Front and back views of the localization density maps of the Nup84 subunits and the

entire complex.
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&)
Sec13—
& \ ] " Nup145c

Nup84 — )

~
\—-J Nup133

Domain mapping + 2D EM CX-MS + 2D EM Negative stain 3D EM
(Fernandez-Martinez et. al. 2012) (this study) (Kampmann et. al. 2009)

Supplemental Figure S8. Assessment of the CX-MS integrative Nup84 complex
structure through comparison with previously determined structures using other
sources of data

(LEFT) For comparison, a localization density map in our previous study is shown,
calculated primarily using the domain mapping data and the EM class average (27).
(MIDDLE) The molecular architecture presented in this study is shown, calculated
primarily using the CX-MS and the EM class average.

(RIGHT) A negative-stain EM 3D map is shown for the same complex, generated from

single particle EM reconstruction (28).

For Supplemental Figures S9-S11, the annotated spectra are separately attached.
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Supplemental Figure S9. 163 Unique MS/MS HCD spectra of DSS cross-links
reported in the current study (prepared by spectrum viewer pLabel 2.4, attached
separately)

The MS2 tolerance is < 20 ppm.

Supplemental Figure $10. 104 Unique MS/MS HCD spectra of EDC cross-links
reported in this study (prepared by spectrum viewer pLabel 2.4, attached
separately).

The MS2 tolerance is < 20 ppm. We were unable to unambiguously locate the
conjugation sites for ~20% of the EDC cross-links, because many result from peptides
containing consecutive and/or adjacent carboxylic acids. These ambiguities were
accounted for in our modeling calculations, resulting in 123 possible EDC cross-links

used for further analysis.

Supplemental Figure S11. A few examples of potential false positive
identifications at expected 5% FDR after use of additional filters/ manual
verification of the spectra (prepared by spectrum viewer pLabel 2.4, attached
separately).

The MS2 tolerance is < 20 ppm.
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Unique DSS crosslinks

In solution In gel

Supplemental Figure $S12. A comparison of in-gel and in solution digestion of the
unique DSS cross-linked peptides identified from the Nup84 cross-linked

samples.
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