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Details of the simulation protocol used for the determination of ERNST

The ensemble was generated using an in-house modified version of the molecular simulation
package CHARMM (version ¢35). The X-ray crystal structure of ubiquitin (1ubq') was protonated
and solvated in a 4 A explicit water shell containing 577 TIP3P water molecules. The shell was
maintained during the simulation using the CHARMM MMFP module’. An atom-based truncation
scheme with a list cutoff of 13 A, a non-bond cutoff of 12 A and a Lennard-Jones smoothing
function initiated at 8 A were used.

The ensemble simulations were carried out with a time step of 1fs and consisted of 12 simulated
annealing cycles with Tyin = 300 K and Tyax = 500 K. The first of such cycles was started, using
different random seeds for each ensemble members from N copies of the X-ray structure of the
ubiquitin (lubq). The final N configurations were saved for analysis and used as starting
configurations for the following cycle. The heating and cooling stages had durations of 45 and 90
ps, respectively.

Details of the NOEs and of the implementation of the NOE restraint are available in Ref. 3. Details
of the implementation of the RDC restraint are available in Refs 4 and 5. The 36 sets of NH RDCs
used to restrain the simulations are listed in Ref 6. Given that the globular domain of ubiquitin does
not experience shape changes in the sub-ms timescale’ a single tensor was used to describe the
alignment of the protein in each of the 36 media. The RDCs corresponding to residues in the C-
terminal disordered tail of ubiquitin were not used as restraints. The ensemble, therefore, does not
accurately represent the structural properties of the tail.

The optimal value of N was determined by assessing the ability of the ensembles determined at
increasing values of N to predict the results of independent NMR experiments. The results, show in
Fig S1 for *"Jxc, indicated that N = 64 maximized agreement with experiment; this value was
therefore used for the structure calculations used in this work, that lead to the determination of
ERNST.
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Fig S1: Ability of ensembles determined at increasing values of N to predict *"Jx¢ data.

The CHARMM input files necessary to reproduce the results are available in
http://Imb.irbbarcelona.org or directly from the authors.
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Details of the equations used for the back-calculation of the NMR parameters

The 640 structures of ERNST were aligned relative to one another prior to validation using
backbone RDCs,® scalar couplings® and cross-correlated relaxation rates.®

RDCs (DHNC’ and DNC’)

A single tensor was used to describe the alignment of ubiquitin in each alignment medium. This
was fit to the experimental NH RDCs of residues in elements of secondary structure using single
value decomposition. The level of agreement between ERNST and a given set of RDCs was
computed as quality factor Q.8 The values of Q listed in Table 1 do not include the RDCs of
residues in the tail as their alignment cannot be described by a single tensor.”

Scalar couplings (*J¢)

To quantify the level of agreement of ERNST with scalar couplings related to the backbone torsion
angle ¢ the following RMSD was computed (Eq. 1). In it i iterates through the list of scalar
couplings available for this protein (SJHN_HA, 3JHN_C’, 3JHN_CB, 3JC’_HA, 3JC’_Ca, 3JC’_CB) and j iterates
through the residues for which each type of coupling is available. 4;, B; and C; we taken from Ref 8.

1/2

rus(g,) = 3> ((A,cos* ¢, + Bicosg, +C)- 127 )2

i=1 j=1

(1

Trans-hydrogen bond scalar couplings (3hJNC’)

These couplings were back-calculated using the equation derived by Grzesiek and Barfield'® using
ab initio methods.

Cross-correlated relaxation rates (Rnunn and Rm coria)

The rates of static structures were back-calculated using Eq. 2. In it uy represents the magnetic
susceptibility of vacuum, h Planck’s constant, yx the gyromagnetic ratio of nucleus X, ryy the
distance between nucleus X and H, t. the correlation time of ubiquitin and Oyyyy the angle
between bond vectors XH and YH. The contribution of sub-ms uncorrelated dynamics to Ryunn
was introduced as a correction factor S*°¢ that was computed from ERNST as in Ref 12. It is well-
established that NH order parameters computed from ensembles obtained using RDCs need to be
corrected because part of the motion of the bond vector is absorbed by the tensor optimization
routine.’ This correction was introduced in the calculation of Rxz yr involving NH bond vectors as
Slibr, with a value of 0.95.° In the calculations of RMSD(Ryxz yr) T was optimized to maximize
agreement with experiment; the values of t. obtained in this way were in all cases in agreement
with independent experiments.

h 2 L
Ry vu =(MO )(YXYH )(YYZH )PZ(COSGXH,YH)Lsfgcsflgcs)%*g%r

dx \ g, N\ 1y 5
2
The rates of ensembles were instead back-calculated using Eq. 7."" Angular brackets indicate
ensemble-averaging.
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Experimentally determined values of Ryy,conq data

R carta cross-correlated relaxation rates were measured using experiments previously published.13
Each sub-spectrum of the 3D HNCA type-Rnm.coane measurement of 3 mM 13C, >N-labeled
ubiquitin at pH 6.8 and 308 K was recorded with 85(t;) * 33(t2) * 512(t3) complex points, tjmax=23.5
ms, tmax—=19.3 ms, t3max= 61.1 ms, and inter-scan delay of 1.0 s on a Bruker Avance 600 MHz
spectrometer equipped with a QCI-probe head. The time domain data were multiplied with square
cosine functions in the all dimensions and zero-filled to 2048 * 256 * 2048 complex points. Two
sub-spectra were added and subtracted to yield zero quantum (ZQ) and double quantum (DQ)
spectra, respectively. All processing was done using the program NMRPipe. Intensities of
multiplets in ZQ and DQ spectra were extracted using the program CARA (Rochus Keller,
http://www.nmr.ch).

Res

3
4
5
6
7
8
9

11
12
13
14
15
17
18

RNn,Cata Res
9.7+£1.6 20
-157+£1.5 21
-14.5+£2.2 22
-13.7+1.7 23
-11.7+1.2 25
2.8+2.5 27
99+5.5 28
-6.7x1.1 29
-13.1+34 30
-17.4+£7.0 31
-14.4+1.6 32
-144+1.3 33
-13.1+1.2 34
-148+1.4 36

RN, caHa
-7.5+£0.6

-49+£0.8
-10.1£1.5
-1.8+£1.8
-6.0+£0.9
-29+0.8
-3.9+09
-5.5+£0.8
-46+1.0
-1.3+£1.1
-2.1+£0.7
-6.8 £0.7
-13.1+£1.0
-10.4+0.9

Res

39
40
41
42
43
44
45
46
48
50
51
54
55
56

RN, cota
4.8+0.7

-12.0+0.8
-11.4+1.1
-13.3+2.6
-14.9+£2.1
-15.0+£23
-12.6+1.4
-3.7+£7.0
-13.5+1.0
-79+1.7
-13.6+2.4
-142 £ 1.1
-123+1.7
-02+1.3

Res

57
58
59
60
61
62
63
65
66
67
68
70
74

RNH,cotia
-1.6+0.9

-29+0.8
-12.1£0.7
20+£1.1
94+£12
-124+1.2
2.1+14
-5.6+0.7
-93+£2.0
-149+23
-15.0+2.0
-14.4£2.1
-1.2+£2.1

Table S1: Experimental values of Rnp cang measured for ubiquitin in Hz.
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Correlation between the experimental and back-calculated values of Mne

0 T T e ! 0 I R R I
- a) Y . - b) .o -
-0.25 — — 05— —
o 0. .% o O
- .. ) - - ° -
05— ° ] -1 ]
- oe® . - o .
5 N °
-0.75 — L) — -1.5— —
[ ]
el v W
-1 -075 05 -025 0 2 -15 -1 -0.5 0
0 T T T T T 0 T T ] |
o
- o REEPSSZE B o
L ® _ L . _
-0.25 . L) -0.25 . ®
L [ ] . L [ .
[ ]
* ° ®e &
0.5 e —1 05— —
i e O ¢ | i () ° |
-0.75 — —-0.75— —
[
— - — . —
Y T T SR B VG R B
-1 -075 05 -025 0 -1 075 -05 -025 0
0
N L | °
- e) -
025 —
[ J
B . o ° _
0.5 o’ ¢ -
075 ° —
(1]
A _
| N
-1 -075 05 -025 0

Fig S2: Correlation between the experimental (x axis) and back-calculated (y axis) values of i N
for a) the X-ray structure of ubiquitin - lubq b) the NMR structure — 1d3z c) the EROS ensemble —

2k39 d) ERNST e) the MD ensemble obtained without restraints.
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Equations used for the calculation of the circular correlation coefficients

The correlations from the ERNST ensemble were analyzed by calculating the circular correlation
coefficient for combinations of ¢ and y angles for each pair of residues across all ensemble
members. The circular correlation coefficient is defined as

o DS =) sinfy =)

Py - N = —2 N —\2
V30 sl =) 31 s )

Where the value of the circular mean is,

. N N
xmmr =atan 2([2 sin xi], [Ecosxl})

i=1 i=1

The torsion angles were defined by the heavy atoms in the backbone of the protein. For the
correlation matrices we present only the significant correlations calculated for the experimental-
wide significance level (p < 0.05) using the Bonferroni correction.

The circular variance was calculated as a measure of the circular dispersion, where the value of 1
indicates that there is no preferred direction, while the value of zero indicates that only one
direction exists.

\/(E:Sl'n xl)z ' (E,»N:lcosxl)z

N

O_Zcircular - 1 _
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Supplemental correlation plots
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Fig S3: Circular correlation coefficients'* (p) of ¢ and vy in ubiquitin. Ellipses indicate hydrogen-
bonded pairs of residues and red circles indicate residues with long-range correlations. Correlations
between ¢ of different residues are shown below the diagonal and correlations between y are shown
above the diagonal.
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Fig S4: Circular correlation coefficients'* (p) of ¢; and y; in ubiquitin obtained A) Using different
random seeds (B) Using ten runs of three cycles started from different random seeds and pooling
only the last cycle (C) Combined map for the ensemble described in the main text and ensembles in
A and B (n = 1920) (D) Correlations in the ensemble generated without restraints.
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Principal component analysis

The structures of ERNST and of an ensemble containing the structures of ubiquitin in complex with
its binding partners were fitted to the Ca atoms of the peptide planes 12:13 & 5:6 (B-strands B2 &
B1). The covariance matrices were then calculated for the backbone atoms excluding the Ca and Ha
atoms. The two extreme projections were calculated along the primary eigenvector and 50
structures interpolated between them. These calculations were made for the other pairs of peptide
planes (12:13 & 67:68, 12:13 & 44:45) in the B-strands, B2 & B5 and B2 & P4. The three sets of
coordinates, one per pair of peptide planes, were aligned to the structure of ubiquitin and merged to
give a single structure containing projections along the primary motion for the three sets of
residues. The motions captured in these coordinates are the same for the ERNST and x-ray
ensembles.
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Statistical analysis of correlation of longest range
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Fig S5: A) Scatter plot of, @13 and wus, the torsion angles involved in the correlation of longest
range observed in ERNST B) Histogram of the correlation coefficients obtained when the 640 pairs
of values of @3 and y4s are scrambled randomly 10° times. Only once in a million times is a random
absolute correlation with p = 0.2 observed by chance i.e. the probability that the correlation
coefficient that we observe is untrue is equal to 10°. Consideration of the multiple comparison
correction gives a p-value of 0.01.
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