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Appendix

The following is an appendix which provides additional information to substantiate the claims of
the paper [26].Appendix 1 briefly reviews the high-resolution protein backbone determination from
residual dipolar coupling data.Appendix 2 provides the proof of Claim 1.Appendix 3 describes the
NMR experimental procedures and the results of backbone structure calculation from RDCs.Appendix 4
describes how to compute NOE distance restraints using the side-chain resonance assignments computed
by our algorithm.

1 Backbone Structure Determination from Residual Dipolar Couplings

Residual dipolar couplings (RDCs) provide global orientational restraints on the internuclear bond vec-
tors with respect to an external magnetic field [20, 19], and have been used to determine protein backbone
conformations [6, 20, 7, 17, 15, 18, 6, 22, 23, 16]. We applied our recently-developed algorithms [22, 23,
25, 6] to compute the backbone structures using two RDCs per residue (either NH RDCs measured in
two media, or NH and CH RDCs measured in a single medium) and sparse NOE distance restraints. In
our backbone determination, we first computed conformations and orientations of secondary structure
element (SSE) backbones from RDC data using theRDC-EXACT algorithm [22, 23, 6]. Instead of ran-
domly sampling the entire conformation space to find solutions consistent with the experimental data,
RDC-EXACT computes the backbone dihedral angles exactly by solving a system of quartic monomial
equations derived from the RDC equations [22, 23, 6]. A depth-first search strategy is applied to search
systematically over all roots of a system of low-degree (quartic) equations, and find a globally opti-
mal solution for each SSE fragment. These RDC-defined SSE backbone fragments are then assembled
using a sparse set of inter-SSE NOE distance restraints [22, 23, 25]. A methyl-protonated specific iso-
topic labelling strategy [8, 21] is used to obtain these sparse inter-SSE NOE distance restraints, which
involve only amide and methyl protons from isoleucine, leucine and valine (ILV) residues. More details
on backbone structure determination using RDCs can be found in [6, 22, 23, 25]. Note that alternatively
the global fold (i.e., backbone) could, in principle, be computed by other approaches, such as protein
structure prediction [1], protein threading [24] or homology modeling [10, 11].
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2 Proof of Claim 1

Recall that an estimated cost function isadmissible, if it does not overestimate the cost from every node
to the goal node. An A* search algorithm is guaranteed to find the optimal solution if the heuristic cost
function is admissible. In this section, we give the details of the proof for Claim 1. We first restate the
claim and then provide the proof.
Claim 1. The estimated cost function defined in Eq. (18) of the main article isadmissible, which guar-
antees that our A* search algorithm will find the optimal solution.

Proof. Let (u∗
1, · · ·, u∗

t ) be the optimal solution to our side-chain resonance assignment problem, where
u∗

i is the assignment of resonance noderi. Suppose that the A* algorithm has assigned the firsti − 1
resonances, and reached theith depth of the search tree. Leth∗ be the cost from the current node to the
goal node in the optimal solution(u∗

1, · · ·, u∗
t ). By Eq. (16) and Eq. (18) of the main article, we have

h = − ln Pr(Xt|Xt−1, · · ·, X1,H, Q) · · · Pr(Xi+1|Xi, · · ·, X1,H, Q) (1)
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···
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Pr (γ(rj , uj)|γ(rj−1, uj−1), · · ·, γ(ri+1, ui+1), Xi, · · ·, X1,H, Q)

 (2)

≤ − ln Pr
(
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∗
j )|γ(rj−1, u

∗
j−1), · · ·, γ(ri+1, u

∗
i+1), Xi, · · ·, X1,H, Q

)
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Sinceh∗ = − ln Pr(γ(rj , u
∗
j )|γ(rj−1, u

∗
j−1), · · ·, γ(ri+1, u

∗
i+1), Xi, · · ·, X1,H, Q), we have

h ≤ h∗.

Thus, the estimated cost function defined in Eq. (18) of the main article never overestimates the cost from
the current node to the goal node, and hence is admissible. Since the conformation search space in our
formulation is a tree, our A* algorithm is guaranteed to find the optimal solution given the admissible
estimated cost function (i.e., Eq. (18) of the main article). �

3 NMR Experimental Procedures and Backbone Structure Determination Results

All NMR data except the RDC data of ubiquitin and GB1 were recorded and collected using Varian 600
and 800 MHz spectrometers at Duke University. The NMR spectra were processed using the program
NMRPIPE [5]. All NMR peaks were picked by the programs NMRVIEW [9] or XEASY/CARA [3],
followed by manual editing. Backbone assignments, including resonance assignments of atoms N, HN,
Cα, Hα, Cβ, were obtained from the set of triple resonance NMR experiments HNCA, HN(CO)CA,
HN(CA)CB, HN(COCA)CB, and HNCO, combined with the HSQC spectra using the program PACES[4],
followed by manual checking. The NOE cross peaks were picked from three-dimensional15N- and13C-
edited NOESY-HSQC spectra. In addition, we removed the diagonal cross peaks and water artifacts from
the picked NOE peak list. The NH and CH RDC data of FF2, polη UBZ and hSRI were measured from
a 2D 1H-15N IPAP experiment [13] and a modified (HACACO)NH experimental [2] respectively. The
CαC′ and NC′ RDC data of FF2 were measured from a set of HNCO-based experiments [14]. The CH
and NH RDC data of ubiquitin were obtained from the Protein Data Bank (PDB ID of ubiquitin: 1D3Z).
For GB1, we computed its global fold using the CH and NH RDC data from a homologous protein,
namely the third IgG-binding domain of Protein G (GB3) (PDB ID: 1P7E).

The list of unassigned side-chain resonances were extracted from 3D NOESY spectra by project-
ing all 3D NOE cross peaks into the plane of the first and second dimensions (i.e., the dimensions of
the first proton and its bond-connected heavy atom). We used the Penultimate rotamer library [12]. We



first applied our recently-developed algorithmRDC-PANDA [22, 23, 25] with 3−15 inter-SSE NOEs be-
tween amide and methyl protons of 2−6 ILV residues as input to compute the global backbone fold
from RDCs. The backbone RMSD between the computed backbone and reference structures is less than
1.3±0.6Å, and RMSD between experimental and back-calculated RDCs for the RDC-defined backbone
is 1.1±0.9 Hz for CH RDCs and 1.2±1.1 Hz for NH RDCs. These RDC-defined structures are only
medium-resolution and do not contain side-chain conformations. As we demonstrated in Sec. 3 of the
main article, these RDC-defined backbones provide sufficient structural information for side-chain res-
onance assignment. The set of distance restraints derived from side-chain resonances assigned by our
algorithm enables high-resolution structure determination that both computes the accurate side-chain
conformations and improve the RDC-defined backbone conformations (Table 3 of the main article).

4 Computing NOE Distance Restraints Using Assigned Side-Chain Resonances

The side-chain resonance assignments computed by our algorithm enable an NOE assignment procedure
based on the NOESY graph (described in Sec. 2.2 of the main article) in our MRF framework. After
applying our algorithm (described in Sec. 2.4 and Sec. 2.5 of the main article) to obtain the set of opti-
mal side-chain resonance assignments, we used the following procedure to compute the NOE distance
restraints. We first extracted a set of initial NOE assignments from the edgesE in the NOESY graph,
using the known backbone resonance assignments and the side-chain resonance assignments computed
by our algorithm. Such a set of NOE assignments may contain noisy (i.e., spurious) NOE assignments
due to experimental noise or chemical shift overlap. For each possible NOE assignment, we checked
whether the distance between the coordinates of assigned side-chain proton labels in the rotamers (after
being placed on the backbone) violates the NOE distance bound. An NOE assignment was pruned when
the Euclidean distance between the coordinates of a pair of assigned proton labels was larger than the
NOE distance calibrated from NOE peak intensity. The set of remaining NOE assignments were output
for final structure determination. Note that after pruning the violated NOE assignments, two NOE re-
straints can still be assigned to the same NOESY peak. In this situation, these two NOEs are unified by
the logical “OR” operation when being used in structure calculation.
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