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Before refinement 0.041 0.158 2.38 2.24 

After refinement 0.095 0.133 0.98 0.94 

 228 

  
A B 

Figure 2. Results for PF2048.1 (in red) A) before minimization and B) after minimization are 229 
shown superimposed to the NMR structure without RDCs (in blue) and the NMR structure with 230 

RDCs (in yellow). 231 
 232 

Structure Calculation of Large Proteins 233 

The results of structure calculation for large proteins using synthetic RDCs are shown in 234 

Table 3 and Figure 3. Although the structure of ChR145 was characterized by REDCRAFT using 235 

experimental data (reported in Table 1), here we have repeated the structure determination of this 236 

protein with synthetic data to illustrate the possibility of full structure determination (instead of a 237 

fragmented study) if adequate RDCs were collected. In this study, ChR145 was characterized in 238 

one full continuous segment with a BB-RMSD of 1.45Å with respect to the reference structure. In 239 

addition, the resulting structure had excellent Q-factors.  240 

In the cases of Lpg1496 and Enzyme 1, fragmented study was performed due to 241 

contribution of structural noise discussed in the Materials and Methods section. For instance, in 242 

several cases, a single residue’s dihedral angles were in severe violation of the Ramachandran 243 

space. In such instances, the structure determination was augmented with short refinement of each 244 

fragment followed by their integration using Xplor-NIH. For Lpg1496, the largest contiguous 245 
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fragment characterized as 138 residues in length displaying a BB-RMSD of 1.73Å. Additional 246 

fragments ranged from 50 to 75 residues in length. All fragments reported Q-factors indicative of 247 

reliable structure in each alignment medium as well as low BB-RMSDs to the reference structure. 248 

The longest fragment for Enzyme 1 was 208 residues, which exhibited a BB-RMSD of 1.78Å. All 249 

other fragments ranged from 50 to 100 residues in length. For the fragmented studies, all fragments 250 

were aligned to their respective structures and an average BB-RMSD was calculated (shown in the 251 

table).   252 

 253 

Table 3. Results for structure calculation using synthetic RDCs is summarized. 254 

Target Name 
Reference 

Structure 

# 

Res. 

BB-RMSD to Reference 

Structure (Å) 

Q Factor of REDCRAFT Structure 

in M1, M2 

ChR145 2LEQ 145 1.45 0.057, 0.051 

Lpg1496 5T8C 294 2.22 0.087, 0.068  

Enzyme 1 from 

E. coli 
2KX9 573 1.90 0.09, 0.07 

  255 

  
 

A B C 

Figure 3. Results of REDCRAFT structure calculation (in red) compared to the reference structure 256 
(in blue) A) ChR145, B) Lpg1496 and C) Enzyme 1 from E. coli. 257 

  258 

Discussion  259 

Structure calculation of large proteins from RDCs using REDCRAFT is possible and can 260 

have numerous advantages. In this study, we have demonstrated the feasibility of calculating the 261 
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structure of proteins of varying sizes (50-573 amino acids) from RDCs using REDCRAFT. In 262 

addition, due to the novel search mechanism of REDCRAFT, we have demonstrated reliable 263 

folding of proteins with as little as 11% of the previously used data. Furthermore, we have shown 264 

that RDCs collected on perdeuterated proteins are sufficient for folding large proteins (as large as 265 

573) with high accuracy. This is a significant achievement since in most cases, large proteins must 266 

be perdeuterated to be amenable for study by NMR spectroscopy. Using simulated RDCs, we also 267 

demonstrated that determination of large proteins is in fact possible using the minimal set of RDCs 268 

that can be acquired using perdeuterated samples. Lastly, we show REDCRAFT’s ability to 269 

characterize an unknown protein with very little sequence or structural similarity to other proteins.  270 

Structural elucidation of proteins from RDCs using REDCRAFT has other pragmatic 271 

advantages. For instance, characterization of protein structure does not have to be restricted to the 272 

entire protein. RECRAFT’s approach allows for structural investigation of a fragment of the 273 

protein as demonstrated with proteins GB3, ChR145, and SR10. Isolated study of a targeted 274 

fragment of a protein will reduce the cost of structure determination and allow for study of larger 275 

proteins in a partitioned fashion. Furthermore, the combination of RDCs when analyzed with 276 

REDCRAFT, enables concurrent study of structure and dynamics of a protein as presented 277 

previously(34, 40, 41), also reducing the cost of such studies.  278 

 279 

Methods 280 

Residual Dipolar Couplings      281 

Residual Dipolar Couplings (RDCs), an alternate source of data obtainable by NMR 282 

spectroscopy, had been observed as early as 1963 in pneumatic solutions(42). The recent 283 

reintroduction of RDCs due to the development of alignment media has presented this source of 284 
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data as a possible substitute to the conventional approach to structure determination by NMR 285 

spectroscopy. RDCs have been shown to be valuable for structural characterization of aqueous 286 

proteins(10, 12, 43, 44) and challenging proteins(40, 45-49), while enabling simultaneous study 287 

of structure and dynamics of proteins(9, 27, 40, 45, 50-53). Because RDCs can be used to 288 

characterize the structure of proteins with far less data than the traditional approaches, it presents 289 

a viable and cost-effective method of protein structure elucidation. 290 

RDCs arise from the interaction of two magnetically active nuclei in the presence of the 291 

external magnetic field of an NMR instrument(54-57). This interaction is normally reduced to zero, 292 

due to the isotropic tumbling of molecules in their aqueous environment. The introduction of 293 

partial order to the molecular alignment reintroduces dipolar interactions by minutely limiting 294 

isotropic tumbling. This partial order can be introduced in numerous ways(58), including inherent 295 

magnetic anisotropy susceptibility of molecules(59), incorporation of artificial tags (such as 296 

lanthanides) that exhibit magnetic anisotropy(54), or in a liquid crystal aqueous solution(58) as 297 

illustrated in Figure 4. The RDC interaction phenomenon has been formulated in different 298 

ways(57, 60). In order to harness the computational synergy of RDC data, we utilize the matrix 299 

formulation of this interaction as shown in Eq (1). The entity S shown in Eq (1) and (2) represents 300 

the Saupe order tensor matrix(42, 54, 61) (the ‘order tensor’) that can be described as a 3x3 301 

symmetric and traceless matrix. Dmax in Eq (1) is a nucleus-specific collection of constants, rij is 302 

the separation distance between the two interacting nuclei (in units of Å), and vij is the 303 

corresponding normalized internuclear vector 304 

 𝐷𝑖𝑗 = (
𝐷𝑚𝑎𝑥

𝑟𝑖𝑗
3 ) 𝑣𝑖𝑗 ∗ 𝑆 ∗ 𝑣𝑖𝑗

𝑇
       Eq (1) 305 

 306 
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   𝑆 = [

𝑆𝑥𝑥 𝑆𝑥𝑦 𝑆𝑥𝑧

𝑆𝑥𝑦 𝑆𝑦𝑦 𝑆𝑦𝑧

𝑆𝑥𝑧 𝑆𝑦𝑧 𝑆𝑧𝑧

]       Eq (2) 307 

 308 

 𝑣𝑖𝑗 =  (

𝑐𝑜𝑠 (𝜃𝑥)
𝑐𝑜𝑠 (𝜃𝑦)

𝑐𝑜𝑠 (𝜃𝑧)

)        Eq (3) 309 

  310 

 311 
Figure 4. Bicelle crystalline solution is one method of inducing partial alignment. 312 

 313 
Figure 5. RDC and NOE fitness of 5000 decoy structures generated randomly from a 314 

known structure versus their backbone rmsd to the actual structure. 315 

RDC data have several advantages over the conventional NOE data(8-14). In the interest 316 

of brevity, we focus our discussion on the importance of RDC data in high-resolution structure 317 

determination. Figure 5 represents the RDC and NOE fitness of 5000 derivative structures as a 318 
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function of their BB-RMSD to the known structure. These 5000 structures have been derived from 319 

a target protein by randomly altering the backbone torsion angles to achieve a continuum of 320 

distortions (measured in BB-RMSD’s). Fitness to the experimental data (similar to Q-factor(31)) 321 

is calculated and plotted on the vertical axis, while BB-RMSD to the high-resolution structure is 322 

plotted on the horizontal axis. This figure illustrates the sensitivity of NOEs and RDCs as reporters 323 

of protein structures. Figure 5 suggests that NOEs tend to lose sensitivity as the search approaches 324 

the native structure, while RDCs become more sensitive. RDCs can also report molecular motions 325 

on timescales ranging from picoseconds to microseconds(62-64), during which many functionally 326 

important events occur. Indeed, in the 10 ns – 1 s timescale window, RDCs are the most sensitive 327 

of NMR parameters32.  328 

Despite many advantages of RDCs in characterization of protein structures, only a handful 329 

of protein structures submitted to the PDB have been determined exclusively by RDC data. Nearly 330 

all of the structures determined by RDCs have utilized an excessive number of RDCs than 331 

necessary(25-28) or resorted to the use of other experimental data such as NOEs, dihedral restraints 332 

and hydrogen bond restraints(21, 65, 66) for successful structure determination. Both of these 333 

approaches nullify the advantages of using RDCs (minimal data, reduced cost), and have therefore 334 

resulted in the failure to realize the full potential of RDCs. 335 

 336 

REDCRAFT  337 

Realization of the full potential of RDC data has been historically hindered by the lack of 338 

appropriate analysis tools. Practically, all of the legacy NMR data analysis software such as Xplor-339 

NIH, CNS, or CYANA have been modified to incorporate RDC data into their analysis. However, 340 

the energy landscape that is created by the RDC data is far too complex to be navigated by 341 
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simplistic optimization routines such as Gradient Descent or Monte Carlo sampling. Therefore, 342 

the legacy software can use RDC data only when they are accompanied by a large number of 343 

traditional constraints. Structure determination based primarily on RDC data requires new 344 

programs that operate in fundamentally different ways than those that use traditional constraints 345 

such as NOE data.  346 

In recent years, several computational approaches have been introduced with a focus on 347 

structure determination of proteins from RDC data. REDCRAFT is such a program that sets itself 348 

apart from other existing software packages in a number of ways. By deploying a novel search 349 

mechanism that is significantly different than traditional optimization techniques, REDCRAFT 350 

can accomplish the same outcome as other algorithms but with less data. REDCRAFT also 351 

presents the ability for simultaneous study of structure and dynamics of proteins, and its 352 

predecessor has demonstrated the capability for simultaneous structure elucidation and assignment 353 

of data. Using simulated data, the success of REDCRAFT has been demonstrated with as little as 354 

two RDCs per residue(34, 67, 68), or one RDC per residue(67, 69) when combined with backbone 355 

torsion angle constraints. Meaningful structure determination, based on a subset of RDC data (two 356 

or three per residue) obtained from the perdeuterated proteins, is critical in extending the structure 357 

determination based on RDCs to large proteins. It is a common practice to deuterate the sample of 358 

large proteins, leaving a far smaller selection of RDCs that can be collected. In particular, the set 359 

of {C’-H, N-H, C’-N} RDC data can be obtained from deuterated proteins with relative ease.   It 360 

is therefore of great importance for any RDC-based structure determination technique to be able 361 

to characterize structures from this subset of data. In this report we will demonstrate the success 362 

of REDCRAFT in calculation of protein structures under these sparse data conditions.  363 

REDCRAFT is also the only publicly available software package that is developed using a 364 
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sound Object Oriented (OO) programming paradigm, and it therefore lends itself well to 365 

encapsulation of the physical and biophysical properties of proteins. For instance, the construction 366 

of a Polypeptide object from the more fundamental Atom and AminoAcid objects, directly reflects 367 

the natural process of polymerization and translates into better source code readability as well as 368 

faster development and program execution. In addition, OO design allows for easier extendibility 369 

of the system. For example, while the main data source of REDCRAFT is currently RDCs, one 370 

could easily extend the architecture to use NOEs or RCSAs. The only changes that the developer 371 

would need to make is the scoring mechanism of the elongation process and addition of any new 372 

atoms needed for the new data source. Existence of the AminoAcid class makes the addition of 373 

new atoms straightforward.  374 

REDCRAFT's approach to structure determination proceeds in two stages denoted as 375 

Stage-I and Stage-II. In Stage-I, a list of all possible torsion angles adjoining any two neighboring 376 

peptide planes is pruned and ranked based on structural fitness to the RDC data. Pruning of the 377 

local torsion angles can be based on scalar coupling data, maximum RDC fitness, dihedral 378 

constraints (such as Ramachandran or TALOS), or on evolutionary relationship to other proteins 379 

with an existing structure. Theoretically, the torsion angles adjoining any two peptide planes with 380 

the best fitness to the RDC data should constitute the correct geometry and therefore structure 381 

determination would be completed. Practically however, the globally optimal geometry will nearly 382 

always not be ranked as the first (due to experimental or structural noise); necessitating a more 383 

global search. Stage-II of REDCRAFT is designed to perform global optimization by elongating 384 

(similar to the elongation process during protein synthesis) a given fragment of size N peptide 385 

planes (initially a single dipeptide seed) by one peptide plane iteratively. Various conformers of 386 

the new extended fragment are systematically generated and ranked based on fitness to the RDC 387 
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data (of the entire fragment). Typically, the top 2,000-10,000 structural candidates with the best 388 

fitness to the RDC data are propagated for extension in the next round of elongation. This process 389 

maintains a sufficiently diverse population of conformers to prevent entrapment in any one local 390 

minimum and is the primary reason for the success of REDCRAFT in characterization of protein 391 

structures with less data. The gradually increasing computational complexity of REDCRAFT is in 392 

stark contrast to the traditional methods of folding the entire protein at once. By starting the 393 

calculation for the entire protein, the algorithm must contend with the maximum level of 394 

complexity from the start, which transforms the problem into a global optimization. This, by in 395 

large, makes computation slower and limits the success due to inherent issues with high-396 

dimensional global optimization problems such as entrapment in local minima.  In contrast, 397 

REDCRAFT allows for structure calculation of a protein to proceed in an incrementally growing 398 

fragment that provides a optimization with a gradually increasing complexity. By utilizing this 399 

unique elongation approach, REDCRAFT is also capable of performing fragmented studies in 400 

which only certain sections of the protein can be characterized. Fragmented studies are useful in 401 

cases of missing or erroneous data. In the case of RDCs, which are very sensitive probes of internal 402 

dynamics, REDCRAFT’s fragmented study can be used to pinpoint the exact point of 403 

dynamics(34, 41, 70). It is also worth noting that even though the REDCRAFT engine only 404 

computes the backbone structure to reduce complexity, there are several methods available that 405 

can accurately calculate the sidechains of a protein based solely on the backbone(71). 406 

REDCRAFT also provides several filtering and constraining tools that are uniquely useful 407 

for use with RDC data. For instance, Order Tensor Filter (OTF) allows selection of proteins based 408 

on prior knowledge of order tensors(72, 73). REDCRAFT also allows the user to define dihedral 409 

restraints. All restraints (including OTF and dihedral) can be flexibly turned on and off for select 410 
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regions of a protein that may suffer from severe lack of experimental data.  The most recent version 411 

of REDCRAFT (version 4.0) has also adopted NEF compliance in data import/export procedures, 412 

and has incorporated an advanced decimation process that has allowed for successful structure 413 

calculation of proteins with as much as ±4Hz of experimental noise(67, 69). 414 

Evaluation 415 

Our evaluation of REDCRAFT was conducted in three phases with increasing level of 416 

difficulty in structure determination. In the first phase, REDCRAFT was tested using a set of 417 

proteins with existing experimental RDCs and X-ray or NMR structures.  In the second phase, 418 

large proteins (larger than 500 residues) were chosen based on the availability of RDC data. 419 

Although a few large proteins have been subjected to RDC data acquisition, none contained 420 

enough RDC data to perform a meaningful structure calculation. In such instances, simulated 421 

RDCs were generated for a sparse set of interacting vectors. REDCRAFT was then used to 422 

calculate a RDC-based structure for each target protein to demonstrate the feasibility of RDC based 423 

structure calculation of larger proteins. The rationale for this phase is to illustrate the possibility of 424 

structure determination by RDCs when the collection of RDCs has been demonstrated in previous 425 

work. In the last phase of the study, a novel protein was targeted for a simultaneous study by RDC 426 

(using REDCRAFT) and NOE-based structure calculation. In each phase of the study structures 427 

calculated by REDCRAFT are compared to the existing NMR and X-ray structures (if applicable) 428 

of the respective proteins. The following sections provide more detailed information for each of 429 

the proteins as well as an overview of the REDCRAFT algorithm. 430 

 431 

Target Proteins.   432 

During the first phase of our experiment, we selected the target proteins (shown in Table 433 
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4) based on the availability of RDC data in BMRB or PDB, structural diversity, and existence of 434 

NMR or X-ray structure. RDC data for all the proteins except SR10 were obtained from the 435 

BMRB(30), while the RDC data for SR10 were obtained from the SPINE database(35). More 436 

detailed information regarding the exact RDCs can be found in the Table S1 of the Supplementary 437 

Material. Table 4 provides some self-explanatory information for each protein including the final 438 

column that highlights the average backbone similarity between the X-ray and NMR structures.  439 

The protein GB1 has been previously studied in depth(28, 74) and represents an ideal 440 

candidate to be used as a “proof of concept” case. GB3, an analog of GB1, was also investigated 441 

in this study using a different set of RDCs. The RDCs for the GB3 were previously collected(32, 442 

33) for refinement of a solved crystal structure to obtain better fitness to experimental data 443 

(resulting in PDB ID 1P7E). Rubredoxin, represented another ideal target of study due to its mostly 444 

coil structure. Traditionally, structures that are heavily composed of helical regions prove difficult 445 

to solve for computational methods due to the near-parallel nature of their backbone N-HN RDC 446 

vectors. ChR145, represents a larger, mixed beta-sheet and alpha helix protein. In a previous study, 447 

this protein was extracted from the Cytophaga hutchinsonii bacteria and characterized using 448 

traditional NMR restraints (primarily NOEs). Of interest, ChR145’s primary sequence is unique 449 

in the PDB. This fact alone makes its structural characterization difficult for any method that has 450 

a dependency on database lookups or homology modeling. SR10, a 145-residue protein, was 451 

characterized as part of the Protein Structure Initiative(75) and was included in this study to 452 

represent a challenging case because of the low RDC data density. The RDC data for this protein 453 

consisted of only {N-HN} vectors collected in three alignment media. Of additional interest, the 454 

RDCs were collected on a perdeuterated version of the SR10 protein.  455 

 456 
Table 4. List of protein targets with their respective X-ray and NMR reference structures, 457 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 1, 2020. ; https://doi.org/10.1101/2020.06.17.156638doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.17.156638
http://creativecommons.org/licenses/by/4.0/


23 

 

RDCs used and the average BB-RMSD between the NMR and x-ray structures.  458 

Target Name NMR PDB ID X-Ray PDB ID # Res. 
RDCs in M1/M2/M3 Avg. BB-

RMSD 

GB1 2PLP(28) 1IGD(76) 54 {C’-H, N-HN, C’-N} / {N-H} 0.677Å 

GB3 1P7E(77) 1IGD(76) 54 
{C’-H, N-HN} / {C’-H, N-

HN} 
0.347Å 

Rubredoxin  1RWD(10) 1IU5(78) 50 
{C’-H, N-HN} / {C’-H, N-

HN} 1.863Å 

ChR145 2LEQ(35) N/A 145 
{N-HN, C’-N} / {N-HN, 

C’N} / {N-HN} NA 

SR10 2KZN(79) 3E0O(80) 145 
{N-HN} / {N-HN} / {N-HN} 

2.911 

 459 
Currently there are very few examples of large proteins in the BMRB database that include 460 

RDC data. If RDC data are available for large proteins, they are very scarce and from only one 461 

alignment medium. Meaningful structure determination of proteins from RDC data requires RDC 462 

data in two alignment media(81). Therefore, to investigate the feasibility of protein structure 463 

calculation of large proteins using only RDCs, synthetic sets of {C’-H, N-HN, C’-N}RDCs were 464 

generated in two alignment media using the software package REDCAT(61, 82) as described 465 

previously(83). A random error in the range of ±1 Hz was added to each vector to better simulate 466 

the experimental conditions. The proteins chosen for this controlled study are summarized in Table 467 

5. Note that for ChR145 a synthetic study was also performed to demonstrate the unfragmented 468 

structure determination if additional RDC data had been acquired. It is noteworthy that Enzyme 1 469 

from E. coli was chosen as an example of a large mixed α/β protein. The dataset used for solving 470 

the NMR structure of this protein included a very sparse set of {N-HN} RDCs that was not 471 

applicable in our studies, but demonstrates the possibility of RDC data collection in large proteins. 472 

 473 

Table 5. List of protein targets used in the synthetic study of large proteins. 474 

Target Name X-ray PDB ID NMR PDB ID # Res. RDCs in M1/M2 

ChR145 2LEQ(35) N/A 145 
{C’-H, N-HN, C’-N}/ 

{C’-H, N-HN, C’-N} 
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Lpg1496 5T8C N/A 294 
{C’-H, N-HN, C’-N}/ 

{C’-H, N-HN, C’-N} 

Enzyme 1 from E. coli N/A 2KX9(84) 573 
{C’-H, N-HN, C’-N}/ 

{C’-H, N-HN, C’-N} 

 475 
In addition to the previously characterized proteins, RDC data were acquired for a novel, 476 

71-residue protein (designated PF2048.1). PF2048.1 has been selected as a target of our studies 477 

due to its novelty in comparison to the existing archive of structurally characterized proteins. 478 

PF2048.1, an all-helical 9.16 kDa protein, exhibited less than 12% sequence identity to any 479 

structurally characterized protein in PDB (as of January 2019). The previously reported 480 

computational models of this structure(72) concluded the helical nature of this protein and resulted 481 

in an ensemble of structures with as much as 10Å of backbone diversity(68, 72, 73).  482 

RDC data were acquired by NMR spectroscopy for this protein in Phage and stretched Poly 483 

Acrylamide Gel (PAG) alignment media. The resulting two sets of RDCs consisted of {N-C', N-484 

HN, C'-H} from the Phage and {N-HN} from the PAG media. The process of NMR data collection 485 

is described at length in Section 2.3. Collectively, the two data sets were missing ~17% of data 486 

points (48/276) leaving 228 total RDC data points (an average of 1.6 RDCs per residue, per 487 

alignment medium).  488 

PF2048.1 489 

Expression and Purification.  490 

Expression and purification were performed by Nexomics Inc. Prior to gene synthesis, the 491 

sequence was optimized by codon optimization software. The designed gene was synthesized by 492 

Synbio-Tech (www.Synbio-tech.com) and subcloned into pET21-NESG vector. 493 

 Protein expression was performed as previously reported(85). Briefly, the recombinant 494 

pET21-NxSC1 plasmid was transformed into E. coli BL21 (DE3) cells and the cells were cultured 495 
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in 13C15N-MJ9 medium containing 100 μg/mL of ampicillin. The culture was further incubated at 496 

37oC and protein expression was induced by addition of isopropyl β-D-1-thiogalactopyranoside 497 

(IPTG) to the final concentration of 1 mM at logarithmic phase. Cells were harvested after 498 

overnight culture at 18oC and protein expression was evaluated by SDS-PAGE. 499 

 The protein was purified using a standard Ni affinity followed by size exclusion two-step 500 

chromatography method first as previously reported(85). Since the purified NxSC1 sample 501 

presented as 2 bands, an additional ion exchange chromatography was performed. The NxSC1 502 

sample from the two-step purification was pooled and dialyzed against buffer A (Buffer A: 20 mM 503 

Tris-HCl, pH 7.5), and loaded onto a HiTrap Q HP 5 ml column. A gradient of NaCl from 0 to 1 504 

M was applied (Buffer B: 20 mM Tris-HCl, pH 7.5, 1 M NaCl). The NxSC1 was pooled and 505 

concentrated to 1 mM using Amico Ultra-4 (Millipore).  506 

 507 

NMR Sample Preparation and Data Acquisition of PF2048.1.  508 

For measurements under isotropic conditions a sample of PF2048.1 was prepared at a 509 

concentration of 0.8 mM in 20 mM MES, 100 mM NaCl, and 5 mM CaCl2 at pH 6.5. All samples 510 

also contained 10 mM DTT, 0.02% NaN3, 1 mM DSS, and 10% D2O. An anisotropic sample is 511 

required for the measurement of RDCs. After isotropic data collection, the PF2048.1 sample was 512 

used to prepare two partially aligned samples. A sample with pf1 phage as the alignment medium 513 

(designated alignment medium M1) was prepared which contained 0.88 mM PF2048.1 and 48 514 

mg/mL phage in Tris buffer. After equilibration at room temperature for 10 min at 25 °C the sample 515 

showed a deuterium splitting of 8.8 Hz when placed in the magnet. A second aligned sample was 516 

prepared in a 5 mm Shigemi tube using positively charged poly-acrylamide compressed gels 517 

(designated alignment medium M3). This sample contained approximately 0.77 mM PF2048.1. 518 
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After equilibration at 4 °C for 7–8 h the sample showed uniform swelling of the gel which is 519 

compressed vertically. 520 

NMR data were collected at 25oC using Bruker Avance II 600 and 800 MHz spectrometers 521 

equipped with 5-mm cryoprobes. Sequence specific backbone and side-chain NMR resonance 522 

assignments were determined using standard triple-resonance NMR experiments (Table S2). 523 

Processing of NMR spectra was done using TopSpin and NMRPipe whereas visualization was 524 

done using NMRDraw and Sparky. NMR spectra were analyzed by consensus automated backbone 525 

assignment analysis using PINE(86) and AutoAssign(87) software, and then extended by manual 526 

analysis to determine resonance assignments. The solution NMR stricture was calculated using 527 

CYANA using backbone and side-chain chemical shifts, 15N and13C-edited NOESY, and phi (φ) 528 

and psi (ψ) dihedral angle constraints derived from TALOS. Calculations using CYANA were 529 

done iteratively to refine NOESY peak lists, verify and complete resonance assignments using 530 

interactive spectral analysis with RPF(88) and Sparky(86) software. The 20 lowest energy 531 

conformers of 100 calculated structure, based on target function scoe, were further refined by 532 

simulated annealing and molecular dynamics in explicit water using CNS. Structure quality scores 533 

were calculated using Protein Structure Validation Suite (PSVS)(89) and the goodness-of-fit 534 

between the NOESY peak lists and the final ensemble of conformers were derived from RFP 535 

software. 536 

 537 

Structure Calculation with NOEs 538 

Uniformly 13C,15N-enriched PF2048.1, a 72-residue protein, was used for NMR structure 539 

determination, using standard triple-resonance NMR methods outlined in the Methods and 540 

Materials.  The structure was determined from 15N- and 13C-resolved 3D-NOESY data, both with 541 
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and without RDC restraints. In total 217 RDC measurements were used: 54 HC’, 54 NC’,  57 HN 542 

RDC from medium 1 (M1 - phage), and  52 HN RDC from medium 2 (M3 –stretched 543 

polyacrylamide gel).  Both ASDP(90) and CYANA3.97(17) were used to automatically assign 544 

long-range NOEs and to calculate these structures. ASDP(90) was also used to guide the iterative 545 

cycles of noise/artifact NOESY peak removal, peak picking and NOE assignments, as described 546 

elsewhere(91). NOE matching tolerances of 0.030, 0.03 and 0.40 ppm were used for indirect 1H, 547 

direct 1H, and heavy atom 13C/15N dimensions, respectively, throughout the CYANA and ASDP 548 

calculations. This analysis provided > 2,300 NOE-derived conformationally-restraining distance 549 

restraints (Supplementary Tables S1 and S2).  In addition, 132 backbone dihedral angle restraints 550 

were derived from chemical shifts, using the program TALOS_N(92), together with 70-74 551 

hydrogen-bond restraints.  Structure calculations were then carried out using  ~ 35 conformational 552 

restraints per residue.  One hundred random structures were generated and annealed using 10,000 553 

steps. Similar results were obtained using both Cyana and ASDP automated analysis software 554 

programs. The 20 conformers with the lowest target function value from the CYANA calculations 555 

were then refined in an ‘explicit water bath’ using the program CNS and the PARAM19 force 556 

field(93), using the final NOE derived distance restraints, TALOS_N dihedral angle restraints, and 557 

hydrogen bond restraints derived from CYANA. Structure quality factors were assessed using the 558 

PDBStat(88) and PSVS 1.5(89) software packages. The global goodness-of-fit of the final 559 

structure ensemble with the NOESY peak list data were determined using the RPF analysis 560 

program(88). 561 

Structure Calculation with REDCRAFT 562 

REDCRAFT(13, 34, 40, 41, 67, 68, 70, 94) was used to calculate the structure of proteins 563 

from RDC data with a standard depth search of 1000. Additional features such as decimation(41), 564 
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minimization(34), and 4-bond LJ(34) terms were included in all calculations. Other features such 565 

as Order Tensor Filter(34), and Dynamically Adaptive Decimation(69) were not used in this 566 

exercise. For evaluation purposes, the RDC-RMSD reported by REDCRAFT was converted to Q-567 

factor to assess the final models’ fitness to RDC data. The backbone-RMSD (BB-RMSD) of 568 

REDCRAFT structures to existing structures were calculated using the align function of 569 

PyMOL(95) without the exclusion of any atoms.  570 

Under certain circumstances, structure determination by REDCRAFT is recommended to 571 

be conducted in discrete fragments. One such instance is based on gap in the experimental data. In 572 

comparison to the NOE-based structure determination, this can be a very powerful feature. 573 

Fragmented study of a protein allows direct study of a certain region of interest in a protein and 574 

therefore reduce the overall cost of data acquisition. A second instance relates to structure 575 

determination of large proteins, during which accumulation of structural noise may influence the 576 

course of structure determination. Departure from ideal peptide geometries (e.g. planarity of the 577 

peptide plane), variation in bond distances, and bond angles can be cited as examples of structural 578 

noise. The effect of structural noise, sometimes, accrues to become noticeable for fragments larger 579 

than one hundred amino acids. Any existing gaps of less than 6 amino acids can easily be filled 580 

during the process of structural refinement. In this study we have used XPLOR-NIH(15) to address 581 

variation from ideal peptide geometries and complete the missing gaps. More specifically, during 582 

the final refinement process, each structure was subjected to 30,000 steps of Powell minimization 583 

that included the same set of RDCs used during the structure calculation with REDCRAFT. Aside 584 

from completion of the missing residues, these minimizations normally resulted in structural 585 

variation of less than 0.5A. 586 
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