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INTRODUCTION

The use of nuclear magnetic resonance (NMR) spec-

troscopy-derived protein models as templates for molecu-

lar replacement (MR)1,2 dates back to proof-of-principle

in 1987 where an NMR model of the 46 amino acid pro-

tein, crambin, was used to phase crystallographic data

from the same protein whose crystal structure was al-

ready known.3 Use of a NMR-derived protein model to

solve an unknown crystal structure by MR followed soon
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ABSTRACT

The structure of human protein HSPC034 has been deter-

mined by both solution nuclear magnetic resonance (NMR)

spectroscopy and X-ray crystallography. Refinement of the

NMR structure ensemble, using a Rosetta protocol in the

absence of NMR restraints, resulted in significant improve-

ments not only in structure quality, but also in molecular

replacement (MR) performance with the raw X-ray diffrac-

tion data using MOLREP and Phaser. This method has

recently been shown to be generally applicable with

improved MR performance demonstrated for eight NMR

structures refined using Rosetta (Qian et al., Nature

2007;450:259–264). Additionally, NMR structures of

HSPC034 calculated by standard methods that include

NMR restraints have improvements in the RMSD to the

crystal structure and MR performance in the order DYANA,

CYANA, XPLOR-NIH, and CNS with explicit water refine-

ment (CNSw). Further Rosetta refinement of the CNSw

structures, perhaps due to more thorough conformational

sampling and/or a superior force field, was capable of find-

ing alternative low energy protein conformations that were

equally consistent with the NMR data according to the

Recall, Precision, and F-measure (RPF) scores. On further

examination, the additional MR-performance shortfall for

NMR refined structures as compared with the X-ray struc-

ture were attributed, in part, to crystal-packing effects, real

structural differences, and inferior hydrogen bonding in

the NMR structures. A good correlation between a decrease

in the number of buried unsatisfied hydrogen-bond donors

and improved MR performance demonstrates the impor-

tance of hydrogen-bond terms in the force field for improv-

ing NMR structures. The superior hydrogen-bond network

in Rosetta-refined structures demonstrates that correct

identification of hydrogen bonds should be a critical goal

of NMR structure refinement. Inclusion of nonbivalent

hydrogen bonds identified from Rosetta structures as addi-

tional restraints in the structure calculation results in NMR

structures with improved MR performance.
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after when the NMR structure of interleukin-8 was used

to solve its crystal structure in 1991.4 Notwithstanding

more than 30 examples of NMR models having been suc-

cessfully used to solve protein crystal structures by MR

since 1991,5 it has been historically difficult to use NMR

models for MR.6,7 This observation is interesting in light

of the early demonstration that, at least in certain cases,

it is possible to jointly refine a protein model against

both NMR and X-ray diffraction data to yield crystallo-

graphic R factors and geometry of equal or better quality

than obtained from conventional X-ray diffraction studies

alone.8 Difficulty in using NMR-derived protein models

for MR can arise from real structural differences between

solution and crystalline forms, structural differences

caused by crystal packing effects, and/or lack of precision

and accuracy the NMR model, caused by insufficient or

misinterpreted NMR restraints.6,7 To obtain a correct

MR solution, the generally accepted ‘‘rule of thumb’’ is

that the root mean square deviation between the Ca

backbone atoms of the model and the crystal structure

must agree to within about 1.5 Å.7 The inherent diffi-

culty in using NMR models for MR has prompted rec-

ommendations and protocols on how to prepare NMR

models to improve their MR performance.6,7 These sug-

gestions have included replacing amino acids containing

long side chains with alanine,9 removing poorly defined

regions of the NMR structure,7 use of NMR ensem-

bles,10 and the assignment of distance-derived pseudo B

factors to individual atoms.11 However, the NMR spec-

troscopist can maximize the utility of NMR protein

models for MR by maximizing the quality and accuracy

of the NMR model in folded regions of the protein.

Genuine differences between solution and crystal struc-

tures of proteins will always represent an upper limit in

the use of NMR models for MR. However, as the first

NMR-derived protein structures were reported in the

mid 1980s,12,13 the NMR community has collectively

made substantial progress toward improving the quality

and accuracy of protein structures derived from solution

state NMR data. Part of this progress has been due to

innovations and improvements in NMR methodologies

for obtaining and utilizing experimental restraints.14–27

The recent introduction of NMR Recall, Precision, and

F-measure (RPF) quality assessment scores used to assess

‘‘goodness of fit’’ between calculated structures and raw

NMR data, which are similar in nature to X-ray R fac-

tors, can also be used to guide and improve overall

NMR-derived protein structure quality.28

It has also long been realized that, due to the sparse-

ness of NMR restraints, the force field used for refine-

ment can have a large impact on the quality, and possibly

the accuracy, of NMR structures.29 Accordingly, over the

last decade, there has been substantial effort and progress

toward improving the force fields and protocols used for

refinement of protein NMR structures. A major step for-

ward has been the treatment of solvent in structure cal-

culations. Before the mid 1990s, NMR-derived protein

structures were calculated in the highly unrealistic in

vacuo environment. Since then, it has been shown that

refinement using explicit water and ions could substan-

tially improve the quality and precision of NMR mod-

els.30–34 Other improvements have included more realis-

tic treatment of non-bonded interactions29 and inclusion

of conformational database potentials.35–37 Specifically,

a new PARALLHDG force field was introduced in 1999

by Linge and Nilges for NMR protein structure refine-

ment using covalent parameters based on the CSDX force

field.29 The final step in the implementation of this

force-field is a final short refinement in explicit solvent

using the optimized potential for liquid simulation

(OPLS) non-bonded parameters.34,38 The CSDX param-

eters,39 derived from the Cambridge Structural Database

(CSD),40 have updated non-bonded interactions calcu-

lated from the PROLSQ program.41 Importantly, the pa-

rameters from the CSDX force field are also used as the

reference parameters for the commonly used structure

validation programs such as WHATIF42 and PRO-

CHECK.43 Furthermore, adopting the CSDX force-field

parameters has established some uniformity in the force

fields used for both X-ray crystallography and NMR-

based protein structure refinement, perhaps making it

more meaningful when comparing NMR and X-ray

structures of proteins.

Naturally, protein structures submitted to the protein

data bank before introduction of refinement in explicit

water and more sophisticated representation of non-bonded

interactions have inferior quality scores when assessed by

modern structure validation software packages. In spite

of these improvements, NMR structures are still not sub-

jected to a universally consistent refinement protocol,

resulting in NMR protein models that vary considerably

in structure quality. To address this problem, large

numbers of NMR structures submitted to the protein

data bank (http://www.pdb.org) were ‘‘re-refined’’ using

restraints deposited to the Biological Magnetic Resonance

Bank (http://www.bmrb.wisc.edu) and the CNS water

refinement protocol, resulting in the generation of the

large RECOORD database of NMR protein structures

refined in a uniform fashion.44,45

Still, new efficient conformational-sampling algorithms

are being developed that might find useful application in

NMR structure refinement protocols, for example, replica

exchange molecular dynamics using a generalized Born

implicit solvent representation46 and template-based

selection of fragments for model building that has also

been used to ‘‘re-refine’’ NMR structures resulting in

NMR models closer to the corresponding X-ray counter-

parts.47 A promising new approach for NMR protein

structure refinement is embodied in the Rosetta method

that employs a novel force field and conformational-sam-

pling algorithm that has been highly successful in a num-

ber of applications, including de novo protein structure
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prediction in recent CASP competitions,48 novel protein

design,49 generation of physically realistic homology

models,50 rapid protein fold determination using sparse

NMR restraints,51 and determination of protein back-

bone conformations using residual dipolar couplings.52

The Rosetta all atom potential includes van der Waals

interactions, an orientation-dependent hydrogen-bonding

term, an implicit solvent model, and neglects long-range

electrostatics.48,49,53 The sampling protocol is designed

to optimize the three-dimensional jigsaw puzzle-like

packing of side chains and evaluate the refined structures

using the Rosetta free energy function.48,53

In the context of our effort in the Northeast Structural

Genomics Consortium (NESG, http://www.nesg.org), we

face the dual challenge of generating large numbers of

NMR-derived protein structures using highly automated

structured determination methods,54–56 while striving to

maintain or increase structure quality.28 Generating

high-quality NMR protein models for structural

genomics targets is important given that every experi-

mental NMR structure will initially represent an entire

family of protein sequences for homology modeling and

for solving future crystal structures of homologous pro-

teins by MR.57,58 In this article, we report the structure

of the human protein HSPC034 (NESG ID: HR1958)

solved by both NMR and X-ray crystallography (PDB

IDs 1XPW and 1TVG), as well as an analysis of Rosetta

refined models in terms of overall structure quality and

MR performance. The Rosetta-refined NMR structures,

which were calculated in the absence of NMR restraints,

exhibited improved overall structure quality and MR per-

formance compared to conventional structure calculation

methods, and have improved agreement with the X-ray

structure in loop regions, surface exposed side chains,

metal binding site, backbone and side-chain geometry,

and the hydrogen-bonding network.

RESULTS AND DISCUSSION

Comparison of NMR and X-ray structures

Both the NMR structure and the X-ray structure of

HSPC034 have been solved by the NESG Consortium.

HSPC034 protein obtained from expression of the same

construct was used for both studies and includes the 10

residue N-terminal His tag sequence, MGHHHHHHSH

(not included in sequence numbering), followed by the

native sequence ending at residue Ser143. This sequence

of HSPC034, also known as placental protein 25, has a

deletion of D109 compared with the sequence of Uni-

ProtKB/Swiss-Prot entry Q9Y547/PP24_Human. Residue

D109 was not in the sequence of the cloned protein used

in this study.

The X-ray structure model at 1.6 Å resolution is in

good agreement with the experimental data and expected

geometric parameters (Table I). The small difference

between Rfree and the standard crystallographic R factor

(2.9%) indicates that the model is well refined. Electron

density was only observed for residues 4–139 and not for

the N-terminal three or C-terminal four residues. There

is one molecule in the asymmetric unit, which is consist-

ent with the protein being monomeric in solution. The

structure was solved using a combination of SeMet data

and data collected on a Sm derivative (SeMet 1 Sm).

The data processing and refinement statistics are given in

Table I. Two heavy atom sites were identified: the Se

atom of SeMet44 and a Sm13 ion. The side chain for

SeMet44 is well ordered (B factor for Se atom is 8.38 Å2)

despite being located in a surface loop. The loop consists

of hydrophobic residues (Gly43, Met44, Phe45, Pro46)

that form hydrophobic interactions with a symmetry

related molecule. The single heavy atom Sm13 is located

close to the crystallographic axis and is bound to the car-

boxylate side chain of Asp92 in two symmetry related

molecules of HSPC034. A hepta-coordinate Ca12 ion is

bound in a loop. Four coordinate covalent bonds with

lengths 2.37 Å, 2.46 Å, 2.57 Å, and 2.64 Å are formed

with carbonyl oxygens of Asn29, Asn34, Thr37, and

His129. The side-chain oxygen atoms of Thr37 and

Asp32 are located 2.64 Å from the Ca12 ion. A well-or-

dered water molecule (temperature factor of 6 Å2) is

located 2.62 Å from the Ca12 ion. Structure quality

scores obtained from the Protein Structure Validation

Suite (PSVS),61 are also given in Table I. The Z-scores

reported for PROCHECK, Verify3D, ProsaII, and the

MolProbity clashscore, are all within two standard devia-

tions of the mean for the high-resolution crystal struc-

ture database used to calibrate the score. These scores are

not as close to zero as would be expected for protein

with this high of resolution.61 However, it’s important to

remember that Z-scores are normality scores, rather than

quality scores, and are defined as the number of standard

deviations away from the mean of the database. In gen-

eral, mainly b-sheet proteins, like HSPC034, have more

negative Z-scores than a-helical proteins (this has been

reported for a representative NMR data set45). Two other

proteins with a similar fold, the galactose-binding do-

main of Micromonospora viridifaciens sialidase (PDB ID

1EUT),62 and human anaphase-promoting complex sub-

unit 10 (PDB ID 1JHJ),63 also have PROCHECK and

MolProbity clashscores that are more negative than aver-

age for their resolution (average values in reference 61).

The NMR structure of HSPC034 was solved by stand-

ard triple-resonance protocols. Chemical shifts assign-

ment for 1H, 13C, and 15N atoms were 97.6% and 92.5%

complete for routinely assignable backbone and side-

chain resonances for residues 1–143 and were deposited

in the BioMagResBank (ID 6344). 1H-15N HSQC cross-

peaks were missing for the 10 N-terminal His-tag resi-

dues as well as Ile17, Phe38, Ser66, and His129. NMR

structures were calculated with 923 NOE, 93 hydrogen

bond, and 210 dihedral angle restraints using a standard
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Xplor simulated annealing protocol followed by refine-

ment in explicit water in CNS, CNSw. Inductively

coupled plasma mass spectrometry (ICP-MS) analysis

confirmed that stoichiometric (1:1) calcium ion was

bound in the NMR structure. Statistics for the NMR

assignments and calculated structures are in Table II,

including structure validation statistics calculated by

PSVS. The Z-scores reported for PROCHECK, Verify3D,

ProsaII, and MolProbity clashscore, are all better than

23. Z-scores, with the exception of ProsaII, are better

than average for NMR structures in the PDB.61 The Pro-

saII Z-score, which models a reduced-representation

energy of pair-wise interactions from the spatial separa-

tion of residues, is similar to that observed for the X-ray

structure and is therefore a typical score for this struc-

ture. The Z-scores that are most sensitive to X-ray struc-

ture resolution, PROCHECK G-factor (//w), PRO-

CHECK G-factor (all dihedral), and MolProbity clash-

score are 22.2, 22.8, and 22.4, respectively

(PROCHECK values are for ordered residues). These

scores are comparable with averages for low-resolution

crystal structures in the PDB (2.5–3.5 Å resolution). In

all cases, the X-ray structure of HSPC034 has Z-scores

closer to zero than the NMR structure. The X-ray and

Table I
Human HSPC034 X-Ray Data Collection and Refinement Statistics

Data processing and refinement statistics

X-ray source X4A
Temperature (K) 100
Data SeMet 1 Sm SeMet SeMet SeMet
Wavelength (�) 0.97896 0.97949 0.97917 0.97239

Se peak Se edge Se peak Se remote
Space group C2 C2 C2 C2
Cell dimensions (�) and angles (8)
a 70.974 73.245 73.318 73.832
b 41.617 42.335 42.351 42.646
c 46.779 47.253 47.267 47.598
b 102.19 102.714 102.711 102.712

Number of molecules in the asymmetric unit 1 1 1 1
SeMAD data statistics
Resolution (�) 30.0–1.4 30.0–1.4 30.0–1.4 30.0–1.4
Number observed reflections 175535 160779 184924 161697
Number unique reflectionsa 48903 47579 47766 47917
Completeness (%) 94.5 (60.0) 86.8 (44.5) 89.4 (52.5) 85.7 (37.6)
Rmerge (%) 7.1 (40.7) 5.9 (35.3) 6.3 (37.7) 5.8 (37.8)
hI/r(I)i 22.8 (5.4) 18.1 (1.9) 19.2 (2.0) 18.2 (1.6)

Summary of structure quality statistics
Resolution limits (�) 30.0–1.6
Number of unique reflections F � 1r(F) 32,294
Completeness (%) 93.5 (84.5)
Rcryst (%)a,b 21.5 (22.7)
Rfree (%)a,c 24.4 (28.0)
Number of protein atoms 1084
Number of protein residues 136
Number of water molecules 116
Number of ions 2
RMSD from ideal geometry
Bond length (�) 0.005
Bond angles (8) 1.30

Averaged B value (�2) 14.70
Ramachandran plot summary from PROCHECK59

Most favored 85.4%
Allowed 13.8%
Generously allowed 0.8%
Disallowed 0.0%

Structure quality factors generated using PSVS-1.360 Z-score Mean score
Procheck G-factor (//w)c 20.5 21.7
Procheck G-factor (all dihedral angles)c 20.3 21.5
Verify 3D 0.5 0.2
ProsaII (2ve) 21.5 21.5
MolProbity clashscore 14.6 21.0

aThe value in parentheses are for the highest resolution shell 1.60–1.70 Å for the refinement, and 1.40–1.45 Å for data processing.
bRcryst 5

P
hkl ||Fo| 2 |Fc||/

P
hkl |Fo|, where Fo and Fc are the observed and calculated structure factors, respectively.

cRfree is computed for 10% reflections randomly selected and omitted from the refinement.
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NMR structures are similar with average backbone

(N,Ca,C0) and heavy atom RMSD values of 1.24 � 0.18 Å

and 2.01 � 0.17 Å, respectively (residues 6–138). The

RPF R/P/DP scores (Table II) indicate that the NMR

structure has a global ‘‘good fit’’ with the NMR data.28

The core structure of HSPC034 is a b-sandwich with a

jelly-roll topology [Fig. 1(A,B)]. Two b sheets make up

the sandwich structure: a five-stranded antiparallel b
sheet (strands b2, b3, b7, b4, b5) and a three-stranded

antiparallel beta sheet (b6, b3, b8). The short b strands

b20 and b1 may be included in the smaller sheet. Strand

b20 is antiparallel to b8, however, b1 is parallel to b8 in

the X-ray structure and antiparallel in the NMR struc-

ture. In the X-ray structure, a hepta-coordinate Ca12 ion

is bound in the calcium-binding loop, residues 27–38,

which includes the 310 helix H2. In the NMR structure,

this loop is not well restrained by NOE data even though

ICP-MS analysis indicated bound stoichiometric (1:1)

Ca12 ion. The major differences between the X-ray and

NMR structures of HSPC034 [Fig. 1(C)] are located in

the calcium binding loop, loop 42–48 between b20 and

b3, loop 93–100 between b5 and b6, the C-terminal end

of strand b8, and the N-terminal strand b1. In the X-ray

structure, the electron density is only observed for resi-

dues 4–139, whereas in the NMR structure residues 2–3

are extended and have NOEs to strand b8, and residues

139–141 have NOEs that extend strand b8 and connect

it with b3.
In the NMR structure of HSPC034, strand b1 is anti-

parallel to b8 and there is no indication of a contribu-

tion from a population of parallel b1. NOE crosspeaks

that would be present for the parallel population based

on short distances in the X-ray structure were not

observed, even at baseline threshold. In the X-ray struc-

ture, the parallel strand is well defined and supported by

the position of the strand in a difference electron density

map; that is, the positions of all of residue D5 and the

carbonyl group of I4 are clearly defined. In the refined

X-ray structure, the B factors for I4 and D5 are about

twice as large compared with the average B factor for the

overall structure. Based on Rosetta calculations (below),

we find that both the parallel and antiparallel conforma-

tions of b1 are observed in low-energy structures, sug-

gesting that differences in the NMR solution and X-ray

crystal environment, such as temperature, pH, and salt,

contribute to the favorability of one over the other in

each system.

Comparison of X-ray structure to NMR
derived restraints

To pinpoint regions where the X-ray structure is not

consistent with the NMR derived restraints, the program

PSVS was used to report violations of dihedral, NOE,

and hydrogen-bond restraints by the X-ray coordinates of

HSPC034. There were 13 dihedral angle violations >18,

Table II
Statistics for Human HSPC034 NMR Structure Determination

Structure calculation statistics

Completeness of resonance assignments for residues 1–143
Backbone 97.6%
Side chainsa 92.5%

Conformationally restricting NOE restraints
Intraresidue [i 5 j] 2
Sequential [|i – j| 5 1] 160
Medium range [1 < |i – j| < 5] 121
Long range [|i – j| � 5] 640
Total 923
NOE restraints per residueb 6.6

Dihedral angle restraints
Total 210
/ 103
w 107

Hydrogen-bond restraints
Total (3 per hydrogen bond) 93
Long range [|i – j| � 5] 93

Total number of conformationally
restricting restraints

1206

Number of restraints per residueb 8.5
Number of long-range restraints

per residueb
5.0

Number of structures calculated 20
Number of structures used 20

Structure validation statistics
Distance violations/structure

>0.1 � 0
RMSD of distance violation/restraint 0.002 �
Maximum distance violation 0.04 �

Dihedral angle violations/structure
>18 0
RMSD of dihedral angle
violation/restraint

0.058

maximum dihedral angle violation 0.808
Average RMSD to the average

structure
ordered
residuesc

residues
4–139

Backbone atoms (N, Ca, C0) 0.7 1 0.1 � 0.7 1 0.1 �
Heavy atoms 1.2 1 0.1 � 1.2 1 0.1 �

RMSD from ideal geometry
Bond length (�) 0.004
Bond angles (8) 0.6

Ramachandran plot summary
from PROCHECK43

Most favored 84.8% 86.9%
Additionally allowed 13.1% 12.4%
Generously allowed 1.3% 0.7%
Disallowed 0.8% 0.0%

Structure quality factors generated
using PSVS-1.360

Mean score Z-score

Procheck G-factor (//w)c 20.6 22.2
Procheck G-factor (all dihedral
angles)c

20.5 22.8

Verify 3D 0.4 21.3
ProsaII (2ve) 0.3 21.7
Molprobity clashscore 22.7 22.4
RPF R/P/DP scoresd 0.90/0.88/0.78

aLys NH3
1, Arg NH2, Cys SH, Ser/Thr OH, Pro N, N-terminal NH3

1, C-terminal

carbonyl, sidechain carbonyl and aromatic quaternary carbons were not consid-

ered to be routinely assignable resonances.
bFor 140 residues with conformationally restricting NOE restraints, residues 2–141.
cOrdered residues ranges: 4–16, 21–31, 33–67, 70–139, with the sum of / and w order

parameters>1.8.
dRPF scores defined in reference 28 calculated for ensemble residues 1–143. RPF-DP

score is DP(ave).
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ninety-five NOE violations >0.1 Å, and no hydrogen-

bond violations >0.1 Å. The largest dihedral angle viola-

tions (>508) were for / and w of D5 and G43 that are

located in two regions where the X-ray and NMR struc-

ture differ: the N-terminal six residues and the G43 loop.

There were 13 NOE violations involving residues 2–3 and

140–141 for which the X-ray structure did not include

coordinates. Aside from these, the largest NOE restraint

violations are found in N-terminal strand b1 (I4–L6)

and three C-terminal residues (S139–L141). Additionally,

NOE violations >2 Å were found for H54, which is in a

different rotameric state in the X-ray and NMR struc-

tures. NOEs from Hd2 of H54 to S13 and E14 define the

orientation of the H54 side chain in the NMR structure.

NOE violations >0.5 Å are shown in Figure 1(D) with

violations >2 Å in red, 1–2 Å in orange, and 0.5–1 Å in

yellow. In general, violations between 1 and 2 Å are

found mostly in solvent exposed side chains in loops or

involve His, Ile, or Leu residues. Four His residues, H54,

H95, H108, and H124, have NOE violations in this

range, possibly due to differences in the His ring proto-

nation states between the NMR and X-ray structures that

could lead to differences in structure. In general, most

violations between 0.5 and 1 Å involved buried side-

chain methyl groups and could indicate restraints that

were improperly treated for cross peaks effected by spin

diffusion in the NOESY data. No NOE violations >0.1 Å

were found in the calcium ion-binding loop. Therefore,

although the NMR structure has few restraints and is

poorly converged for this loop, it is consistent with the

geometry seen in the X-ray structure. In fact, NMR

structure calculations with Ca12 ion restrained with the

same coordination as observed in the X-ray structure

resulted in structures that were consistent with all

observed NOEs. This does not mean that the Ca12 bind-

ing site and coordination is the same as in the X-ray

structure, but just that the NMR data are insufficient to

characterize the structure of this loop.

Rosetta refined NMR structures

The CNSw NMR structures were refined by Rosetta

using a recently described protocol that performs random

backbone perturbations and sampling of discrete side-

chain conformations followed by full atom refinement.63

Each of the 20 CNSw NMR structures was used as a seed

to generate 1000 Rosetta refined structures using the

high-resolution perturbation sampling protocol. The 20

lowest-scoring structures of the final 20,000 were selected

for further analysis. Visually, the improved agreement

Figure 1
Structure of HSPC034. A: Secondary structure superimposed on sequence (adapted from PDBsum, http://www.ebi.ac.uk/thornton-srv/databases/

pdbsum/). Residues that coordinate metal ions are marked with a blue dot. B: Ribbon representation of X-ray structure of HSPC034, residues

4–139. The Ca12 ion is shown in yellow and a Sm13 ion in green. C: Backbone atoms for 20 NMR structures optimally superimposed with respect

the N, Ca, and C0 coordinates of the X-ray structure residues 6–138. NMR residues 2–141 are shown. D: NOE violations indicated on X-ray

structure. Red violations are >2 Å, orange are 1–2 Å, and yellow are 0.5–1 Å. Violations are not show for residues

1–3 and 140–141. Figures (B–D) were generated using PyMOL (DeLano Scientific).

T.A. Ramelot et al.

152 PROTEINS



with the X-ray structure can be seen in Figure 2. A back-
bone overlay with the X-ray structure for both the CNSw
and Rosetta structures is shown in Figure 2(A). After
refinement, the backbone conformations of N- and C-
termini did not converge with the X-ray structure, but
remained similar to the starting CNSw models. The cal-
cium-binding loop, became more similar to the X-ray
structure after refinement [Fig. 2(B)] even though the
Rosetta refinement did not include parameters for the
calcium ion. A marked improvement in agreement with
the X-ray structures can be seen for the charged side
chains. In Figure 2(C), the side chains for Asp, Asn, Glu,
and Gln are shown. These side chains are predominantly
located on the surface of the protein and have sparse
restraints. For comparison, the side chains for Trp, Tyr,
and Phe, which are relatively rich in NOE restraints, did
not have as large an improvement in agreement with the
X-ray structure [Fig. 2(D)].

Comparison of Rosetta refined structures
to NMR derived restraints

After Rosetta refinement, the 20 lowest scoring struc-
tures were compared with the NMR restraints to identify
violations. Although these structures were calculated
without NMR restraints, the resulting structures had only
a few large NOE violations with none greater than 5 Å
and an average of only 17.3 violations >1 Å. Only two
NOE restraints were violated in all 20 structures by >0.5
Å and only nine by >0.1 Å. The only dihedral angle
restraint that was violated in every structure by >28 was
for / of G109. This restraint has a minimum violation of
only 128, and is probably too tightly restrained since the
/ angle is within 208 for the X-ray and NMR structures.
Only two dihedral restraints were violated in every struc-
ture by >18. Taken together, the low number of restraint
violations and similar RPF-DP scores (Table III) indicate
consistency with the raw NMR data. This demonstrates
that low energy structures with alternate conformations
generated by conformational sampling with the Rosetta
force field can be found that are consistent with the
NMR data and correspond to lower energy minima in
the global free energy landscape.

On average, there were less NOE and dihedral restraint
violations than were found for the X-ray structure. An
average of 12.7 dihedral angle violations >18, 67.8 NOE
violations >0.1 Å, and 0.4 hydrogen-bond violations
>0.1 Å per structure was calculated using PSVS. The
NOE violations correspond to an average of 7.3% viola-
tions of the total number of NOE restraints per model
(compared with 10.5% for the X-ray structure). There is
<50% agreement between the NOE restraints violated by
the Rosetta structures compared with the X-ray structure
(by >0.1 Å). Comparing the 62 Rosetta violations to the
83 violations for the X-ray structure (excluding restraints
for residues 2–3 and 140–141), only 47% are violated in
both cases.

Figure 2
Comparison of CNSw refined NMR structures (left) to Rosetta refined

NMR structures (right). The ensemble of 20 structures is shown as lines

for (A) backbone atoms, (B) calcium-binding loop, residues 28–38, (C)

side chains for residues DNEQ, and (D) side chains for residues WYF.

In all cases, the structures are superimposed on the X-ray structure

shown with thick lines.
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A total of 216 NOE restraints were violated by >0.1 Å

in any of the 20 models. Of the 67 NOE restraints vio-

lated by >0.1 Å in 10/20 structures, the majority, 64%,

contain an ILV proton in the restraint and 10% involve a

His proton (data not shown). Most of the violations

involve side chains that are in the hydrophobic core of

the protein. NOE restraints violated by Rosetta structures

may be incorrectly assigned restraints or restraints

derived from cross-peaks affected by spin diffusion.

Alternatively, certain restraints could accurately reflect

the NMR structure in solution, and be violated in some

Rosetta structures that represent alternative low energy

conformations for a certain region. Likely, all of these

possibilities contribute to the number of NOE restraints

violated by the Rosetta refined structures. It may be ad-

vantageous to use the NOE restraint violations identified

after Rosetta refinement as a guide to identify incorrect

NOE assignments and/or spin diffusion affected cross

peaks to obtain more accurate NMR structures.

Working backwards—Rosetta refinement of
the X-ray structure

Examination of the Rosetta refined X-ray structures of

HSPC034 shows us the best that Rosetta refinement of

the NMR structure will be able to do with the current

algorithm, given sufficient sampling, perturbations and

minimizations to fully sample conformational space. In

addition, areas where Rosetta-refined structures deviate

from the starting X-ray structure can indicate regions of

the X-ray structure that involve interactions that are not

taken into account during the refinement such as crystal-

packing and metal-binding or regions that have similar

Rosetta energies and therefore may represent multiple

low-energy conformations for a part of the structure.

Lastly, deviation from the X-ray structure may indicate

areas where Rosetta parameterization needs adjustments.

Rosetta refinement of the HSPC034 X-ray structure

was used to calculate 1000 structures. Interestingly, 763

of the refined structures have b1 in the parallel confor-

mation like the starting X-ray structure (X-Ros-para),

whereas 237 are antiparallel, like the NMR structure (X-

Ros-anti). The backbone RMSD for these structures and

their Rosetta energies are shown in Figure 3 along with

the 20,000 Rosetta refined NMR structures. Looking

more closely at the 20 lowest scoring structures with the

parallel b1 strand and the 20 lowest scoring structures

with the antiparallel b1, we see several regions of the

structure, mostly in loops, have moved away from the

starting X-ray structures [Fig. 4(A–C)]. There are several

reasons that the Rosetta refinement could cause diver-

gence from the starting X-ray structure. As the backbone

region with the largest RMSD from the X-ray after

refinement is the calcium-binding loop (residues 28–38),

Table III
HSPC034 Structural Models Quality Assessment and Comparison with the X-ray Structure and NMR Data

RMSD (6–138) Procheck MolProbity Unsatisfied H-bond DP(each)a DP(ave)b

bb hv /-w all Clashscore Donors Acceptorsc (4–139) (1–143)

X-ray 0 0 21.7 21.5 21.0 3 1 0.64 2
X-Ros-anti 0.3 (0.04) 1.2 (0.04) 21.4 20.3 0.7 10.9 1.9 0.67 (0.01) 0.74
X-Ros-para 0.6 (0.03) 1.2 (0.03) 21.5 20.5 0.7 10.8 1.6 0.67 (0.01) 0.74
Rosetta 0.8 (0.1) 1.6 (0.01) 21.5 20.4 0.8 16.8 2.0 0.65 (0.01) 0.75
CNSw61HB 0.9 (0.1) 1.7 (0.1) 22.4 22.8 22.6 13.9 0.8 0.64 (0.02) 0.78
CNSwRosHB 1.0 (0.1) 1.8 (0.1) 22.4 23.0 22.3 17.0 1.6 0.64 (0.02) 0.78
CNSwCa 1.0 (0.1) 1.8 (0.1) 22.4 23.0 22.6 17.8 1.1 0.64 (0.01) 0.78
CNSw 1.2 (0.2) 2.0 (0.2) 22.5 23.0 22.4 17.3 1.1 0.63 (0.02) 0.78
Xplor 1 1.2 (0.1) 2.0 (0.1) 22.0 22.1 22.6 21.9 2.4 0.62 (0.02) 0.77
Xplor 1.4 (0.2) 2.2 (0.1) 23.3 25.9 24.2 27.7 3.0 0.62 (0.01) 0.75
CYANA 1.6 (0.1) 2.4 (0.1) 23.2 25.4 21.0 25.7 2.7 0.61 (0.02) 0.76
DYANA 1.6 (0.1) 2.4 (0.1) 23.4 25.9 23.5 25.7 2.7 0.62 (0.02) 0.77
Idealized average structures
X-ray (ideal) 0.3 0.6 22.0 22.1 20.9
X-Ros-anti 0.5 1.1 21.4 20.9 0.0
X-Ros-para 0.5 1.2 21.5 21.0 0.1
Rosetta 0.7 1.5 21.3 21.1 20.2
CNSwCa 0.8 1.6 22.1 23.9 25.7
CNSw 0.9 1.7 21.9 23.7 20.8
Xplor 1.1 1.9 22.1 24.8 21.0
CYANA 1.2 2.1 21.7 24.5 20.5
DYANA 1.2 2.0 21.9 24.9 21.2

RMSD to the X-ray structure is given for backbone (bb) N, C a, C 0 and all heavy atoms (hv) for residues 6–138.

Structure quality validation Z-scores for HSPC034 using PSVS60 for residues 4–139.

Standard deviations are given in parenthesis.
aIndividual RPF-DP, DP(each), scores calculated for truncated structures (residues 4–139) with average and standard deviation reported.
bAverage RPF-DP, DP(ave), scores were calculated using all 20 full-length structures.
cCalculated with WHAT IF.42
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the deviation is likely due to the missing calcium (or sa-

marium) ion that was not included in the Rosetta refine-

ment. Additionally, HSPC034 makes crystal contacts with

six other protein molecules in the unit cell, resulting in

packing interactions that are not represented by Rosetta

during the refinement of the monomeric X-ray coordi-

nates. Residues that have any atomic distances <5 Å with

the symmetry related molecules are indicated in Figure

4(A). These are present for 30% of the residues and are

spread out across the sequence and structure. There are

six backbone–backbone hydrogen bonds between the

protein and the symmetry related molecules: F45HN—

F45C¼¼O, D84HN—V106C¼¼O, S140HN—T42C¼¼O, and

three reciprocal hydrogen bonds. Interestingly, the resi-

dues F45, D84, and S140, which are involved in inter-

protein hydrogen bonds, have large divergence from the

X-ray structure after Rosetta refinement [Fig. 4(B,C)]. In

addition, the G43 loop, which had a large difference

between the NMR and X-ray structures, has many close

contacts to symmetry related molecules in the crystal

[Fig. 4(A)]. Rosetta refinement caused the backbone di-

hedral angles for G43 to become more similar to the

NMR structures (recall that this was the largest NMR di-

hedral angle violation for the X-ray structure compared

to the NMR restraints).

Another reason for variations in the structure after

Rosetta refinement is that there may be several confor-

mations that are similarly favorable, especially under dif-

ferent conditions, and crystallization may trap out just

one of them. This is a commonly accepted idea since

crystals of the same protein in different isoforms can

have different conformations, and even in the same single

crystal, multiple copies of the same protein in the asym-

metric unit can have small structural differences. Addi-

tionally, in very high-resolution crystal structures it

becomes evident that side chains can have two or more

populated states that are each partially occupied. In

HSPC034, we see several examples where specific side

chains adopt different rotomeric conformations in the

NMR and the X-ray structures and the Rosetta-refined

X-ray structures contain conformations that are represen-

tative of each. The antiparallel and parallel conformations

of strand b1 are just one example. The conformation of

this strand depends on the conditions experienced by

the sample in the study, and both conformations, one

similar to the X-ray structure and one similar to the

NMR structure, are observed in low-energy Rosetta

refined structures (Fig. 3).

Structures obtained from Rosetta refinement of the

CNSw NMR structures have worse agreement with the

X-ray structure (higher RMSD) than structures calculated

by refinement of the X-ray structure (see Fig. 3). In addi-

tion, the energies of the 20 lowest Rosetta energy struc-

tures are much higher than those calculated in the X-ray

refinement (compared with the 20 lowest energy struc-

tures for b1 parallel and antiparallel) and the structural

ensemble has more variability [Figs. 3 and 4(B–D)]. All

20,000 structures have b1 in the antiparallel conforma-

tion, similar to the starting NMR structures (see Fig. 3).

However, with enough sampling and loop rebuilding, the

lowest energy structures from Rosetta refinement of the

NMR structure should be able to match that from the X-

ray refinement. Because of the number of backbone per-

turbation possibilities, in addition to the sampling of dis-

crete side-chain rotamers, the number of structure calcu-

lations needed to sample all the possible structural per-

turbations becomes large. Even though the sampling of

the protein free energy landscape using Rosetta cannot

be exhaustive due to time limitations, the 20 lowest

energy structures refined with this method all had better

MR scores than the starting CNSw NMR ensemble and

had better RMSD to the X-ray structure. In an additional

refinement calculation with 5X more structures (100,000

calculated), several slightly lower energy structures were

obtained (data not shown). These structures still had

approximately the same RMSD to the X-ray structure as

the previous smaller sampling refinement, indicating that

the time needed to do more thorough conformational

sampling with the current protocol is orders of magni-

tude longer than this longer 2-week calculation.

Impact of NMR refinement methods on
molecular replacement

NMR structures are calculated using various simulat-

ing annealing protocols and by minimizing an energy

function that consists of both experimental information

derived from interpretation of NMR data and force-field

terms that describe covalent and non-bonded interactions.

The choice of protocol and force field affect the quality

and accuracy of the resulting structure, even if all struc-

tures satisfy the experimental restraints. This is because

the NMR restraints are sparse at certain locations such as

Figure 3
Rosetta all atom energy versus backbone RMSD (residues 4–139) for

NMR Rosetta refined structures (squares), and X-ray Rosetta refined

structures with parallel (circles) and antiparallel (triangles) b1-strand
structures.
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loops and side chains on the protein surface, which can

have exchange broadened peaks, and also because the

upper and lower bounds for NOE distance restraints,

hydrogen bonds, and dihedral angles allow for a range of

conformations that satisfy the restraints.

Structures calculated using standard protocols exhib-

ited improved MR performance using both MOLREP

and Phaser in the order: DYANA, CYANA, Xplor-NIH,

and CNSw (see Fig. 5). All structures were calculated

with the same experimental restraints and none had

NOE violations >1 Å or dihedral angle violations >18.
This trend was also observed for the backbone and side-

chain RMSD (residues 6–138) to the X-ray structure

for structures calculated by the different methods (see

Fig. 5). Although they follow a clear trend, the improve-

ments in backbone and heavy atom RMSD observed

when calculating the structures with DYANA, CYANA,

Xplor, or CNSw were small and typically within the error

bars for the measurements [Fig. 5(A)]. This is in agree-

ment with the previous observation that CNSw refine-

ment of 26 NMR structures resulted in only a small and

not significant improvement in RMSD to their corre-

sponding X-ray structures after recalculation.45 The MR

performance metrics for both Phaser and MOLREP

showed improvement in the shift of the average values

that correlate with the small improvements in RMSD

[Fig. 5(B–E)]. The general ‘‘rule-of-thumb’’ is that the

Phaser translation function Z-score (TFZ) should be >5

for a reliable MR solution.64,65 Weak solutions may start

out with rotation function Z-scores (RFZ) <5. For HPSC034,

the mean RFZ scores for DYANA, CYANA, and Xplor

structures are <5, whereas the CNSw refined structures

Figure 4
(A) Residues that have nearby symmetry related molecules in the X-ray structure are marked with an x for backbone-backbone (bb–bb), backbone–

sidechain (bb–sc), and sidechain-sidechain (sc–sc) close contact less than 5 Å. The secondary structure schematic with the metal coordinating

residues marked with a filled circle shown below. (B) Backbone RMSD per residue for idealized X-ray structure versus the X-ray structure after

backbone superposition for residues 6–138 for Xros-para, (C) for Xros-anti (D) for Rosetta refined CNSw NMR structures.
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have a mean RFZ score >5 [Fig. 5(B)]. The Phaser log

likelihood gain after packing and final refinement

(LLG(R)), MOLREP RF/r and TF/r scores also improved

after CNSw refinement. Improvements seen in the Phaser

mean score for MR were larger than for MOLREP, consist-

ent with the superior sensitivity of the likelihood based

method implemented in Phaser compared with the Patter-

son based method used in MOLREP. Taken together, the

MR results illustrate that even small improvements in

agreement with the X-ray structures can enhance MR

performance. It is standard protocol in the NESG Con-

storium to refine all structures with CNSw, and the de-

posited NMR structure of HSPC034 was calculated using

Xplor followed by CNSw (PDB ID 1XPW). Structures

calculated by any method can be refined with CNSw,

however, for HSPC034, CYANA structures refined with

CNSw had slightly higher, (but not significant) RMSD to

X-ray compared with the Xplor structures refined with

Figure 5
A: Backbone RMSD (x-axis) versus heavy atom RMSD (y-axis) for residues 6–138. B–F: Molecular replacement solution metrics (y-axis) versus

backbone RMSD for residues 6–138 (x-axis) for Phaser (B) TFZ, triangles, and RFZ, circles, (C) LLG (R) squares, MOLREP (D) RF/r, and (E)

TF/r. From left to right, the structures are as follows: X-ray, XRos-anti, XRos-para, Rosetta, CNSwRosHB (1RosHBs), CNSw, Xplor, Cyana, Dyana

represented with circles. All error bars are one standard deviation for the ensemble. Idealized-average structures for the ensemble are shown with

open symbols or Xs. For the X-ray structure, the idealized structure is indicated. Error bars are one standard deviation for the ensembles and are
not shown in (B) for the x-axis for clarity.
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CNSw (1.33 � 0.14 and 2.10 � 0.13 for backbone and

heavy atom RMSD). For this reason, we used the CNSw-

refined Xplor structures for the CNSw ensemble analysis.

As it has been reported that using an average structure

for the NMR ensemble can sometimes improve the MR

performance,4,11,66 we generated idealized average struc-

tures for each NMR ensemble using Rosetta parameters

for idealization (residues 4–139). These structures had

better RMSD to the X-ray structure than the average en-

semble RMSD (Table III), typically similar to or better

than the best member of the ensemble. This correlates

with the MR performance for the idealized average struc-

tures that were consistently improved compared with the

average score for each ensemble (see Fig. 5).

Significantly improved MR performance was obtained

by further refinement of CNSw NMR structures with a

Rosetta protocol in the absence of NMR restraints (see

Fig. 5). The protocol uses an iterative perturbation and

minimization algorithm to search for alternative energy

minima. A similar method was recently demonstrated for

refinement of eight NMR structures and gave better MR

solutions in all cases.63 MR scores are reported for each en-

semble of structures and idealized average structures using

both Phaser andMOLREP in Supplemental Tables 1–4.

The Rosetta refined structures also have significantly

improved quality scores and were equally consistent with

the NMR data according to the RPF-DP scores. Both the

individual, DP(each), and average distance, DP(ave),

RPF-DP scores are reported in Table III as well as the

backbone and heavy atom RMSD to the X-ray structure

for residues 6–138. The RPF-DP scores are relatively

insensitive to change in structure when the RMSD varia-

tion is small as seen here. The Rosetta and the X-ray

structures correlate with the NMR NOESY peak lists data

just as well as the NMR structures calculated by different

methods. In addition, in Table III, the structure quality

Z-scores for PROCHECK (all dihedral angles) and

MolProbity clashscores obtained from PSVS for each of

the NMR calculated ensembles of 20 structures are listed.

These two knowledge-based Z-scores have been found

to be the most sensitive to X-ray structure resolution

and to the accuracy of NMR structures.61 For Rosetta

refined structures, there is no apparent correlation

with quality scores and RMSD to the X-ray structure or

MR performance since the Rosetta refined structures

had better quality Z-scores than the deposited X-ray

structure, but did not have better MR performance.

There is still a substantial gap between MR solutions

for Rosetta refined NMR structures and for the X-ray

structure (see Fig. 5). The gap can be attributed in part

to real structural differences discussed earlier, to crystal-

packing effects, and to inferior hydrogen-bonding

networks.

Apart from the RMSD to the X-ray structure, which is

not known a priori to solving the X-ray structure by MR,

we have found that the number of unsatisfied hydrogen-

bond donors and acceptors is a good predictor of MR

performance (see Fig. 6). Values are also listed in Table

III for the average of each ensemble. The X-ray structure

has just three unsatisfied donors for three amide protons

(S20, K24, and F126) and one acceptor (Q65 OE1). Fur-

ther minor rotations of the side-chain positions of D22

and Q65 leave the structure with only two unsatisfied

hydrogen-bond donors and no unsatisfied acceptors. As

buried unsatisfied hydrogen bonds are energetically

unfavorable, a large number of buried unsatisfied hydro-

gen-bond donor or acceptors is a symptom of a poor

structure. In fact, recent reviews of hydrogen bonding in

proteins predict that all hydrogen-bond donor or accept-

ors should be satisfied a significant fraction of the time

by hydrogen bonds to protein atoms or to water.67 The

correlation of the number of unsatisfied buried hydrogen

bonds donors and acceptors with the backbone RMSD to

the X-ray structure [Fig. 6(A)] has correlation coefficients

of 0.96 and 0.75, respectively. The correlation coefficient

between the number of unsatisfied donors and the Phaser

LLG(TF) and LLG(RF) metric [Fig. 6(B)] is 0.91 for

Figure 6
A: Average number of unsatisfied hydrogen-bond donors (open circles)

and acceptors (open triangles) versus the backbone RMSD to the X-ray

structure (residues 6–138) for each ensemble of 20 structures as in

Figure 2. B: Phaser LLG(RF) (filled squares) and LLG(TF) (open
circles) versus the average number of unsatisfied hydrogen-bond donors

in each ensemble of 20 structures.
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both. Because of the importance of hydrogen bonding

and the correlation with improved agreement to the X-

ray structure, we have done a more comprehensive

hydrogen-bond analysis of the structures calculated by

different methods and compared them to those in the

X-ray structure.

Hydrogen-bond analysis

hydrogen bonds have a significant influence on struc-

ture quality and also are very dependent on force field.

Poor agreement between main chain hydrogen bonds was

identified in a recent comparison of 78 NMR and corre-

sponding X-ray structures.68 For HSPC034, the depos-

ited CNSw NMR structure has only 65% coincidence of

backbone hydrogen bonds with the X-ray structure (%

coincidence is 100 3 number in both/total number

found in X-ray and NMR structures), and 89% of the

hydrogen bonds found in the X-ray structure (100 3
number in both/number in X-ray). For the NMR ensem-

bles, the number of hydrogen bonds is the average value

for all 20 structures. In the NMR calculations, only 31

hydrogen-bond restraints were included, using a conserv-

ative approach where only HNs in b-strands with NOEs

to both the HN
i, Ha

i11, on either side of the O of the

antiparallel b-strand were restrained. The hydrogen-bond

restraints were defined as upper and lower bound distan-

ces between the HN��O, N��O, and C0��O atom pairs.

These restraints allow for a generous range of hydrogen-

bond angles that include all those observed in the X-ray

structure for the corresponding hydrogen bonds. Because

of the generosity of the restraint boundaries and the

sparseness of hydrogen-bond restraints, the force field

used for refinement is influential in determining the

hydrogen-bond network as well as the geometries of the

resulting hydrogen bonds.

Currently, improvements the hydrogen-bond potential

can be used within CNS and XPLOR-NIH to further

improve the geometries and energetics of backbone-back-

bone hydrogen bonds in calculated NMR structures69

The Xplor structures were further refined with an

improved Xplor-NIH protocol, which includes the back-

bone hydrogen-bond potential as well as other database

potential terms, that is referred to as Xplor1.70,71

Refinement using the simulated annealing protocol and

hydrogen-bond potential of mean force (no other data-

base terms) within Xplor-NIH was also tested,69 and

showed improvement in quality metrics and hydrogen

bonding (data not shown). However, the structures

refined with CNSw and Xplor1 were superior in all

metrics reported in this article.

The coincidence of backbone hydrogen bonds found in

both the X-ray structure and NMR structures computed

by different methods decreased in the order: Rosetta >
Xplor1 > CNSw > Xplor > CYANA > DYANA [Fig.

7(A)]. The best agreement was for Rosetta refined struc-

tures with an average 71% coincidence for the ensemble,

considering the total number hydrogen bonds with DSSP

energies greater than 20.5 kcal/mol. The X-ray structure

has 80 hydrogen bonds (for residues 6–138) calculated

with this method. This corresponds to 60% of residues,

which is a number typical for crystal structures. Consist-

ent with other recent hydrogen bonds analyses,68 it was

observed that NMR structures calculated by Xplor,

CYANA, and DYANA, have about the same total number

of hydrogen bonds as the X-ray structure and that CNSw

increased that number [Fig. 7(B)]. Although this resulted

in an improvement in the coincidence of hydrogen bonds

with the X-ray structure, the coincidence was attenuated

by the increase in hydrogen bonds that were not found

in the X-ray structure. In summary, the coincidence of

hydrogen bonds between the NMR and X-ray structures

was increased by either Xplor1 or CNSw refinement and

was further improved by the Rosetta refinement.

NMR structures typically have fewer ‘‘strong’’ (low

energy) hydrogen bonds and more ‘‘weak’’ (high energy)

hydrogen bonds than X-ray structures, due in part to the

broad range of N��HN��O bond angles allowed when

defining hydrogen-bond restraints.68,72 We also observe

that there are more ‘‘bivalent’’ hydrogen bonds and less

long-range hydrogen bonds in HSPC034 NMR structures

calculated by all methods. After filtering out the bivalent

hydrogen bonds that are of similar strength and keeping

the strongest one when there is one strong and one weak

(see Methods), there was no overall increase in the coin-

cidence of the remaining hydrogen bonds with those in

the X-ray structure, with the exception of the Rosetta cal-

culations [Fig. 7(A)]. However, if just the long-range,

nonbivalent hydrogen bonds are considered, there is

improved coincidence with the X-ray structure (up to

86% for the Rosetta average) with the order: DYANA,

CYANA, Xplor, CNSw, Xplor1, Rosetta.

The X-ray structure of HSPC034 has 63 long-range,

eight i 1 2, and eight i 1 3 hydrogen bonds [Fig. 7(B)].

None of the NMR refined structures had as many long-

range hydrogen bonds, although the Rosetta refinement

came closest with 61.5. In all cases, NMR refined struc-

tures have more i 1 2 hydrogen bonds than X-ray. These

i 1 2 hydrogen bonds are found primarily in loop

regions and often specify g turns. Interestingly, Rosetta

refinement of the X-ray structure (below) resulted in an

increase in the number of i 1 2 hydrogen bonds to

about 17.5 per model. This suggests that the Rosetta

force fields favor short-range hydrogen bonds at the

expense of long-range hydrogen bonds found in the X-

ray structure, although to a lesser extent than the other

force fields. Long-range hydrogen bonds that were found

in the X-ray structure but not in Rosetta structures were

primarily atypical hydrogen-bonding patterns in the b-
sheets. Rosetta correctly identified all of the i 1 3 hydro-

gen bonds in both 310 helixes in all 20 lowest scoring

structures in the ensemble.
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Using hydrogen-bond restraints obtained
from Rosetta in NMR refinement

As, a priori knowledge of the hydrogen-bond network

from a corresponding X-ray structure is typically not

available, we ran Xplor followed by CNSw calculations

including the 56 nonbivalent hydrogen bonds identified

in >70% of Rosetta calculated structures and excluding

the i 1 2 hydrogen bonds. Inclusion of these restraints

Figure 7
A: Percent coincidence for all hydrogen bonds (all), filtered to remove bivalent hydrogen bonds (filtered), and long-range (| j | > 5) filtered

hydrogen bonds (Filt long). Coincidence is (number in both)/(number in X-ray only 1 number in NMR only 1 both). B: Counts of hydrogen

bonds in each ensemble of 20 structures (1 structure for X-ray) for all hydrogen bonds, filtered to remove bivalent hydrogen bonds, all long range

(HNi to COi2j, | j | > 5), i 1 2 (j 5 2), and i 1 3 (j 5 3) hydrogen bonds.

T.A. Ramelot et al.

160 PROTEINS



did not result in any NOE violations >0.1 Å. The back-

bone and heavy atom RMSD of these structures com-

pared with the X-ray structure are better than the depos-

ited CNSw structures; however, the improvement is only

significant for the heavy atom RMSD (1RosHBs, Fig. 5).

The i 1 3 hydrogen bonds in the 310 helix of the cal-

cium-binding loop were clearly identified. The MR per-

formance was also improved with the score distributions

shifted to higher scores. If it had been possible to identify

all 61 nonbivalent hydrogen bonds from the X-ray struc-

ture (residues 6–138), then the RMSD to the X-ray struc-

ture and the MR performance could be improved a bit

more (data not shown), and all these additional hydro-

gen bonds were also consistent with all NOE data.

Improvements in side-chain hydrogen bonds to backbone

and to other side-chain atoms have not been examined

in this study, but likely can account for some of the addi-

tional improvement in MR for Rosetta structures calcu-

lated without NMR restraints. Importantly, using the

hydrogen bonds identified by Rosetta calculations as

restraints is a way to use the Rosetta refinement method

to improve our NMR structures and still refine them

using the NMR restraint data.

CONCLUSIONS

Perfect agreement between the NMR and X-ray struc-

tures will always be impossible because of differences

caused by crystal packing and different protein environ-

ments, as was seen here for HSPC034. However, it is

clear from this study that changes in refinement methods

can improve the agreement between NMR and X-ray

structures and therefore improve the ability of NMR

structures to be used for MR. The best MR performance

was made possible by refinement of the NMR structures

with the Rosetta force field using a new protocol in the

absence of NMR restraints. Rosetta emphasizes short-

range electrostatic interactions and rotamer sampling to

optimize side-chain packing. It also incorporates a

knowledge-based hydrogen-bond potential that is second-

ary structure dependent and superior to the simple dis-

tance-dependent Coulomb treatment of electrostatic

interactions.49 Rosetta refined structures had the best

agreement with the backbone hydrogen bonds found in

the X-ray structure, although there were still fewer long-

range hydrogen bonds compared with the X-ray structure

and there were still differences in long-range hydrogen-

bonding patterns, especially where there are atypical

hydrogen bonds in a b-sheet.
It is clear that better identification of hydrogen-bond

pairs is important to increase the backbone similarity

between the NMR and X-ray structure and will improve

MR performance, and therefore should be a critical goal

for NMR structure refinement. The 61 nonbivalent

hydrogen bonds in the X-ray structure (residues 4–137)

were consistent with NOEs and could be used to calculate a

better NMR structure. However, we had no a priori knowl-

edge of these hydrogen bonds. We could, however, identify

56 nonbivalent backbone hydrogen bonds from the Rosetta

refined NMR structures. Structures calculated with these

added restraints had no additional NOE violations, and

were more similar to the X-ray structure and had superior

MR performance while retaining the benefit of having been

refined against the NMR restraints. The Rosetta refined

structures without NMR restraints had slightly better MR

performance, which may be attributed at least in part to

treatment of nonbackbone hydrogen bonds and other elec-

trostatics involving charged side chains.

Rosetta refinement of NMR structures without NMR

restraints provides an independent exploration of the

low-energy landscape compared with conventional

approaches. This gives Rosetta potential utility as an in-

dependent cross-validation technique for NMR models

and restraints, which could aide in the identification of

incorrect restraints. However, Rosetta refinement of

NMR structures in the absence of experimental NMR

restraints should not be considered an alternative method

for generating NMR models. Ultimately, to take full

advantage of Rosetta for calculating NMR models, it will

be necessary to modify the Rosetta program to make use

of experimental NMR restraints, a task that is underway

in the Baker laboratory. Although further improvements

in NMR structures and hydrogen-bonding patterns can

be made by collecting additional NMR data such as

RDCs or measurement of small hydrogen-bond coupling

constants,72,73 we find that hydrogen bonds identified

from Rosetta calculations can be used to improve calcu-

lated structures without additional data.

METHODS

Protein purification

The human protein HSPC034 was cloned, expressed,

and purified using standard methods to produce SeMet

or U-13C, 15N-labeled protein. The HSPC034 gene was

cloned into pET14 vector and sequences were verified by

DNA sequence analysis in both directions (D109 is not

present). The protein, which contains 10 N-terminal resi-

dues (MGHHHHHHSH), was expressed in E. coli strain

BL21-(Gold DE3) and purified by Ni-NTA affinity

(Qiagen) followed by gel-filtration chromatography

(HiLoad 26/60 Superdex 75 PG, Amersham Biosciences).

The chromatography buffer was 20 mM Tris, 500 mM

NaCl, 30 mM imidazole, pH 8.0, and the sample was

eluted in the same buffer with 500 mM imidazole. Sam-

ple purity (>97%) and molecular mass were confirmed

by SDS-page and MALDI-TOF (17.5 kDa for [U-15N;

5%-13C]HSPC034). Analytical static light scattering

measurements in-line with gel-filtration chromatography

confirmed that the protein is monomeric in solution. For
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NMR, the labeled protein was concentrated and the

buffer exchanged by ultracentrifugation and repeated

dilution followed by concentration into the NMR buffer

(below). For X-ray crystallography, the protein was con-

centrated to 1.7 mg/mL and exchanged into 10 mM Tris-

HCl, 5 mM DTT, and pH 7.5.

Crystallization and crystal
structure determination

Human protein HSPC034 containing SeMet was crys-

tallized at room temperature by vapor diffusion in hang-

ing drops. Drops were set up by mixing 2 lL of concen-

trated protein solution with 2 lL of reservoir solution

(18% PEG and 200 mM CaCl2). Crystals were cryopro-

tected in paratone-N for several seconds then flashed-

cooled in liquid propane. Multiwavelength anomalous

diffraction data sets, at the edge, peak, and remote

absorption of Se were collected at the National Synchro-

tron Light Source X4A beamline (Brookhaven National

Laboratory, Brookhaven, New York). This beamline is

equipped with a QUANTUM-4 charge-coupled device

detector. A total of 420 images for each of three wave-

lengths were recorded (210 images in the one direction

and 210 images in the reverse direction). To reduce sys-

tematic errors in the scaling of Friedel pairs due to decay,

the u angle was changed by 1808 after every 30 images.

All synchrotron data were collected at 100 K and proc-

essed with the HKL software package.74 The crystals

belong to space group C2, with unit cell parameters a 5
70.97 Å, b 5 41.62 Å, c 5 46.78 Å, and b 5 102.28. The
asymmetric unit contains one protein molecule with a

solvent level of 39%.

The computer program package SOLVE75 was used to

locate the heavy atom sites in the protein. Although there

are three Met residues (out of 154 total residues), two

are in the unstructured N-terminus and the anomalous

signal from the one ordered Se was not enough to solve

the structure directly from the multiwavelength anoma-

lous diffraction data. Estimation of the Se anomalous

contribution by comparing of scaling of Friedel pairs as

individual reflections and averaging as symmetry related

reflections shows a difference of about 0.6%, which

is low.

The structure was solved using additional data from a

Sm derivative crystal that was generated by soaking a

SeMet crystal for 24 h in the mother liquor containing 4

mM of Sm acetate (SeMet 1 Sm). This data set was col-

lected on the same X4A beamline using a Se peak

absorption wavelength of 0.979 Å. The contribution of

Sm was estimated by analysis of the result of scaling

three frames (38 oscillation) of derivative against the

peak data of SeMet protein.76 The value for v2 � 14.7 at

3.5 Å resolution indicated that the Sm derivative data

could be used to phase protein amplitudes. Phasing,

heavy atom location, and occupancy refinement were car-

ried out with the program SOLVE.75 The combination

of two data sets at peak wavelengths (SeMet and SeMet

1 Sm) was used to locate two sites for heavy atoms

(Table I). The ratios of heavy atom heights to back-

ground variations were 7.7 and 6.2, and the averaged

merit factor for phases was 0.42 at 3.0 Å resolution. The

program RESOLVE_BUILD (version 2.06)77 was used to

generate an initial partial model at 2.5 Å resolution. The

best model was constructed from 121 amino acids, 67 of

which had side chains. The Rfree and standard crystallo-

graphic R factor were 0.404 and 0.370, respectively. The

missing residues in the partial model of the protein were

built manually on a Silicon Graphics Octane workstation

using interactive computer graphic programs CHAIN

and O.78,79 Amino acid residues, which were initially

assigned as Ala or Gly, were corrected. Refinement of the

protein model was carried out by iterative refinement

using CNS (version 1.1).80 As intensities were much

weaker and completeness dropped to � 60% in the high-

est shell, we reduced the resolution shell for refinement

to 1.6 Å. Reflections included in the refinement were

gradually extended from 2.5 Å to 1.6 Å with sigma cutoff

F � 2r(F). To avoid model overfitting and overestima-

tion of structure quality, 10% of reflections were ran-

domly excluded from the refinement and later used to

calculate Rfree.81 The target geometry parameters by

Huber were used.39 In the initial stages of refinement

just torsion angles were refined and later the positional

and individual temperature factors were refined. The

final model was inspected and modified using the pro-

gram CHAIN. Based on 2Fo 2 Fc and Fo 2 Fc difference

electron density maps, water molecules were added to

the protein model. Two water molecules with lowest

B factor were interpreted as Sm13 and Ca12 ion sites.

The final model consisting of protein residues 4–139, two

cations, and 116 water molecules (Rfree is 0.244 and

standard crystallographic R factor is 0.215) was deposited

in the PDB with ID 1TVG. The X-ray data collection and

refinement statistics are given in Table I.

NMR data collection and NMR structure
determination

All NMR data were collected at 298 K on 1.1 mM pro-

tein samples dissolved in 95% H2O / 5% D2O solution

containing 20 mM MES, 5 mM CaCl2, 10 mM DTT,

0.02% NaN3, at pH 6.5. Data were collected on Varian

Inova 600 and 750-MHz spectrometers equipped with

triple resonance gradient probes and a Varian Inova 600

with a cold probe. Spectra were processed with

NMRPipe82 and analyzed with Sparky 3.110.83 Backbone

and side-chain chemical shifts were determined from 2D
1H-15N HSQC and 1H-13C HSQC, and 3D HNCO,

HNCACB, CBCA(CO)NH, HNHA, (H)CC(CO)

NH-TOCSY H(CC)(CO)NH-TOCSY, HCCH-COSY,

H(C)CH-TOCSY, and (H)CCH-TOCSY spectra. NOESY
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peaks were picked in a 15N-edited NOESY-HSQC (sm 5
100 ms) two 13C-edited NOESY-HSQC (80 ms) opti-

mized for either aliphatic or aromatic carbons. Addi-

tional NOEs were assigned from a 4D 13C-13C-HMQC-

NOESY-HMQC (125 ms) recorded after lyophilization

and exchange into 100% D2O solution. All 2D and 3D

pulse sequences were from the Varian BioPack library

and the 4D NOESY was from Lewis Kay (University of

Toronto). Stereospecific assignments of isopropyl methyl

groups of Val and Leu residues were determined from

the characteristic 1H-13C coupling in a high resolution
1H-13C HSQC of a [U-15N, 5%-13C]HSP034 sample.84

Slowly exchanging amide protons were identified from a

time-course analysis of 2D 1H-15N HSQC spectra recorded

after exchange into D2O. Dihedral restraints for / and w di-

hedral angles were derived from chemical shift data using

the program TALOS (/� 408 and w� 508).85

Resonance assignments, NOESY peak lists from four

NOESY spectra, Talos derived dihedral restraints for 107

residues, and a list of slowly exchanging amide protons

(still observed after 1 h) were used by the program

AutoStructure version 2.1.1,86 interfaced with Xplor-

NIH16,87 to generate preliminary restraints and struc-

tures. AutoStructure generates restraints, including

dihedral angle, NOE, and hydrogen-bond distance

restraints. These NOE distance restraints had uniform

lower bounds of 1.8 Å and upper bounds of either 2.8,

3.2, 4.0, or 5.0, with all long-range NOEs and NOEs

between side chains at 5.0 Å upper bounds. NOE assign-

ments were examined and manually evaluated. Inter-

mediate structures were used to identify consistently or

egregiously violated NOEs, which were then subjected to

manual assessment including nearby restraints to end up

with the final NOE restraint list. Hydrogen-bond

restraints were used for 31 slowly exchanging amide pro-

tons for which a CO backbone acceptor could be unam-

biguously identified from preliminary structures. Three

restraints per hydrogen bonds were applied: HN to O

1.7–2.3, N to O 2.7–3.2, HN to C 2.8–3.4 Å. All final

structure calculations used the same NOE, hydrogen-

bond, and dihedral restraints (with the exception of the

Rosetta calculations). No pseudoatom corrections were

used because sum averaging was used, with the exception

of the DYANA calculations that treat pseudoatoms with

center averaging (see below). All protocols took into

account the cis Proline, P46. For the final NMR struc-

ture, 20 low-energy structures calculated using the stand-

ard Xplor-3.84 routine sa.inp were used as input struc-

tures for a final refinement by restrained molecular dy-

namics in explicit water with CNS 1.1 using a standard

protocol and deposited in the PDB with ID 1XPW.

Xplor

Xplor-NIH (version 2.15.0)16,87 software with the

routines mkpsf.inp and generate_template.inp was used

to generate starting structures followed by calculations

with the simulated annealing protocol in the routine

sa.inp. Starting from an extended structure, 130 struc-

tures were iteratively calculated and the first 20 structures

with energies <35 Kcal/mol were kept. Energies were

typically <35 Kcal/mol or >4000 Kcal/mol. The topology

and parameter files protein.top and protein.par designed

to agree with bond lenths and angles from the CSDX

force field.39 The Xplor calculation has four stages: (i)

initial minimization, (ii) high-temperature torsional

angle dynamics at 2000 K, (iii) cartesian dynamics cool-

ing linearly 2000–100 K, (iv) final minimization. The

number of steps in the high-temperature MD and cool-

ing phases were 30,000 and 200,000. This was increased

from the standard protocol values of 24,000 and 3000,

respectively, to improve convergence and accuracy as was

also recently observed by Fossi.88

Xplor+

Each of the 20 Xplor structures calculated above with

the standard protocol were further refined with an

improved simulated annealing protocol that uses many

of the updated features of Xplor-NIH.70,71 These

include the IVM module for torsion angle and rigid

body dynamics,89 a radius of gyration term to represent

the weak packing potential,24 and database potentials of

mean force to refine against Ca/Cb chemical shifts,22

multidimensional torsion angles,36,37 and a backbone

hydrogen-bonding term.69 The radius of gyration was

applied to residues 2–138 with the target value of

2.2N0.38, where N is 137 residues.24 The backbone hydro-

gen-bonding term was used in free mode so that identifi-

cation of backbone hydrogen bonding was fully auto-

mated without user input.69

CNSw

Each of the 20 Xplor structures calculated with the

standard sa protocol were used as input for further

refinement by restrained molecular dynamics in explicit

water with CNS (version 1.1)80 using a standard proto-

col.45,90 The protein structure is refined in a thin layer,

7 Å shell, of water molecules with a full MD force field

that includes electrostatic and Lennard-Jones non-bonded

potentials from the OPLS non-bonded parameters with

slight modifications38 in the PARALLHDG 5.3 force

field. The protocol, starts with a energy minimization

after addition of the explicit water, followed by slow

heating from 100 to 500 K, a dynamics refinement search

at 500 K, and slow cooling from 500 to 25 K, with a final

energy minimization at the end.45,90

CNSw + calcium

When Ca12 was incorporated into the structure calcu-

lations, six additional restraints were added to coordinate
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the Ca12 to six nearby O atoms identified from analysis

of the X-ray structure (typically 2.4–2.7 Å). Coordination

to the water molecule observed in the X-ray structure was

not restrained. Structures were calculated using Xplor and

further refined in explicit water in CNS, CNSw.

CYANA

Structure calculations were performed using CYANA

version 2.0 with a standard simulating annealing proto-

col.91,92 The torsion-angle MD dynamics has high-tem-

perature phase at 9600 K of 2000 steps and a cooling

phase to 0 K in 8000 steps. Structure calculations of 100

structures were sorted by the value of their target func-

tion and the lowest 20 were kept.

DYANA

Structure calculations using DYANA (version 1.5)91

used the same simulated annealing protocol as above for

CYANA. The NOE restraints for the DYANA calculations

had pseudoatom corrections for stereochemically ambig-

uous protons added to the upper bounds: 1.0 Å for

methylene protons, 2.0 Å for chemically equivalent aro-

matic protons, and 2.4 Å for pairs of methyl groups in

leucine and valine residues,93 because DYANA treats

these protons with center averaging in the calculation.

Rosetta refinement

Rosetta refinement of the X-ray structure of HSPC034

was performed by using the Rosetta all atom refinement

method consisting of random backbone perturbations

and sampling of discrete side-chain rotamers, followed by

a Monte-Carlo minimization. Protons and residues 1–3

and 140–143 were added to the X-ray coordinates before

using this structure to seed the calculation of 1000

refined structures.

Rosetta refinement of the NMR structure of HSPC034

was similar to the X-ray structure refinement. For each

of the 20 structures in the starting NMR ensemble, 1000

structures were calculated generating 20,000 structures

and the 20 lowest energy structures were retained for

analysis. Calculations took 2.5 days on 128 processors on

the Miami University EM64T cluster. An additional cal-

culation of 100,00 structures (5000 for each of the 20

starting structures) took 13.5 days on the cluster.

Idealized average structures

Idealized average structures were calculated using an

Xplor standard protocol followed by idealization with the

Rosetta force field. The structures were first converted to

Xplor format using PDBStat. The average structures for

each ensemble of 20 structures (residues 4–139) was gen-

erated using the Xplor protocol rmsd_ens.inp, which

takes into account rotation of symmetric sidechains, to

give the best average structure (and minimize the

RMSD). The resulting PDB file was truncated to leave

only residues 4–139 and was converted into Rosetta for-

mat and idealized using the commands: (1) rosetta -score

-fa_input -s ave_4to139.pdb –nstruct 1 –use_pdb_numbering,

(2) rosetta -pose_idealize -s ave_4to139_0001.pdb -fa_input

-nstruct 1.

Molecular replacement calculations

MOLREP (version 9.2.10)94 and Phaser (version

1.3.2)63,64,59 were used for MR studies within CCP4

(version 6.0).95 In each case, the ordered residues (4–

139) of the HSPC034 protein was used as a template.

Each of 20 NMR structures calculated using DYANA,

CYANA, XPLOR-NIH, CNS with water refinement

(CNSw), CNSw with calcium (CNSwCa), and CNSw sub-

jected to high-resolution Rosetta refinement, as well as

regularized average structures from each calculation, were

used as independent search models for MR. Each NMR

structure was superimposed to the X-ray structure before

MR, making it possible to assess the accuracy of each

MR solution. For MOLREP calculations, the X-ray data

was cut off at 3.0 Å resolution and the rotation and

translation functions were calculated using the default

parameters. For PHASER calculations, the MR solution

was obtained using the automated searching algorithm

with the X-ray data cut off at 3.0 Å resolution (45.623.0

Å) and a RMS difference of 1.5 Å (a value typically used

for new MR searches. The molecular weight used in

Phaser calculations was 17,417.

Hydrogen-bond analysis

Backbone hydrogen-bond analysis of HSPC034 X-ray

structure and NMR structures (residues 6–138) calculated

with different refinement methods were analyzed by

DSSP, dictionary of protein secondary structure,96 and

by rules designed to filter out bivalent hydrogen bonds

with similar DSSP energies. This was done to examine

those hydrogen bonds that are strong and unshared in a

given structure and to facilitate comparison of hydrogen

bonds patterns between different structures. Only hydrogen

bonds with DSSP energies less than20.5 Kcal/mol are con-

sidered. If two hydrogen bonds share the same donor or

acceptor, then the stronger one is kept if it is significantly

stronger that the other (|d E| > 1 Kcal/mol) and the second

is not too strong (E > 21.5 Kcal/mol). Otherwise, the two

hydrogen bonds are considered to be bivalent because they

have similar energy or are both stronger than the threshold

and so both are filtered out for future analysis.

Structural assessment software

The Rutgers protein structure validation server (PSVS,

http://www-nmr.cabm.rutgers.edu/PSVS)60 runs PRO-

CHECK v.3.5.443,97 and MolProbity,98 ProsaII,99

Verify3D,100 RPF,29 and PDB validation software101 as

well as other validation software. PDBStat was used for
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RMSD to X-ray structures (http://www-nmr.cabm.rutgers.

edu/NMRsoftware/nmr_software.html). PyMOL was used

to create protein figures (http://www.pymol.org). RPF

scores were calculated within AutoStructure 2.1.1 by

comparison of structural ensembles to manually opti-

mized NOESY peak lists from the 15N- and 13C-edited

NOESY-HSQC spectra, as output by the program Sparky,

using the chemical shifts in BioMagResBank format.

Match tolerances of 0.03 ppm for direct H, 0.05 for indi-

rect H, and 0.5 ppm for C/N were used. Individual RPF-

DP scores were calculated for truncated structures (resi-

dues 4–139) by using distances of the individual struc-

tures, to make a fair comparison with the X-ray coordi-

nates, DP(each). The average DP(each) is reported along

with error bars in Table III. Average RPF-DP scores were

calculated using average distances based on all 20 struc-

tures with full-length (residues 1–143) coordinates, to

obtain the optimal DP-score, DP(ave).

Inductively coupled plasma mass
spectrometry

A 50 lL sample of the 1.1 mM [U-15N; 5%-13C]

HSPC034 NMR sample was analyzed by ICP-MS (Agilent

Technologies 4500 ICP-MS) along with 40 lL of control

sample buffer filtrate that was obtained by ultracentrifu-

gation of 200 lL of the remaining sample (Amicon

Microcon 3). Calcium concentrations were 5.7 mM and

4.5 mM for the sample and the control, respectively,

which demonstrates 1.1 mM bound calcium, and stoichi-

ometric (1:1) binding.
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