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Abstract

For more than a decade, the Joint Center for Structural Genomics (JCSG; www.jcsg.org) worked 

toward increased three-dimensional structure coverage of the protein universe. This coordinated 

quest was one of the main goals of the four high-throughput (HT) structure determination centers 

of the Protein Structure Initiative (PSI; www.nigms.nih.gov/Research/specificareas/PSI). To 

achieve the goals of the PSI, the JCSG made use of the complementarity of structure 

determination by X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy to 

increase and diversify the range of targets entering the HT structure determination pipeline. The 

overall strategy, for both techniques, was to determine atomic resolution structures for 

representatives of large protein families, as defined by the Pfam database, which had no structural 

coverage and could make significant contributions to biological and biomedical research. 

Furthermore, the experimental structures could be leveraged by homology modeling to further 

expand the structural coverage of the protein universe and increase biological insights. Here, we 

describe what could be achieved by this structural genomics approach, using as an illustration the 

contributions from 20 NMR structure determinations out of a total of 98 JCSG NMR structures, 

which were selected because they are the first three-dimensional structure representations of the 
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respective Pfam protein families. The information from this small sample is representative for the 

overall results from crystal and NMR structure determination in the JCSG. There are five new 

folds, which were classified as domains of unknown functions (DUF), three of the proteins could 

be functionally annotated based on three-dimensional structure similarity with previously 

characterized proteins, and twelve proteins showed only limited similarly with previous deposits in 

the protein data bank (PDB) and were classified as DUFs.

Graphical Abstract

To increase structural coverage of the protein universe, the Joint Center for Structural Genomics 

(JCSG, www.jcsg.org) developed a strategy for exploiting complementarities between X-ray 

crystallography and NMR spectroscopy in solution. A sample of 20 NMR structure determinations 

is used to illustrate the target selection strategy and the different outcomes in terms of fold novelty 

and structure-based functional annotation.
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Introduction

The human genome project [1] and other genome sequencing efforts, focused either on 

individual species [2, 3] or on groups of microorganisms in specific environments 

(microbiomes) [4-7], had a huge impact on many different fields, including biomedical 

research and healthcare [6, 8, 9] , nutrition [10, 11] and agriculture [3, 12]. However, in most 

cases such advances are not expected to translate directly from the genomic sequences 

themselves, but rather to depend on acquiring detailed knowledge about newly uncovered 

gene products in the organisms of interest, i.e., primarily their proteomes. To capitalize on 

the genomics sequencing efforts, structural genomics was therefore initiated at the turn of 

the 21st century, with one of the main goals to increase the coverage of the genomic protein 

universe with three-dimensional structures of novel, previously not investigated gene 

products [13-15]. To meet the challenge presented by the continued and rapid growth of the 

pool of genomic sequences, the pilot phase (PSI-1; 2000 to 2005) and production phase 

(PSI-2; 2005 to 2010) of the NIGMS Protein Structure Initiative (PSI; https://
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www.nigms.nih.gov/Research/specificareas/PSI/background/) focused on assembling and 

operating high-throughput (HT) structure determination pipelines, using X-ray diffraction in 

protein single crystals [16, 17] and nuclear magnetic resonance (NMR) spectroscopy with 

proteins in solution [18-27] (Fig. 1). For the target selection, criteria were implemented that 

supported investigations of a wide array of previously uncharacterized proteins (“domains of 

unknown function”; DUF) as candidates for structure determination [15-18, 28]. Today, the 

DUFs deposited in the Protein Data Bank (PDB) represent a large, untapped resource for 

investigating novel physiological processes involving the complete range of protein 

structures and functions in known organisms, as well as to address evolutionary aspects and 

differentiate one species from another. About 26% (4286 of 16,317) of the protein families 

defined at the time in the Pfam data base of protein families were used to guide the JCSG 

effort (the latest version used by the JCSG, Pfam 28.0, was released on May 20, 2015; see 

also the caption to Fig. 4) are DUFs, and about 20% (823) of these have at least one 

structurally characterized representative. More than 60% of these initial structural 

representatives were determined under the auspices of the PSI. As they explore uncharted 

regions of the protein universe [28], the DUFs represent valuable additions to the ever-

increasing compendium of protein structures available as templates for molecular modeling, 

as a foundation for rational drug design, and for obtaining novel insights and supporting 

potential applications in many other fields [7-12].

NMR spectroscopy in solution has for many years been one of the principal techniques in 

the structural biology of proteins and nucleic acids [29]. It is unique in that atomic resolution 

structures and additional function-related data can be obtained at near-physiological solution 

conditions. One of the roles of NMR within the research program of the Joint Center of 

Structural Genomics (JCSG: www.jcsg.org) was to complement crystallography with protein 

structure determinations in solution, thus further contributing to increased structural 

coverage of the protein universe. NMR worked on targets which were prioritized by the 

JCSG Bioinformatics Core with special criteria for structure determination in solution, as 

well as on targets for which the HT pipeline did not yield a crystal structure (Fig. 1). In 

practice, for the sake of high efficiency, structural genomics avoided parallel efforts focused 

on the same target, so that NMR was used to large extent as the salvage method for 

crystallographic studies and the overlap between novel structures determined by 

crystallography and NMR was intentionally minimized. The XtalPred method [30] used for 

target identification was primarily developed to prioritize proteins for structure 

determination by crystallography. However, many protein families targeted by the JCSG did 

not contain proteins predicted by XtalPred to be optimal for crystallization. Many of these 

structures were then determined by NMR. The PSI had also imposed a criterion that targets 

for structure determination have less than 30% sequence identity with proteins that had 

previously been structurally characterized [15], and additional criteria were used to ensure 

high probability of success with a structure determination. For NMR targets this included an 

upper size limit of 200 amino acids.

To illustrate the structural genomics approach to increasing the structural coverage of the 

genomic protein universe, this paper discusses 20 of the 98 NMR structure determinations 

completed under the auspices of the JCSG, which were selected because they represented 

the first three-dimensional structures of their respective Pfam protein families. These 
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numbers reflect an important detail of the strategy for target selection by the JSCG, which 

focused on increasing structural coverage of the protein universe by pursuing two tiers of 

targets. The first tier included targets with very low or no detectable sequence similarity to 

proteins with known structures. The structures resulting from this tier were most often the 

first structurally characterized members of their respective protein families. The second tier 

of targets (“fine-grained coverage targets”) were selected from branches of large protein 

families whose general folds were already known (these targets still shared less than 30% 

conserved residues with proteins for which experimentally determined structures had been 

deposited in the PDB). In this study we focus on structures from the first tier.

Results and Discussion

NMR structures

The protein structures presented in this paper were determined with in-house standard 

solution conditions (50 mM NaCl, 5 mM NaN3, 25 mM Na2HPO4 at pH 6.0; for proteins 

containing free cysteines, 2 mM deuterated DTT was added), using the J-UNIO protocol 

[27]. The experimental details of this approach have been described elsewhere [31-36], and 

statistics of the structure determinations discussed in this paper are given in Table 1. Stereo 

views of common representations for structures determined by NMR in solution are shown 

for the protein YP_399305.1 (PDB ID 2l1n) (Fig. 2). Panel A shows a bundle of 20 

conformers superimposed for best fit to the mean atom coordinates; for each conformer, the 

polypeptide backbone is shown as a spline function through the α-carbon atoms. A tight fit 

of this bundle of conformers indicates high precision of the structure determination [29, 37]. 

Panel B shows an all-heavy-atom presentation of the conformer in the bundle for which the 

backbone was closest to the mean coordinates of the backbone heavy atoms. The color code 

identifies structurally well-defined amino acid side chains (blue), with a value for the 

displacement, D [38], of < 0.8 Å, with all other amino acids being in red. Compared to 

crystal structures of proteins, NMR has the advantage of being able to measure the intrinsic 

flexibility of proteins in solution at ambient temperature. In solution structures, the increase 

of dynamics when going from the protein core toward the solvent-exposed surface is 

typically more pronounced than in protein crystals [29]. Panel C shows a ribbon 

representation of the backbone for the conformer in B. For all 20 proteins discussed in this 

manuscript, corresponding ribbon presentations are shown in Fig. 3. Some of these proteins 

have previously been discussed in different contexts, where additional details of the structure 

determinations were given [39-42].

Structural coverage of the protein universe

To gain insights into evolutionary and structural relationships among protein sequences, they 

are typically grouped into families. Pfam is the most widely used database of conserved 

protein domain families and has been central to PSI efforts towards increasing structural 

coverage of the protein universe [15-18, 28]. The NMR structures in Fig. 3 represent the first 

structural representatives of 20 such Pfam families. At the time of the structure depositions, 

these families contained between 9438 and 73 members (Fig. 4; see also the comments on 

Pfam in the figure caption). These structures (Fig. 3) thus provide a platform for generating 

three-dimensional molecular models for over 32,000 protein sequences (Fig. 4) by 

Serrano et al. Page 4

FEBS J. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



homology modeling [43,44], which would yield a mean leverage of 671 for these 

experimentally determined protein structures.

An interesting aspect of the larger Pfam families (Fig. 4) is that they are typically 

represented in the genomes of a variety or important groups of different species. For 

example, PF03724 contains proteins encoded in archaea, bacteria and eukaryotes, PF11776 

includes proteins from gram-positive and gram-negative bacteria, and PF06042 includes 

sequences found in bacteria and fungi. Proteins in smaller Pfam families, such as PF14466 

and PF13642 (Figs. 3 and 4), tend to belong to organisms populating specific niches, such as 

the human gut microbiome [45] or deep-sea anaerobic habitats [46]. While characterizing 

larger families can yield higher homology modeling leverage per experimental structure 

determination, smaller families may represent recent adaptations to unique environments 

with novel biochemistry and function [47,48], potentially giving rise to important new 

biotechnological applications.

At the time of deposition, each of the 20 proteins in Fig. 3 shared less than 15% sequence 

identity with any previously deposited protein in the PDB. Interestingly, based on structure 

comparison with the algorithms DALI [49] and FATCAT [50], only the five proteins 

YP_926445.1, YP_399305.1, YP_001336205.1, YP_546394.1 and YP_001302112.1 (top 

row in Fig. 3) were at the time classified as new folds. Thus, a key conclusion is that many 

of these proteins with low sequence identity to known proteins adopt extensive variations of 

known folds, and are difficult to detect a priori by sequence-based algorithms. It is now a 

general trend that discovery of novel folds has greatly decreased over the years, indicating 

that, in 2015, the PDB represents a much more complete fold repertoire than when the PSI 

was started in 2000. Due to the aforementioned target selection criteria used by the PSI, this 

program has been the largest contributor to the discovery of new folds, as well as of extreme 

variants of known folds since the start of the 21st century [13]. Given the absence of 

similarities with functionally characterized proteins, proteins with new folds have typically 

come from structure determination of DUFs [51].

In addition to the discovery of new protein architectures [52-54], expanding the structural 

coverage of the genomic protein universe has revealed striking structural similarities 

between proteins with very low, and at times undetectable, sequence identity. The proteins 

YP_510488.1, NP_888769.1 and NP_344798.1 (three left-most entries in the second row of 

Fig. 3), which shared less than 15% sequence identity with structural counterparts in the 

PDB, illustrate this situation. Structure determination of these three proteins revealed close 

three-dimensional structure similarity with functionally annotated proteins in the PDB 

[39-42]. In these scenarios, without obtaining additional information on the individual 

proteins, we were able to provide functional annotations for the newly studied proteins and 

their respective Pfam families [39-42].

The remaining proteins in Fig. 3 were not recognized as new folds, but their similarity with 

known structures was limited, as it often extended over only small polypeptide segments of 

larger proteins. For these 12 proteins, attempts at functional annotation remained ambiguous, 

so that they were classified as DUFs [51]. Quite generally, it turned out that the functional 

annotation of proteins based on their three-dimensional structure alone is difficult, especially 
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when dealing with little explored regions of the protein universe, which represents the 

majority of the proteins targeted by the PSI selection criteria [13, 15]. Nonetheless, structure 

determination can severely limit the array of possible functions of a particular protein and 

thus aid in the discovery of the actual biological role.

Conclusions

NMR has contributed about 10% of the structures deposited in the PDB by PSI-associated 

research teams (Fig. 5A). Although the number of structures is much smaller than what was 

achieved with X-ray crystallography, the data presented in this paper provide a 

representative illustration of how the PSI NMR effort, with its much more limited resources, 

has been successfully integrated into the structural genomics approach to increase the three-

dimensional coverage of the protein universe. The homology modeling leverage of each 

structure solved is of course tied to the selection of the protein structures considered, such as 

those shown in Fig. 3. Nonetheless, while this leverage from homology building varies for 

different samples of PSI structures determined either by NMR or by X-ray crystallography, 

the data in Fig. 4 are representative of the average leverage for structures determined in 

PSI-1 and PSI-2 (http://sbkb.org/metrics).

When comparing the relative contributions from X-ray crystallography and NMR in solution 

either to the PSI deposits or all deposits in the PDB or to first representations of new Pfam 

families (Fig. 5, A and B), it is apparent that NMR has contributed more than its share of 

first structural representatives. The complementarity between X-ray crystallography and 

NMR in solution in providing first representative structures for new Pfam families is also 

readily apparent from the increased contributions of NMR structures for proteins that have 

been classified as difficult to handle with crystallographic methods (Fig. 5C). Moreover, 

most of the remaining Pfam families with no structural coverage are predicted to be 

“difficult” for characterization by X-ray crystallography, mostly because of predicted 

structural disorder, indicating that many potential “NMR-accessible” targets remain to be 

explored. Overall, these data indicate that continued efforts by NMR in solution should be 

encouraged in the interest of increasing structural coverage of new Pfam families, 

particularly where they include proteins with sizes up to about 250 residues.

For the coming years, it is an interesting task to develop methods for efficient functional 

annotation of the resource of DUFs deposited in the PDB. Success in such efforts would be 

an ultimate validation of the systematic PSI approach to increase structural coverage of the 

genomic protein universe and enhance its impact on biological and biomedical research.
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PSI Protein Structure Initiative

NMR nuclear magnetic resonance

HT high-throughput

Pfam a data base for identifying and classifying protein families

DUF domain of unknown function

PDB protein data bank
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Fig. 1. 
JSCG high-throughput (HT) structure determination pipeline. Targets for NMR structure 

determination included primarily proteins for which the HT crystallography pipeline did not 

yield a structure but additional proteins were prioritized for NMR structure determination 

(reproduced from [16]).
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Fig. 2. 
NMR structure of the protein YP_399305.1 (PDB ID 2l1n). (A) Bundle of 20 conformers 

selected to represent the NMR structure, superimposed for minimal RMSD to the mean 

atom coordinates. Only the polypeptide backbone is shown. For the selection of the 20 

conformers, see [27] and Table 1. (B) All-heavy-atom presentation of the conformer from 

(A), for which the polypeptide backbone is closest to the mean atom coordinates of the 

bundle. The color code represents the displacements, D [37], calculated for the amino acid 

side chains, where small values indicate that the residue is structurally well defined; blue, D 

< 0.8 Å; red, D ≥ 0.8 Å; the backbone and the prolines are gray. (C) Ribbon presentation of 

the backbone in the structure of panel B.
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Fig. 3. 
20 first representatives of Pfam protein families determined by NMR. For each protein, a 

ribbon presentation is shown of the conformer closest to the mean coordinates of a bundle of 

20 conformers used to represent the NMR structure (see Fig. 2). Below each structure, the 

NCBI accession name of the protein, the Protein Data Bank identification number and, in 

parentheses, the Pfam family code, are given. The top row (red box) shows five proteins for 

which a new fold was discovered. The first three entries in the second row (blue box) were 

functionally annotated based on near-coincidence of their three-dimensional structures with 

PDB entries of proteins with known functions.
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Fig. 4. 
Size distribution of the 20 Pfam families covered in Fig. 3. A histogram shows the number 

of protein sequences belonging to the individual Pfams. For the largest families, the off-scale 

size is indicated (family size is based on the Pfam release 28.0 of May 20, 2015). After the 

end of the PSI on June 30, 2015, the Pfam protein families database has been fundamentally 

revised, as described by Finn et al. [54], so that the numbers shown in this figure do no 

longer have counterparts in the current Pfam database. For the present discussion it is 

important that Fig. 4 represents the number of genomic protein sequences which are 

accessible to structural coverage by homology modeling.
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Fig. 5. 
Contributions from X-ray crystallography (blue), NMR in solution (orange), electron 

microscopy (yellow), and other methods (black) to protein structure determinations. (A) 

Top: All PSI deposits in the PDB; bottom: all PDB structures. (B) Top: PSI deposits 

representing first structures of Pfam families; bottom. PDB deposits representing first 

structures of Pfam families. (C) Contributions by X-ray crystallography and NMR to the five 

XtalPred classes of proteins; increasing difficulty for X-ray structure determination is 

predicted when going from classes 1 to 5 [30]. We also want to briefly comment on requests 

by the referees which otherwise are beyond the scope of this article. Firstly, it was not a 

primary aim of the JCSG to compare structures of the same proteins determined by X-ray 

crystallography and by NMR. To the contrary, in the interest of efficiency, overlap between 

crystal and NMR structure determination was minimized. Nonetheless, such comparisons 

have been investigated for a small sample of proteins [56-59]. Secondly, the use of NMR 

structures for solving crystal structures by molecular replacement has long been established 

[38,60] In the context of follow-up studies, for example for complexes of DUF structures 

with macromolecular partners, this approach may be of special interest, considering that the 

PSI tapped new proteins in otherwise sparsely explored parts of the genomic protein 

universe [13-15].
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