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ABSTRACT
Goonesekere NCW, Beaudry S, Tasovski I, Towards Establishing the Molecular Function of Pfam Domain DUF294 by Sequence Analysis and Homology Modeling, Online J Bioinformatics 11 (1):125-133, 2009. The curated protein domains in Pfam have been used extensively in the annotation of new genomes. However, Pfam has many domains known as Domains of Unknown Function (DUFs), which have so far defied proper characterization. Here, we report the detection of an adenylyl transferase from E. coli as a remote homolog of a sequence from Pfam DUF294, using a recently-developed computer program, CSSM-BLAST.  The result is highly significant, with an E-value of 4.4 x 10-64.  A secondary structure analysis of the two sequences yields a high Sov value, which provides additional support for the implied homology.  A sequence analysis reveals that despite low overall sequence identity (12%), key residues in the active site are conserved between the two sequences.  Homology modeling of the DUF294 sequence reveals the presence of two ligand binding sites, which are important for the adenylyl transferase activity in the remote homolog. Taken together, the bioinformatics investigations are consistent with the functional prediction for DUF294 as a putative adenylyl transferase domain.
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introduction

Whole genome sequencing projects have yielded sequences of a large number of proteins for which no direct experimental information is available.  Many methods are available for the structural and functional characterization of such proteins [1, 2].  The most common approach to function prediction is ‘inheritance through homology’  [2].  The Pfam database [3] is an important tool in homology detection, since it provides a collection of curated protein families with functional annotation.  Family resources such as Pfam make it easier to establish functional inheritance through homology, than a BLAST search against an unstructured sequence database.  For example, genome projects including both the human and fly have used Pfam extensively for large-scale functional annotation of genomic data[4].

However, not all protein families in Pfam are well-characterized.  Pfam contains a subset of families, known as Domains of Unknown Function (DUFs).  These domains form a significant fraction of the Pfam database [5].  Providing a functional annotation for such domains is required for the complete characterization of the protein family space, and will also aid in the description of whole genome sequences.  A technique that was developed recently, CSSM-BLAST [6], was applied to investigate protein families belonging to such DUFs.  We show that this method detects homology between a protein sequence from DUF294, and a well-characterized adenylyl transferase of known structure, which share a sequence identity of only 12%.  This relationship has been further substantiated by secondary structure analysis, sequence analysis and homology modeling. 

methods
Identification of homologs to sequences from DUFs.
The program CSSM-BLAST [6] was used to create a profile for each protein chain in the RCSB protein data bank [7] as follows: The environment polarity of each residue in each chain of 39,952 pdb files obtained from RCSB was calculated using the program SHEBA [8]. All single chains, and all chains with more than 50 amino acids in multi-chain files were used as input to CSSM-BLAST program to generate position specific substitution matrix (PSSM) profiles (up to 20 cycles).  The target database used in each case was the NCBI non-redundant protein (nr) database.  A total of 75,794 PSSM profiles were generated this way. These profiles were searched using sequences from the DUF domains of Pfam, by the program RPS-BLAST included in the NCBI BLAST suit of programs (http://www.ncbi.nlm.nih.gov/).

Investigating the relationship between DUF294 sequence Q1Z441-C and 1V4A.
Q1Z441-C refers to the C-terminal half (residues 304-627) of the protein Q1Z441_PHOPR (Uniprot) from Photobacterium profundum.  This sequence has been assigned to the poorly characterized domain DUF294 in Pfam [3] with possible nucleotidyltransferase activity, based on the presence of a conserved DXD motif.

1V4A is the PDB ID for the N-terminal domain (residues 1-440) of the glutamine synthetase adenylyltransferase (GSAT) from E.coli.  Glutamine synthetase (GS) catalyzes the ATP-dependent conversion of glutamate to glutamine, and this reaction is used to regulate the assimilation of ammonia.  Full length GSAT (945 a.a.) contains two homologous N-terminal (1-440) and C-terminal (523-945) domains.  The structure of the N-terminal domain of GSAT, IV4A [9] indicates that it may be divided into three sub domains, with the active site residing within sub domain 2 [9] (Fig. 1).
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Figure 1  The sub domain structure of 1V4A.  The active site region, located in sub domain 2, is highlighted (Adapted from Xu et al. 2004).

Designation of secondary structure. 

Protein secondary structure was predicted using the program PSI-PRED [10].  The secondary structure assignments for 1V4A were made according to the DSSP classification [11].  
Alignment of sequences related to 1V4A.
The sequence of 1V4A was used as query in PSI-BLAST against the nr database, to generate a list of proteins with significant sequence similarity (E-value < 0.001).  Selected hits with sequence identity between 25% - 40% were aligned using ClustalW [12, 13].

Agreement between secondary structure.
The agreement between secondary structure designations of two proteins was estimated by calculating the Sov value [14]
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Where len is the segment length; H, E and C are helix, extended and coil states;  minov is the length of actual secondary structures overlap of the query Sq and the target St; maxov is the maximal length of overlapping secondary structures Sq and St; and ( is defined as

[image: image3.wmf]  

d

(

S

q

S

t

)

=

min{(max

ov

(

S

q

S

t

)

-

min

ov

(

S

q

S

t

));

min

ov

(

S

q

S

t

);

int(

len

(

S

q

/

2

));

int(

len

(

S

t

/

2

))}


Construction of a homology model for Q1Z441-C.
The sequence alignment between 1V4A and Q1Z441-C obtained from CSSM-BLAST was used as input to the MODELLER program [15] to obtain a homology model for Q1Z441-C.  The model and its features were visualized with PyMOL [16].

Evaluation of model quality. 

The overall model quality was evaluated by the programs ProSA [17] and PROQ [18].  PROQ and its derivatives have been rated as the best MQAP methods in the recent CASP7 competition (http://predictioncenter.org/casp7/).
results AND Discussion
Detection of a homolog to DUF294. 

Sequences from DUFs in Pfam were used to interrogate a target database of profiles obtained using the program CSSM-BLAST [6].  The results from CSSM-BLAST related Q1Z441-C to pdb sequence 1V4A with a highly significant E-value of 4.4 x 10-64.   In the concomitant sequence alignment, 97% of residues from Q1Z441-C were aligned with 71% of the residues from 1V4A.  The percent identity between the two sequences was 12%.   
1V4A is the amino terminal domain of glutamine synthetase adenylyltransferase (EC 2.7.7.42) from E.coli, a protein that has been well characterized by biochemical [19] and structural [9] studies.  The highly significant E-value between Q1Z441-C and 1V4A establishes probable homology and by extension, provides a preliminary functional annotation for Q1Z441-C and other sequences in DUF294.  Conformation of such a functional assignment awaits laboratory experimentation.  Additional bioinformatics analyses undertaken to investigate the relationship between 1V4A and Q1Z441-C are described next.

Concordance of secondary structure between Q1Z441-C and 1V4A.
Homologous proteins of similar function will have similar tertiary structure, and this, in turn, would predicate a similar arrangement of secondary structural units.  Thus, a comparison of the secondary structure features of Q1Z441-C and 1V4A is useful in evaluating the relationship between these two proteins.  The information provided by this analysis would also be independent of the CSSM-BLAST result, since the latter does not explicitly take into account secondary structure information of query or target.   

The secondary structure of Q1Z441-C was predicted using PSI-PRED [10] and compared to both the predicted and the DSSP-based [11] secondary structure assignments for 1V4A (see Fig 2).  A comparison between predicted secondary structures is more appropriate when detecting remote homologies, since even when these programs fail, they still tend to predict similar conformations for related proteins [20].  A quantitative estimate of the overlap between secondary structure units for the aligned regions in Fig. 2 was obtained by computing the Sov value [14].  Although the Sov value was originally developed to assess the performance of secondary structure prediction methods [21], Geourjon and colleagues [20] have successfully used this measure to detect homology between proteins. The Sov value obtained for the predicted secondary structure of Q1Z441-C with the same for 1V4A was 74%, while the analogous value using the DSSP-based secondary structure assignments for 1V4A was slightly lower, at 68%.  Both these values are well above the 50% threshold observed for proteins related by remote homology [20]
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Figure 2 The sequence alignment between Q1Z441-C and 1V4A obtained from CSSM-BLAST.  The predicted secondary structures for the two sequences are also depicted with the usual notation.  The Dictionary of Protein Secondary Structure (DSSP) classification for residues in 1V4A are given above the sequence.  Residue 1 of Q1Z441-C corresponds to residue 304 of Q1Z441_PHOPR from  P. profundum.

Analysis of sequence alignment between Q1Z441-C and 1V4A.
The sequence alignment between 1V4A and Q1Z441-C from CSSM-BLAST is given in Fig. 2.  The alignment is almost complete with respect to Q1Z441-C and includes about 97% of the residues of this domain.  Q1Z441-C aligns with sub domains 2 and 3 (Fig. 1) of 1V4A and the alignment includes the active site region of 1V4A (Fig. 3) located in sub domain 2.  The predicted secondary structure units for 1V4A and Q1Z441-C also align very well in Fig. 2, confirming the concordance in secondary structure predicted by the Sov value.
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Figure 3  (A) Alignment of sequences related to 1V4A (25% - 40% seq. id.) in the active site region by ClustalW.  Conserved residues are highlighted.  The residues are numbered as in 1V4A.  (B) The alignment between Q1Z441-C and 1V4A for the analogous region obtained from CSSM-BLAST.
Active Site Region.
Fig. 3A depicts the conservation of residues in the active site region of 1V4A.  The aligned sequences share between 25% - 40% sequence identity with 1V4A.  Fig. 3B depicts the CSSM-BLAST alignment between 1V4A and Q1Z441-C in this region.  In nucleotydyl transferases, nucleotide phosphate binding and subsequent transfer occur via interactions with metal ions that bind to three conserved aspartyl groups [22-24].  Two of these residues, corresponding to D173 and D175 of 1V4A, form the classic DXD motif of nucleotydyl tranferases.  These residues are absolutely conserved among known structures of nucleotydyl transferases [9].  In Fig. 3b, two aspartyl groups in Q1Z441-C are also aligned with the aspartyl groups forming the DXD motif of 1V4A.  

The only other residue that is absolutely conserved among the known structures of nucleotydyl transferases corresponds to G161 of 1V4A, which represents the start of the phosphate binding loop [9].  This residue is also found to be conserved in Q1Z441-C (Fig. 3B).   In addition to these residues, many other residues that are specifically conserved in adenylyl transferases are also conserved in Q1Z441-C (Fig. 3).  These include residues corresponding to G163 and E166 of 1V4A and the hydrophobic regions that flank the core of the active site region.  

Analysis of three-dimensional homology model for Q1Z441-C.
Evaluation of model quality

The quality of the model for Q1Z441-C  as evaluated by ProSA [17, 25] gave a z-score of -6.3, which falls within the range of values observed for experimentally determined structures of similar length [17, 25].  The results from PROQ [18] gave a value of 4.1 (potentially extremely good model) for the LGscore.  These results taken together suggest that the homology model built for Q1Z441-C is sufficiently reliable for interpretation of structure-function relationships.
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Figure 4  Superposition of 1V4A and the three-dimensional model for Q1Z441-C.  (A) Three aspartyl residues of 1V4A implicated in metal ion binding, D173, D175 and D223, are shown in red. In the model for Q1Z441-C, D68, D70 and D110 are in the same region of space (shown in purple).  (B) The residues of 1V4A believed to stabilize phosphate groups of a nucleotide, K162, K317 and R324,  are shown in red.  Residues that may perform the same function in Q1Z441-C, S57, K212, and R213 are shown in purple (some side chains have been repositioned for clarity).  

A triad of aspartyl residues implicated in metal ion binding.
The three aspartyl residues implicated in binding metals ions in 1V4A, D173, D175 and D223 are shown in red in Fig. 4A. 1V4A residues D173 and D175, which are part of the DXD motif, superpose very well with two aspartyl residues from Q1Z441-C. A third aspartyl residue of Q1Z441-C is situated spacially adjacent to D223, in a similar orientation, to complete the triad of negatively charged residues in Q1Z441-C.  Thus, the three-dimensional model for Q1Z441-C, like 1V4A, exhibits a negatively charged pocket containing a triad of aspartyl groups with putative metal ion binding activity. 

A positively charged pocket implicated in binding phosphate groups of ADP.
Xu et al. [9] have modeling the structure of ADP into 1V4A and have suggested that some of the phosphate groups in ADP may be stabilized by interaction with residues K162, K317 and R324 that form a positively charged pocket.  In the model for Q1Z441-C, a sequence of two positively charged groups overlaps with two of these residues, K317 and R324 (Fig. 4B).  The residue overlapping K162  of 1V4A is a serine.  A serine at this position can also interact with the -phosphate of the nucleoside triphosphate [22].  The homology model for Q1Z441-C does not allow for a detailed prediction for interaction with a nucleotide, particularly since the same is absent in the template protein 1V4A.  However, as detailed above, this model possesses residues that could serve to stabilize phosphate groups of a bound nucleotide in a manner analogous to that hypothesized for 1V4A. 
Conclusion
An adenylyl transferase (PDB ID 1V4A) has been identified as a remote homolog (12% Sequence Identity) to Pfam DUF294 sequence Q1Z441-C by CSSM-BLAST (E-value = 4.4 x 10-64).  A sequence alignment confirms that key residues in the active site of 1V4A are also conserved in Q1Z441-C.  A homology model built for Q1Z441-C shows that two functionally important regions related to the binding ligands in 1V4A are also present in this model.  Taken together, the bioinformatics investigations are consistent with the functional prediction of Q1Z441-C and other sequences in DUF294 as adenylyl transferase domains.   
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