Filling in KEGG Pathway Gaps
First, you need a pathway to investigate.  Visit either the KEGG pathway website and select a pathway you think may be important to your organism, or check out your organism’s genome webpage on JGI.  If you go to JGI, scroll down on the organism’s main page to the “Genome statistics” table and click on the gene number corresponding to “protein coding genes connected to KEGG pathways.”  The KEGG website presents a more complete list potential pathways, but JGI possesses genes that its algorithm has already located in your genome as well as a substantial list of sequences for other species’ genes that its algorithm didn’t manage to find in your organism’s genome.  Basically, JGI is an easier starting point for finding genes within your genome, but you can use KEGG if your pathway of interest is missing from JGI and you have reason to believe this particular pathway exists within your organism.
So you’ve found literature describing the enzymes and intermediates involved in the particular pathway you’ve chosen in your organism, right?  A closely related organism will work also, and you’ll probably be able to better characterize the pathway if you search for literature detailing the pathway in several phylogenetically related organisms.  Finding enough literature is very important – others have already performed the wet-lab experiments for you.  If you have evidence that your pathway is indeed active in your organism or a related species, then you can safely assume that the genes coding for the enzymes that catalyze this pathway are somewhere in your genome, and the probability of futility of all the BLASTing you’ll do will certainly be lessened.  Normally, literature will only characterize a portion of the whole KEGG pathway; this is the portion you should focus on identifying genes for.
Now that you have a pathway, bring up the KEGG map on JGI.  For instance, if your pathway is “Nitrogen metabolism,” this will be under the “Energy metabolism” category if JGI has identified any genes in your organism relating to nitrogen metabolism.  Find the link for your pathway and click on it to bring up JGI’s interactive KEGG pathway.  The genes in blue are genes that JGI has identified in your organism, the genes in orange are genes that JGI has identified in other organisms (and provided sequences for), and white genes are genes that JGI hasn’t found in any genome that it’s annotated.
First, let’s look at the blue genes (if there are any). These should be easiest – all we need to do is verify their sequence and function identity on BLAST.  Click on a blue gene in your pathway.  For example, I’ll look at the gene with the EC number 1.7.2.1.  This gene codes for a nitrate reductase, an enzyme that catalyzes the conversion of nitrate to nitric oxide.  Click on the Gene ID number for this gene in your organism, and then scroll down on the next page and click on the amino acid sequence length (in my example, it’s 353aa).  Copy and paste this amino acid sequence into BLASTp, make sure the selected algorithm is BLASTp, and then hit BLAST.

With any luck, JGI will have correctly identified this gene, and the first BLASTp hit should be this gene in your organism.  Scroll down to the first blast hit, and it should look something like this:
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Query 1 MSWQAVARKDFRDASRSYLLWGLTIGFIALVSLARAVLGHVOSNPTSTDILGVLENLEQY 60
MSHQAVARKDFRDASRS YLLVCLTIGE ALVSL AAAVLGHVOSNPTSTDTLGVLHMLEQY
Sbjct 1  MSHQAVARKDFRDASRSYLLWGLTIGFIALVSLAAAVLGHVQSNPTSTDILGVLHMLEQY 60

Query 61  VVPLIATAISFGATVNERDSGSLKTLLSLPHSRTDVILGKVLGRTAAFVVELVLGNVVEA 120
VVPLIATAISFGAIVNERDSGSLKILLSLPESRTDVILGAVLGRTAAFVVELVLGHVVEA
Sbjct 61  VVPLIATAISFGATVNERDSCSLKILLSLPESRTOVILGXVIGRTAAFVVPLVLGHVVEA 120

Query 121 VALLVVGVEFEAAKYFGYLLFATLFGVAFVSVATGHSATFESRFRVLLAVEGEYFVENIL 180
VALLVVGVEFEAAKYFGYLLFATLFGVAFVSVATCHSATFESRFRVLLAVFGFYFVENIL
Sbjct 121 VALLVVGVEFEAAKYFGYLLFATLFGVAFVSVATGMSATFESRFRVLLAVFCFYFVENIL 180

Query 181 WRAINTASFVIVLTLSGQWPSWMPLTVOETLRVFQLLSPTGDFQTLRQALMNDVLFASEV 240
WRATNTASFVIVLTLSGQNPSWPLTVOE TLRVFQLLSPTGDFQTLROALUNDVLFASEY
Sbjct 181 WRATNTASFVIVLTLSGQWPSWMPLTVQETLRVFQLLSPTGDFQILAQALMNDVLFASEV 240

Query 241 SQCLPDFRIQLGAMAMLIVWITLPILIGILRFEEADL 277
‘SQCLPDFRLQLGAMAML LVRITLPTL IGILRFEEADL
Sbjct 241 SQCLPDFRLQLGAMAMLIVWITLPILIGILRFEEADL 277



BLAST and JGI agree on both the enzyme’s name and amino acid sequence! Also, notice the “Score = 720” and “Expect = 0.0” – these statistics will be important later when we’re looking for ‘orange’ and ‘white’ genes.  The S score is a measure of the similarity of the query sequence to the sequence shown, and the lower the E value, the more reliable the S value.  Typically, we will be looking for larger S values and E values significantly below 1.  Based on this particular BLASTp result, we can safely conclude that this gene does in fact code for a nitrile reductase in Halomicrobium mukohataei.
We can further validate these data by going back to JGI and looking upstream for the start codon and Shine-Dalgarno sequence.  To do this, go back to the “Gene Detail” page on JGI, scroll down, and click “add to gene cart.”  Then scroll down to “Export genes,” make sure “FASTA nucleic acid format” is clicked, search about 40 bases upstream, and then click “show in export format.”  On the next page, the red codon is the predicted start sequence, and the green nucleotides are the 40 or so bases upstream of the start codon.  The Shine-Dalgarno sequence for my example gene looks like TCGACG, 9 bases upstream of the start codon GTG.  Success!  We have verified this gene’s identity and sequence.

Next, try an ‘orange’ gene from the KEGG pathway on JGI.  I’m examining gene 1.7.99.6, a nitrous-oxide reductase.  Before investigating this gene in other species, we should first see if an annotation server was able to find it in our own species.  This is where RAST is particularly handy.  Head over to the SEED viewer for your organism’s genome on RAST, and in the top green navigational bar, click organism > genome browser. From here, you can search for genes based on length, location, function, and subsystem.  Type a keyword from the JGI-assigned name into the “function” box and sort through the resulting  genes to find the gene in question. (For example: I typed in ‘nitrous’ to find the nitrous oxide reductase in the genome of H. mukohataei.)  If no genes are found under that name, search under synonyms for that gene function or skip to the next paragraph.  If RAST has managed to locate your gene, click on the “Feature I.D.” link for the gene, and then scroll down and click the green “sequences” tab.  Make sure the sequence type selected is for protein, and then click the “Show FASTA” button.  This will give you the amino acid sequence of the gene for your organism’s genome as well as the sequence for the gene in several closely related organisms.  BLASTp your organism’s sequence to verify its sequence and identity:
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Query 1  MIKALGVGGTAALAGCTAPSNQEATEVSTTDRATPQEPSMNPAXETDVDRIAADPTDIED 60
+LXALGVGGTARLAGCTAPSNQEATEVS TTDRATPOEPSMNPAKETDVDRI AADPTDTED
Sbict 12  VLKALGUGGTAALAGCTAPSNQEATEVSTTDRATPQEPSMNPAKETDVDRIAADPTDIPD 71

Query 61  PIDRDEPKIVEVELTTKELVAEVEPGVIYTYMAFEDQTPGBMIRVRRGDIVEMIVINEEG 120
PIDRDEPKTVEVEL TTXELVAEVERGVTY TYNAFEDQTPGRTRVRRGDTVENTVTNEEG
Sbjct 72 PIDRDEPKTVEVELTTXELVAEVEPGUIYTYMAFEDQIPGPMIRVRRGDTVENTVINEEG 131

Query 121 NSMPENIDLHAVRGPGGGAZASMVAPGETETERFKATYPGSFIVHCAVENLDMEISSGHE 180
ISMPENT DLAAVRGECGGAEASNVAPCETZ TFRFKATY PGSF 1 YHCAVPNLDNHT SSGHF
Sbjct 132 NSHPHNIDLEAVRGPGGGAEASVAPGETETFRFKATYPGSFIVHCAVENLOMHTSSGMF 191

Query 181 GLILVEPKDGLPEVDHEFYFGQHELYTTGETGEEGHHDFDMEAMAAEEPTYVIMNGEKYA 240
GLILVEPKDGLPEVDHEFYFGQHEL Y TTCE TGEEGHHDE DNE AMAAEE PTY VLINGEKYA
Sbjct 152 GLILVEPXDGLPEVDHEFYFGQELYTTGETGEEGHHDFDNEAMAAEEPTYVLUNGEKYA 251

Query 241 ITPDGYGSPSIDVGDTARVYFUSGGPNLMSSYHPIGSVWDKVWQQGSTAGEBNRFVETTE 300
ITPDGYGSPSIDVCDTARVYFVSCCRNLMSSYHP TGS VRDKVWQQCS TAGE PNRF VETTS
Sbjct 252 ITPDGYGSPSIDVGDTARVYFVSGGPNLVSSYHPIGSVADKVWOOGSTAGEPNRFVETTP 311

Query 301 VPPGSTAITTLEAEVPGPIXLVDEALSRVARKGEMAVIMREGDEQTDVEDEER 353
VPPGSTAITTLEAEVEGRIXLVDHAL SRVARKGFNAVIMREGDEQTDVEDPEE.
Sbjct 312 VPPGSTAITTLHAEVEGPIKLVDHALSRVARKGFMAVINRECDETOVEDPEP 36¢




Notice the high S and low E values.  Also notice that BLAST identifies this sequence as an ABC transporter, while RAST had called it nitrous-oxide reductase.  ABC transporters are a huge group of proteins with a wide range of functions, so it is certainly possible that the nitrous-oxide reductase may have been mistaken for or related to an ABC transporter protein.

If RAST was unable to identify the gene you’re looking for, head back to the KEGG pathway on JGI.  When you click on an orange gene, JGI presents a typically large list of organisms in which the JGI algorithm has found this gene in.  Find one organism that is closely related (if possible) to your own organism, and BLASTp the amino acid sequence of this gene in the same manner as previously described.  If your organism does not appear in the BLASTp results, or if the amino acid sequence that you BLASTed was not from a closely related organism, then be sure to enter the genus in the “Organism” box to help narrow down your search results.  You can even press the “+” button and enter several related genera to increase the probability of finding a BLAST hit for the gene you’re looking for in your organism.

If BLAST can’t come up with any promising genes after you’ve searched with the amino acid sequence of several different organisms from JGI, you can try one last thing.  Go to BRENDA, an enzyme database that lists a plethora of information about each enzyme, including its various names, physical and chemical properties, and amino acid sequence within other organisms.  Use one of these amino acid sequences from BRENDA on BLASTp (unfortunately, genome databases often lack consistency with each other and show a great deal of variation in their listed gene sequences, so it is worthwhile to BLAST sequences from several databases).  If BLAST still doesn’t present any promising results, this may be because:

1. Your organism doesn’t have the gene in question.

2. The gene sequence in your organism is not highly conserved, so annotation algorithms missed it.

3. The genome databases just don’t have enough sequence data stored to be able to identify this gene in your organism/related organisms (ie, halophiles).

If you have found enough literature documenting the enzyme encoded by this gene in your organism or a related species, cases #2 and/or #3 are likely.  As more and more genomes are annotated, genome databases will increase in accuracy.

Now for any ‘white’ genes in your KEGG pathway.  JGI doesn’t have any sequence data on these genes, so search for this enzyme on BRENDA by its EC number in order to find out its name(s).  Search for this gene on RAST under several different keyword names, and if you find a promising gene, BLASTp its amino acid sequence to verify it.  If you can’t find the gene on RAST, try one of the sequences listed on BRENDA.  The more potential gene sequences you BLAST, the better chances you’ll have at finding your gene.
