[bookmark: _Ref100579831][bookmark: _Toc100776611]Supporting Information
Data Wrangling
Brenda contains 44,615 organisms and enzymology information and 7,344 well-studied enzymes, including 14,177 metabolic reactions, 15,431 natural substrates and products, and 94,500 small molecule regulators (90,718 inhibitors and 3,782 activators). Most of these regulators are xenobiotics; however, 5,013 compounds are mutual between natural substrates/products and regulators, indicating that these naturally available cellular compounds are capable of inhibiting or activating enzymatic functionality, but their metabolic role has been significantly underestimated in metabolic model construction. In total, we obtained >114K unique BRENDA compounds. Due to offering this comprehensive dataset, BRENDA is a crucial reference database for metabolic engineering projects. Next, to assign 2D chemical structures to BRENDA compounds, we queried PubChem (15). In total, we assigned 25,825 BRENDA compounds with SMILES, InCHIKey, InCHI, and KEGG  (26) Identifiers, among which 4,329 compounds were duplicates and only 21,496 compounds were unique (Figure 1 C, D). The fact that many scientific publications use trivial names, not systematic notations such as InCHIKey, to represent their compounds of interest led to inconsistency between chemical databases and the utilization of several names for each chemical structure. Hence, we roughly collected 19% of fully annotated unique BRENDA compounds for our modelling purposes.
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	[bookmark: _Ref47187139][bookmark: _Toc50050104][bookmark: _Toc100776624]Figure 1: Annotating BRENDA compounds with 2D structural information of PubChem and removing duplicates. Abbreviations: (IN) inhibitors, (AC) Activators, (NSP) Natural Substrates and Products, (Mutual) Mutual compounds between NSP, IN and AC. 



BRENDA reports biological information in a single text file with two columns and millions of rows. Extracting data from this text file requires extensive utilization of string-searching algorithms and manual curation methods. Moreover, BRENDA only reports the trivial names of compounds, so annotating compounds with structural information requires the employment of other chemical databases such as PubChem (15), which has structural information of more than 75 million compounds and metabolites. We developed a string-search algorithm based on python 3.8.5 re library (46) to extract enzymology data, including enzymatic reactions, small molecule regulators, organisms, kinetics parameters and their conditions of experiments from the BRENDA database. Then, we developed a UDF SQL function available at (ice.biozone.utoronto.ca) to retrieve 2D structural information of BRENDA compounds from the PubChem database. Then, we unified the retrieved information based on the first fourteen letters of their InCHIKey code. Figure 2 illustrates an example of the BRENDA nomenclature system, which, unlike PubChem, does not distinguish between stereoisomers. Therefore, unifying compounds using the first fourteen letters of their InCHIKey code replicates the same results as BRENDA, and among all the stereoisomers, we stored only a general structure. We can produce other stereochemical structures by utilizing the OpenBabel chemical toolbox (47).
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	[bookmark: _Ref47385022][bookmark: _Toc50050102][bookmark: _Toc100776625]Figure 2: BRENDA does not distinguish between stereoisomers of prolinol. Out of two available stereoisomers for prolinol in PubChem, we only stored one general structure based on the first fourteen letters of its InCHIKey.
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Figure 3 represents a schema diagram for the LMSE database. 
	


	[bookmark: _Ref99798811][bookmark: _Toc100776626]Figure 3: Schema diagram of the LMSE Database. Table main holds omics data, their hierarchical relationship, and associated attributes. The table structure fits a definition of available data classes in the main table.



Also, the following block of code contains a description of table main in the LMSE database. 
'CREATE TABLE `main` (
  `uid` int(10) unsigned NOT NULL AUTO_INCREMENT,
  `cid` int(10) unsigned NOT NULL,
  `iid` int(10) unsigned NOT NULL DEFAULT ''1'',
  `row` int(10) unsigned DEFAULT ''1'',
  `refV` int(10) unsigned NOT NULL DEFAULT ''0'',
  `STRV` text,
  `floatV` double DEFAULT NULL,
  `comment` text,
  `STRV_HASHED` char(32) NOT NULL,
  PRIMARY KEY (`iid`,`cid`,`refV`,`STRV_HASHED`),
  UNIQUE KEY `uid_UNIQUE` (`uid`),
  KEY `index3` (`refV`)
) ENGINE=InnoDB AUTO_INCREMENT=2067041 DEFAULT CHARSET=utf8';
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Table 1 Key enzymes that interact with more than 600 regulator molecules.
	ec
	organism
	regulator
	cat

	3.2.1.21
	248
	689
	3

	3.2.1.1
	214
	634
	3

	1.10.3.2
	176
	605
	1

	1.14.18.1
	166
	1447
	1

	4.2.1.1
	157
	1434
	4

	3.1.1.3
	155
	677
	3

	3.1.1.1
	102
	604
	3

	3.2.1.3
	92
	1110
	3

	3.1.1.7
	90
	773
	3

	2.7.7.27
	81
	859
	2
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	[bookmark: _Ref100598720][bookmark: _Toc100776627]Figure 4 the cumulative distribution of  values for EC 1.14.18.1. Most values are below 0.5 , and the highest observable value is 104 . 



	[image: Chart, scatter chart

Description automatically generated]

	[bookmark: _Ref47366911][bookmark: _Toc50050107][bookmark: _Toc100776628]Figure 5: Classification of 16,989 regulators in the KinMod database based on molecular weight and number of regulatory interactions into three classes (black, yellow and brown). The yellow class represents non-selective molecules that are frequently associated with regulatory interactions in metabolic pathways. The brown class represents complex heavy molecules with a high impact on metabolism. The black class represents the rest of the dataset. 2D structure of aprotinin, lipopolysaccharide and TGF-beta are illustrated.
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This section represents sample MySQL queries used to retrieve data for analyses in this publication. In general, each data point in the KinMod database is identified by a Class Identifier (CID) and an Instance Identifier (IID). The following query can be used to retrieve information on data classification and their assigned CID from the table structure.
select * from LMSE.structure;
 As an example, CID 1 represents organisms class, CID 2 represents Enzymes class and CID 5 represents properties class. Also, each instance is identified by a IID number. As an example, Escherichia coli is represented with an IID=7 and CID =1 in the main table:
Select * from LMSE.main where CID=1 and IID = 7;
Available properties for each data class can be retrieved using the following query with a CID = 5.
select * from LMSE.main where cid = 5 and refv = 0 and comment is not null;
UID represents an auto-increment number for each data entry and REFV is used to link properties and ownership between data classes. As an example, to obtain properties linked to Escherichia coli, the following query can be used.
USE LMSE;
SELECT 
    *
FROM
    LMSE.main
WHERE
    CID = 1
        AND REFV IN (SELECT 
            UID
        FROM
            LMSE.main
        WHERE
            CID = 5 AND IID = 7);
Also, to retrieve child classes linked to E. coli use the following query:
SELECT 
    *
FROM
    main
WHERE
    REFV IN (SELECT 
            uid
        FROM
            LMSE.main
        WHERE
            CID = 6
                AND REFV IN (SELECT 
                    UID
                FROM
                    LMSE.main
                WHERE
                    CID = 1 AND IID = 7));
Following sections represents how to retrieve data used in six analyses of this publication. 
Data Content

Query to retrieve number of organisms with at least one linked reactions and no linked regulator molecule:
SELECT 
    COUNT(DISTINCT t1.uid) AS uid
FROM
    main t1
        INNER JOIN
    main t2 ON t2.refv = t1.uid
        INNER JOIN
    main t3 ON t3.refv = t2.uid
        INNER JOIN
    main t4 ON t4.refv = t3.uid
        INNER JOIN
    main t5 ON t5.refv = t4.uid
WHERE
    t1.cid = 1 AND t1.refv = 0
        AND t2.cid = 6
        AND t3.cid = 2
        AND t5.cid = 3
        AND t1.uid NOT IN (SELECT DISTINCT
            t1.uid AS uid
        FROM
            main t1
                INNER JOIN
            main t2 ON t2.refv = t1.uid
                INNER JOIN
            main t3 ON t3.refv = t2.uid
                INNER JOIN
            main t4 ON t4.refv = t3.uid
                INNER JOIN
            main t5 ON t5.refv = t4.uid
        WHERE
            t1.cid = 1 AND t1.refv = 0
                AND t2.cid = 6
                AND t3.cid = 2
                AND t5.cid = 4);

A Comparison of Available Models
To count the number of enzymes per organism we can use the following query:
SELECT 
    t3.strv AS organism, COUNT(DISTINCT t5.iid) AS enzymes
FROM
    main t1
        INNER JOIN
    (SELECT 
        iid
    FROM
        (SELECT 
        t3.iid, ROUND(COUNT(DISTINCT t1.iid) / 6259 * 100) AS A
    FROM
        main t1
    INNER JOIN main t2 ON t2.uid = t1.refv
    INNER JOIN main t3 ON t3.uid = t2.refv
    WHERE
        t1.cid = 2 AND t1.refv != 0
    GROUP BY t3.iid
    ORDER BY COUNT(DISTINCT t1.iid) DESC
    LIMIT 379) t
    WHERE
        t.A >= 1) t2 ON t1.iid = t2.iid
        JOIN
    main t3 ON t3.refv = t1.uid
        JOIN
    main t4 ON t4.refv = t3.refv
        JOIN
    main t5 ON t5.refv = t4.uid
WHERE
    t1.cid = 1 AND t1.refv = 0
        AND t3.cid = 5
        AND t3.iid = 1
        AND t4.cid = 6
        AND t5.cid = 2
GROUP BY t5.refv
ORDER BY enzymes DESC


A query to count the number of regulators per organisms for top 1 percent of the popultion:
SELECT 
    t3.strv AS organism, COUNT(t7.uid) AS regulators
FROM
    main t1
        INNER JOIN
    (SELECT 
        iid
    FROM
        (SELECT 
        t3.iid, ROUND(COUNT(DISTINCT t1.iid) / 6259 * 100) AS A
    FROM
        main t1
    INNER JOIN main t2 ON t2.uid = t1.refv
    INNER JOIN main t3 ON t3.uid = t2.refv
    WHERE
        t1.cid = 2 AND t1.refv != 0
    GROUP BY t3.iid
    ORDER BY COUNT(DISTINCT t1.iid) DESC
    LIMIT 379) t
    WHERE
        t.A >= 1) t2 ON t1.iid = t2.iid
        JOIN
    main t3 ON t3.refv = t1.uid
        JOIN
    main t4 ON t4.refv = t3.refv
        JOIN
    main t5 ON t5.refv = t4.uid
        JOIN
    main t6 ON t6.refv = t5.uid
        JOIN
    main t7 ON t7.refv = t6.uid
WHERE
    t1.cid = 1 AND t1.refv = 0
        AND t3.cid = 5
        AND t3.iid = 1
        AND t4.cid = 6
        AND t5.cid = 2
        AND t6.cid = 6
        AND t7.cid = 4
GROUP BY t5.refv
ORDER BY regulators DESC

A query to count number of regulators per organism.
	SELECT DISTINCT
    t3.strv, COUNT(t5.iid) AS count
FROM
    main t1
        JOIN
    main t2 ON t2.cid = t1.cid AND t2.iid = t1.iid
        JOIN
    main t3 ON t3.refv = t2.uid
        JOIN
    main t4 ON t4.refv = t1.uid
        JOIN
    main t5 ON t5.refv = t4.uid
WHERE
    t1.cid = 2 AND t1.refv != 0
        AND t3.cid = 5
        AND t3.iid = 17
        AND t5.cid = 4
GROUP BY t1.iid
ORDER BY count DESC


A Comparison of EC Numbers
Mysql query to retrieve all EC numbers of organisms that are annotated with at least 1 percent of ECs.
SELECT DISTINCT
    t6.strv, t5.strv
FROM
    main t1
        INNER JOIN
    main t2 ON t2.refv = t1.uid
        INNER JOIN
    main t3 ON t3.refv = t2.uid
        INNER JOIN
    main t4 ON t4.cid = t3.cid AND t4.iid = t3.iid
        INNER JOIN
    main t5 ON t5.refv = t4.uid
        INNER JOIN
    main t6 ON t6.refv = t1.uid
        INNER JOIN
    (SELECT 
        A
    FROM
        (SELECT 
        t1.iid AS A
    FROM
        (SELECT 
        t3.iid, ROUND(COUNT(DISTINCT t1.iid) / 6259 * 100) AS A
    FROM
        main t1
    INNER JOIN main t2 ON t2.uid = t1.refv
    INNER JOIN main t3 ON t3.uid = t2.refv
    WHERE
        t1.cid = 2 AND t1.refv != 0
    GROUP BY t3.iid
    ORDER BY COUNT(DISTINCT t1.iid) DESC
    LIMIT 379) t1
    WHERE
        t1.A >= 1) t
    ORDER BY RAND()
    LIMIT 174) t7 ON t1.iid = t7.A
WHERE
    t1.cid = 1 AND t1.refv = 0
        AND t3.cid = 2
        AND t4.refv = 0
        AND t5.cid = 5
        AND t5.iid = 17
        AND t6.cid = 5
        AND t6.iid = 1
        AND t2.cid = 6;

A query to count number of organisms per EC numbers
		SELECT DISTINCT
    t3.strv, COUNT(t1.refv) AS count
FROM
    main t1
        JOIN
    main t2 ON t2.cid = t1.cid AND t2.iid = t1.iid
        JOIN
    main t3 ON t3.refv = t2.uid
WHERE
    t1.cid = 2 AND t1.refv != 0
        AND t3.cid = 5
        AND t3.iid = 17
GROUP BY t1.iid
ORDER BY count DESC


A Comparison of Regulator Molecules
MySQL query to retrieve common instances between inhibitors and activators
SELECT DISTINCT
    t1.iid
FROM
    (SELECT DISTINCT
        t2.iid
    FROM
        main t1
    JOIN main t2 ON t2.uid = t1.refv
    WHERE
        t1.cid = 5 AND t1.iid = 10) t1
        JOIN
    (SELECT DISTINCT
        t2.iid
    FROM
        main t1
    JOIN main t2 ON t2.uid = t1.refv
    WHERE
        t1.cid = t5 AND t1.iid = 11) t2 ON t1.iid = t2.iid

retrieve compounds molecular weight and the number of interacting enzymes
SELECT DISTINCT
    t2.iid AS compound, t3.floatv AS MW, COUNT(t5.uid)
FROM
    main t1
        JOIN
    main t2 ON t2.uid = t1.refv
        JOIN
    (SELECT 
        t1.floatv, t2.iid
    FROM
        main t1
    JOIN main t2 ON t2.uid = t1.refv
    WHERE
        t1.cid = 5 AND t1.iid = 4 AND t2.cid = 4) t3 ON t2.iid = t3.iid
        JOIN
    main t4 ON t4.uid = t2.refv
        JOIN
    main t5 ON t5.uid = t4.refv
WHERE
    t1.cid = 5 AND t4.cid = 6 AND t5.cid = 2
GROUP BY t2.iid

A Comparison of Kinetic Parameters
KI parameters for a sample EC

SELECT DISTINCT
    t6.floatv, t5.strv, t10.strv
FROM
    main t1
        JOIN
    main t2 ON t2.refv = t1.uid
        JOIN
    main t3 ON t3.refv = t2.uid
        JOIN
    main t4 ON t4.cid = t3.cid AND t4.iid = t3.iid
        JOIN
    main t5 ON t5.refv = t4.uid
        JOIN
    main t6 ON t6.refv = t3.uid
        JOIN
    main t7 ON t7.uid = t1.refv
        JOIN
    main t8 ON t8.uid = t7.refv
        JOIN
    main t9 ON t9.cid = t8.cid AND t9.iid = t8.iid
        JOIN
    main t10 ON t10.refv = t9.uid
WHERE
    t1.cid = 2 AND t1.iid = 979
        AND t1.refv != 0
        AND t2.cid = 6
        AND t3.cid = 4
        AND t4.refv = 0
        AND t5.cid = 5
        AND t6.iid = 18
        AND t10.cid = 5
GROUP BY t6.uid
HAVING MIN(LENGTH(t5.strv))

Km parameters for a sample EC

SELECT DISTINCT
    t10.strv, t7.floatv, t5.strv
FROM
    main t1
        JOIN
    main t2 ON t2.refv = t1.uid
        JOIN
    main t3 ON t3.refv = t2.uid
        JOIN
    main t4 ON t4.cid = t3.cid AND t4.iid = t3.iid
        JOIN
    main t5 ON t5.refv = t4.uid
        JOIN
    main t6 ON t6.refv = t3.uid
        JOIN
    main t7 ON t7.refv = t6.uid
        JOIN
    main t8 ON t8.uid = t1.refv
        JOIN
    main t82 ON t82.uid = t8.refv
        JOIN
    main t9 ON t9.cid = t82.cid AND t9.iid = t82.iid
        JOIN
    main t10 ON t10.refv = t9.uid
WHERE
    t1.cid = 2 AND t1.iid = 979
        AND t1.refv != 0
        AND t2.cid = 6
        AND t3.cid = 3
        AND t7.cid = 5
        AND t7.iid = 19
        AND t4.refv = 0
        AND t5.cid = 5
        AND t5.iid = 1
        AND t5.`row` = 1
        AND t10.cid = 5
        AND t10.iid = 1
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