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Abstract We gathered primary and tertiary struc-

tures of acyl-CoA carboxylases from public databases,

and established that members of their biotin carbox-

ylase (BC) and biotin carboxyl carrier protein (BCCP)

domains occur in one family each and that members of

their carboxyl transferase (CT) domains occur in two

families. Protein families have members similar in

primary and tertiary structure that probably have

descended from the same protein ancestor. The BCCP

domains complexed with biotin in acyl and acyl-CoA

carboxylases transfer bicarbonate ions from BC

domains to CT domains, enabling the latter to

carboxylate acyl and acyl-CoA moieties. We sepa-

rated the BCCP domains into four subfamilies based

on more subtle primary structure differences. Mem-

bers of different BCCP subfamilies often are produced

by different types of organisms and are associated with

different carboxylases.

Keywords Acyl-CoA carboxylase � Biotin

carboxylase carrier protein � Primary structure �
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Introduction

Biotin carboxyl carrier proteins (BCCPs) are mole-

cules of 69–73 amino acid residues to which a biotin

group is covalently attached through a lysine residue

(Lombard and Moreira 2011). The biotin-BCCP

complex interacts with biotin carboxylase (BC),

accepting a bicarbonate ion as ATP is converted to

ADP. The BCCP-biotin complex transfers this ion to

carboxyl transferase (CT). When an acetyl-CoA

acceptor is bound to CT, malonyl-CoA is produced

(Fig. 1). These reactions and the proteins that are

involved with them have been reviewed many times,

but most recently and completely by Lombard and

Moreira (2011), Podkowiński and Tworak (2011).

When the BC, BCCP, and CT domains that act upon

acyl-CoA moieties are combined, either in a single

protein or when complexed in separate peptide

subunits, the assemblage is entitled acyl-CoA carbox-

ylase. Bacterial acyl-CoA carboxylases specific to

acetyl-CoA (acetyl-CoA carboxylases) have four

separate chains, BC, BCCP, and two different CT

domains (CTAC/CTb and CTa) (Lombard and Moreira

2011; Podkowiński and Tworak 2011). In a majority of

eukaryotes, acetyl-CoA carboxylases are found as one

BC-BCCP-fused CT chain. Bacterial and eukaryotal

acyl-CoA carboxylases more specific to propionyl-

CoA, 3-methylcrotonyl-CoA, and geranyl-CoA have

BCCP domains attached to BC but not to a separate

fused CT. In archaeal biotin-dependent carboxylases

specific for acetyl-CoA and propionyl-CoA, the BCCP
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domain is separate from the BC and fused CT domains.

In enzymes specific for carboxylation of pyruvate not

attached to a CoA group, the BCCP domain is

covalently attached to the C-terminus of a very specific

CT domain (CTPYC) (Lombard and Moreira 2011).

Carboxylases forming carbon–carbon bonds are

deposited in the Enzyme Commission (EC) database

(NC-IUBMB 1992) as EC 6.4.1.1 through EC 6.4.1.8.

Entries in this database are classified strictly by the

reactions that they catalyze. However, amino acid

sequences (primary structures) are found in a number

of databases, such as GenBanK (Benson et al. 2011)

and UniProt (UniProt Consortium 2010), and at

present over 80,000 three-dimensional (tertiary) struc-

tures of different proteins are found in the Protein Data

Bank (PDB) (Berman et al. 2000), making it possible

to organize enzymes in other ways than by the EC

database. We have built the Thioester-active enzYmes

(ThYme) database (Cantu et al. 2011), which includes

the primary and tertiary structures of the enzymes of

the fatty acid/polyketide synthesis cycle, plus associ-

ated enzymes and noncatalytic proteins. The BCs,

BCCPs, and CTs, which catalyze a key step in fatty

acid synthesis and have substrates with thioester

bonds, appear in ThYme.

In ThYme and in some other databases based on

primary and tertiary structures, each enzyme group

(based on activity) or domain is split into families, the

members of each having similar primary and tertiary

structures. This implies that these members may be

descended from a common ancestral protein. Mem-

bers of different families are generally not related to

each other, implying that they may have different

protein ancestors. Families may be further divided into

subfamilies, whose members are separated from those

of other subfamilies based on more subtle but statis-

tically significant differences in primary structures.

This article is an account of finding that all BCCP

primary structures comprise one family, but that they

can be separated into four subfamilies. Because BCCP

sequences are usually incorporated into sequences of

acyl and acyl-CoA carboxylases containing BC and

CT domains and often into sequences comprising

many or all of the members of the fatty acid/poly-

ketide synthesis cycle, a natural outcome of determin-

ing the number of BCCP families was to find the

number of BC and CT families also. Lombard and

Moreira (2011) have thoroughly established the

detailed phylogeny of BC and CT domains, so

separating their subfamilies was unnecessary.

Studies of BCCP phylogeny are less advanced

than those of other biotin-dependent carboxylase

domains. Toh et al. (1993) published a phylogenetic

tree of 34 BCCPs. This was followed by a dendogram

of 14 cyanobacterial and plant BCCPs (Thelen et al.

2001). Jordan et al. (2003) constructed phylogenetic

trees of pyruvate carboxylases fused with BCCPs and

of separate BCCPs (65 in total) and pyruvate

carboxylases. Many thousands of BCCP primary

structures have appeared in the last decade, now

allowing BCCP phylogeny to be probed with much

higher resolution than earlier.

Computational methods

Family identification

The overall protocol used in Cantu et al. (2010) to

identify thioesterase families was followed. Each acyl-

CoA carboxylase domain was treated separately.

Query sequences were taken from UniProt, using only

those sequences with experimental ‘‘evidence at

protein level’’ with acetyl-CoA carboxylase (EC

6.4.1.2), propionyl-CoA carboxylase (EC 6.4.1.3),

and 3-methylcrotonoyl-CoA carboxylase (EC 6.4.1.4)

function. No sequences with ‘‘evidence at protein

level’’ were found among the geranoyl-CoA carbox-

ylases (EC 6.4.1.5), and therefore none was used as a
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Fig. 1 Schematic of an acetyl-CoA carboxylase-catalyzed reaction producing malonyl-CoA
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query sequence. BLAST (Altshul et al. 1997) with

E = 0.001 was used to populate the families.

BCCP subfamily identification

We divided the single BCCP family into subfamilies

by statistical and phylogenetic analysis. Multiple

sequence alignments (MSAs) were conducted with

MUSCLE 3.6 (Edgar 2004) for all the sequences in

the BCCP family excluding fragments and adjoining

domains. Then phylogenetic trees were constructed

in MEGA 5.0 (Tamura et al. 2011). First, an

unrooted whole tree was produced either with all

sequences, or with one out of every 15 sequences.

Second, the tree was divided into subfamilies based

on visual inspection. Third, potential subfamilies

were subjected to statistical tests to determine each

subfamily’s z-value (Mertz et al. 2005) with respect

to another’s. This z-value determines the likelihood

that a certain subfamily is part of another (the higher

the z-value, the less likely that two subfamilies

overlap).

Tertiary structure superposition and root mean

square deviation (RMSD) calculations

All tertiary structures were superimposed with Multi-

Prot (Shatsky et al. 2004). As MultiProt reports the

RMSD for only specifically aligned residues, all

RMSD values were calculated between a-carbon

atoms using MATLAB (MathWorks, Natick, MA,

http://www.mathworks.com), to include the most

possible a-carbon atoms in the calculation. The Sup-

porting Information in Cantu et al. (2010) describes in

detail how values of RMSDave (between three or

more structures), and Pave (the average percentage of

a-carbon atoms of the amino acid residues used to

calculate the RMSD between three or more compared

structures) were calculated.

Results and discussion

BC, BCCP, and CT family identification

All BC and BCCP domains of acyl-CoA carboxylases

form single families, labeled in ThYme as BC1 and

BCCP1, respectively. Two distinct CT domain fami-

lies, CT1 and CT2 in ThYme, were found. CT1

contains CTAC and CTb domains, while CT2 contains

CTa domains exclusively. The BC1 family is mainly

populated by sequences associated with acetyl-CoA,

propionyl-CoA, and 3-methylcrotonyl-CoA carboxy-

lases, as well as with pyruvate carboxylases, which are

also biotin-dependent carboxylases but which do not

act on substrates with thioester bonds, such as those

binding CoA. The BCCP1 family has sequences linked

to these four functions, and also sequences associated

with carbamoyl phosphate synthases, oxaloacetate

decarboxylases, and methylmalonyl-CoA decarboxy-

lases. The CT1 family contains sequences associated

with acetyl-CoA, propionyl-CoA, and 3-methylcroto-

nyl-CoA carboxylases, while only sequences associ-

ated with acetyl-CoA carboxylases are found in the

CT2 family.

BCCP subfamily identification

At the time of writing, ThYme holds around 5,000

sequences that contain BCCP domains. In most cases

they were identified by the names of other carboxylase

domains with which they are associated. Of these,

*100 were produced by archaea, *4,000 came from

bacteria, and *900 were produced by eukaryota. The

archaeal BCCPs, in order of decreasing number,

are derived mainly from pyruvate carboxylases,

oxaloacetate decarboxylases, biotin/lipoyl attachment

domain-containing proteins, and carbamoyl phosphate

synthases. Bacterial BCCPs are principally from pyru-

vate carboxylases, 3-methylcrotonyl-CoA carboxylases,

oxaloacetate decarboxylases, acetyl-CoA carboxy-

lases, carbamoyl phosphate synthases, and acetyl/

propionyl-CoA carboxylases. BCCPs of eukaryotal

origin are largely from acetyl-CoA carboxylases,

pyruvate carboxylases, 3-methylcrotonoyl-CoA

carboxylases, and propionyl-CoA carboxylases.

Four BCCP subfamilies were identified within

BCCP1 (Tables 1 and 2) by phylogenetic and statis-

tical tests described in the computational methods

section. Separation of three pairs, Subfamilies A and

B, B and C, and B and D, is unequivocal, as Jones

et al. (1992) distances and z-values between them are

high (Table 3). The z-value between Subfamilies A

and C (1.87), is much lower, indicating that the

probability that the two subfamilies are not truly

separated is 0.03. A phylogenetic tree (Fig. 2) shows

the relatively close relationship between Subfamilies

A and C.
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An MSA (Fig. S1, Supplementary Data) of members

of all four subfamilies shows that the lysine residue that

covalently binds the biotin prosthetic group is com-

pletely conserved. The methionine residues immedi-

ately adjacent to the biotin-binding lysine residue are

substantially conserved. Furthermore, a number of

aligned positions in BCCP contain virtually all hydro-

phobic residues. There is substantial sequence similar-

ity among the four subfamilies, as expected, since they

are all part of one family and are probably descended

from one protein ancestor.

Subfamily C is the largest of the four BCCP

subfamilies, with over twice as many members as in

Subfamilies A and B and about four times as many as in

Subfamily D. Members of Subfamilies A and C are

produced by bacteria, eukaryota, and archaea in decreas-

ing numbers (Table 2 and Tables S1–S4, Supplementary

Data). Subfamily B members come from bacteria and

eukaryota, with the latter exclusively from green plants

and algae. Members of Subfamily D are produced almost

strictly by eukaryota, and are mainly from vertebrates,

green plants, and fungi. BCCP subfamilies differ in the

enzymes with which their members are associated:

Subfamily A members are mainly derived from propi-

onyl-CoA carboxylases, oxaloacetate decarboxylases,

and pyruvate carboxylases; Subfamily B members are

almost exclusively from acetyl-CoA carboxylases; Sub-

family C members are associated with pyruvate carbox-

ylates, 3-methylcrotonoyl-CoA carboxylases, and

carbamoyl phosphate synthases; and Subfamily D is

almost exclusively dominated by BCCPs from acetyl-

CoA carboxylases and BCs.

BCCP tertiary structures

At the time of writing, ThYme contains 27 tertiary

structures of ten proteins containing BCCP domains.

Table 1 BCCP subfamilies

Subfamily Representative

sequence

Name/function of enzyme

associated with BCCP

domain

A P05165,

P14882,

Q19842

Propionyl-CoA

carboxylase

Q2K340 Pyruvate carboxylase

Q59638 Pyruvate dehydrogenase

B Q9GE06 Acetyl-CoA carboxylase

C P0A508 Acetyl-CoA carboxylase

Q96RQ3,

Q42523

Methylcrotonoyl-CoA

carboxylase

Q9ZAA7 Glutaconyl-CoA

decarboxylase

O17732,

P11154

Pyruvate carboxylase

D Q13085,

O00763,

P32874

Acetyl-CoA carboxylase

Table 2 Dominant phyla in BCCP subfamilies

Subfamily Producing

domain of

life

Dominant

phyla

A A, B, E Proteobacteria,

Chordata,

Actinobacteria

B B, E Proteobacteria,

Firmicutes,

Streptophyta

C A, B, E Firmicutes, Actinobacteria,

Proteobacteria,

Chordata, Arthropoda

D E Chordata, Streptophyta,

Ascomycota

A archaea, B bacteria, E eukaryota. Most prevalent producers

bolded

Table 3 Mean JTT

distances and z-values

(italicized) within and

between BCCP subfamilies

a Standard deviation

Subfamilies A B C D

A 1.03 ± 0.29a

–

B 1.48 ± 0.32 0.79 ± 0.35

10.4 –

C 1.17 ± 0.24 1.48 ± 0.41 1.17 ± 0.31

1.87 9.79 –

D 1.79 ± 0.30 2.24 ± 0.40 1.88 ± 0.33 0.83 ± 0.48

11.4 17.0 12.4 –
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Of these proteins, one was archaeal, six were bacterial,

and three were eukaryotal.

BCCP tertiary structures were superimposed

(Fig. 3). All BCCP tertiary structures have six major

b-strands, nearly always a minor b-strand third in

order, and sometimes a second minor b-strand after the

next three major b-strands. The major b-strands are

arranged in an antiparallel b-sheet (Fig. 3), as first

described by Athappilly and Hendrickson (1995). The

RMSDave between corresponding a-carbon atoms is

1.33 Å and the Pave value is 92.1 %, indicating the

very high similarity among the different tertiary

structures, as would be expected, since their primary

structures are quite similar.

It is interesting that BCCPs are all found in one

family, having similar primary and tertiary structures

(Fig. 3 and Fig. S1, Supplementary Data), although they

can be separated into subfamilies by further statistical

and phylogenetic tests on their primary structures. This

contrasts with the acyl carrier proteins, molecules of

roughly the same size and of somewhat similar function,

that can be divided into 16 families because their

primary structures are significantly more divergent than

are those of the BCCPs (Cantu et al. 2012).

Comparison with earlier BCCP phylogenetic

studies

As mentioned earlier, this study was preceded by three

phylogenetic studies on BCCPs. Toh et al. (1993)

divided BCCP and related proteins into five groups,

one of BCCPs, three of lipoyl domains associated with

dehydrogenases, and one of H-proteins. All BCCPs

found in this work would fit with the first group of Toh

et al. (1993). Thelen et al. (2001) classified 14 BCCPs

into two groups, one produced by green plants and the

other from cyanobacteria. All appear to be members of

our Subfamily B, the only subfamily to have both

cyanobacteria and streptophyta. Jordan et al. (2003)

produced a dendogram of 65 BCCPs in a number of

sectors. An MSA of the large majority of those

primary structures that can be traced (Supplementary

Fig. 1) shows that Sectors VII and VIII are found in

our Subfamily A, Sector I fits in our Subfamily B, most

of Sector II and all of Sectors IV, V, and VI are

included in our Subfamily C, and the first three

sequences of Sector II are part of our Subfamily D.

Finally, the four BCCP sequences of Sectors IX and X

do not have a sufficient number of characteristic

Fig. 2 Phylogenetic tree of

the four BCCP subfamilies,

based on representatives of

each subfamily
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residue changes to be clearly assigned to any BCCP

subfamily.

The sequences of the four subfamilies found in

Table 1, Supplementary Fig. 1 and Supplementary

Tables S1–S4 allow newly determined BCCP

sequences to be classified into subfamilies.

Concluding comments

This article reports that the domains of acyl-CoA

carboxylases are divided into single BC and BCCP

families and two CT families, based on members of

each family having primary and tertiary structures that

are closely similar to other members of the same

family. The BCCPs are found in four subfamilies,

separated by more subtle but statistically significant

differences in primary structure. Members of different

subfamilies differ in being produced by different types

of organisms and by the other domains with which

they are associated.
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