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Abstract: All acyl carrier protein primary and tertiary structures were gathered into the ThYme
database. They are classified into 16 families by amino acid sequence similarity, with members of
the different families having sequences with statistically highly significant differences. These
classifications are supported by tertiary structure superposition analysis. Tertiary structures from
a number of families are very similar, suggesting that these families may come from a single
distant ancestor. Normal vibrational mode analysis was conducted on experimentally determined
freestanding structures, showing greater fluctuations at chain termini and loops than in most
helices. Their modes overlap more so within families than between different families. The

tertiary structures of three acyl carrier protein families that lacked any known structures were

predicted as well.
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Introduction

Acyl carrier proteins (ACPs) usually have 70 to 100,
but occasionally more, amino acid residues, and they
are usually linked through an interior serine residue
to the terminal phosphate group of a 4’-phosphopan-
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tetheine prosthetic group. In turn, the latter binds
fatty acids, polyketides, and other moieties by a thio-
ester bond to its terminal thiol group, activating
them for reactions that usually produce longer acyl
chains, but also many other compounds (Table I).

ACP molecules have many more anionic than
cationic residues and rather few hydrophobic resi-
dues.! Their tertiary structures feature three gener-
ally parallel o-helices (helices I, II, and IV) with a
shorter crosswise o-helix (helix III). Helix II has
many conserved anionic residues and plays an
important role in ACP-enzyme interactions.? Helix
IIT is not present in all ACP structures, and it
displays helix-loop equilibrium conformations.?

ACPs are either independent, freestanding struc-
tures, or they are covalently bound as part of multi-
modular enzymes such as fatty acid synthases (FASs),
polyketide synthases (PKSs), and non-ribosomal pep-
tide synthases (NRPSs). Acyl chains attached to free-
standing ACPs are held within the hydrophobic
pocket formed by the o-helices until they are sub-
jected to reaction,*”” when they are expelled into the
active site of the enzyme catalyzing the reaction.® The
mechanism of delivering an acyl substrate to an
enzyme active site from ACP’s cavity, which may be
accompanied by flexing of the ACP, is not completely
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Figure 1. Multiple sequence alignment of single members of each of the 16 ACP families, roughly arranged in order of
similarity to each other. ACP1: Borrelia burgdorferi; ACP2: Schizosaccharomyces pombe; ACP3: Gallus gallus; ACP4: Bacillus
subtilis; ACP5: Streptomyces rimosus; ACP6: Mycobacterium tuberculosis; ACP7: Penicillium patulum; ACP8: Aspergillus
nidulans; ACP9: Dictyostelium discoideum; ACP10: Saccharopolyspora erythraea; ACP11: Aspergillus terreus; ACP12:
Escherichia coli; ACP13: E. coli; ACP15: Klebsiella pneumoniae; ACP16: K. pneumoniae; ACP17: Lactobacillus rhamnosus.

understood. Those ACPs that are part of enzymes
may not hold acyl chains within their hydrophobic
pockets,® as these chains are less exposed to solvent
and to cell membranes.'®

Freestanding ACPs, at least, appear to be quite
flexible, being found in multiple conformers®>1! and
having very flexible loops and o-helices.!?71°

We have gathered all available ACP primary and
tertiary structures into the ThYme database.'® There
we have classified ACPs into families, following the
same techniques that we have used earlier with thio-
esterases!” and ketoacyl synthases,'® which are
described in Computational Methods. In general,
members of a protein family have strong sequence
similarity. They should also have tertiary structures
that can be superimposed with small root mean
square deviations (RMSDs) between corresponding
amino acid residues. These similarities may imply
that members are descended from a common protein
ancestor. Members of different families have primary
structures with statistically highly significant differ-
ences. However, slight similarities in amino acid resi-
due alignments between ACP families may suggest
that those without known tertiary structures are
related to those with known structures. We describe
this work with ACPs for the first time here.

This article is an account also of two further
efforts: (1) a normal mode analysis of experimentally
determined tertiary structures of freestanding
apo-ACPs to describe their dynamic structures; and
(2) the attempted computational prediction of
tertiary structures of freestanding ACPs in three
families with no known experimentally determined
structures.

Results and Discussion

ACP families

Following the protocol described in the Computa-
tional Methods section led to 16 ACP families being
defined. A multiple sequence alignment of represen-
tative members of these families shows very limited
sequence similarity (Fig. 1). Only the serine residue

Cantu et al.

at position 39 (ACP1 numbering), to which the
prosthetic group is attached, is almost completely
conserved (except for ACP15). In addition, there is
substantial conservation at positions 35 (glycine), 38
(aspartate), and 67 (threonine). A number of posi-
tions have almost exclusively hydrophobic residues.
In ACP15, the only residue that is completely
conserved near the position otherwise occupied by a
serine residue is Thr40 (ACP1 numbering).

The same representative sequences of ACP fam-
ilies were subjected to pairwise sequence alignments
to identify common residues between two sequences
in different families. Even though there is low
sequence similarity over the 16 families, there is

ACP1

ACP17

ACP6

ACPS

ACP15

Figure 2. Phylogenetic tree of ACP families.
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substantial similarity from one family to the next
(Supporting Information Table S1 and Fig. S1). The
relationship of the families to each other is shown
by two versions of a phylogenetic tree (Figs. 2 and
Supporting Information Fig. S2). They show ACP15
and ACP16 peripheral to the other ACP families, as
they are in Figure 1.

Table I summarizes the 16 ACP families, show-
ing (1) approximate numbers of sequences in each
family; (2) domains of life that produce each family;
(3) whether ACP families are composed of freestand-
ing proteins or are parts of multidomain enzymes;
(4) the end products of enzymes with which ACP
families interact; (5) representative UniProt acces-
sion codes of the ACPs; and (6) related literature.

Families ACP1 through ACP3 are involved with
fatty acid synthesis. ACP1 members are freestand-
ing ACPs, present in type II fatty acid synthesis,
bacterial long-chain fatty acid synthesis, and mito-
chondrial fatty acid synthesis. ACP2 and ACP3 pro-
teins are parts of multidomain FASs, involved with
fungal and animal type I fatty acid synthesis,
respectively. A substantial amount of research has
been conducted on these ACPs; much of it is covered
in the exhaustive review of Chan and Vogel.'°

Proteins in ACP4 and ACP5 are freestanding
ACPs involved with polyketide synthesis. In ACP4 is
AcpK, part of the pksX pathway of Bacillus subtilis
in making bacillaene.?* ACP5 includes ACPs
involved with the synthesis of the antibiotics actino-
rhodin,?® frenolicin,?® and oxytetracycline?” in vari-
ous Streptomyces species.

ACP6 through ACP9 and also ACP11 include
the ACP domains of large multidomain PKSs.
Among ACP6 sequences are the ACP domains of
larger enzymes involved in making complex lipids
found in Mycobacterium cell walls, including myco-
cerosic acid,?® and other sulfolipids.2® ACP7 includes
the ACP domain of fungal PKS 6-methylsalicylic
acid synthase.’* ACP8 includes mainly fungal
sequences; among them are the ACP domains of
PKSs involved with aflatoxin production,®! and the
ACP domains of naphthopyrone PKSs that make the
yellow pigment in conidia.?? ACP9 includes the ACP
domain of PKS or chalcone synthase st/A, which pro-
duces acylpyrones.®®* ACP11 includes the ACP
domains of lovastatin synthases.*?

ACP10, the family with the most members,
includes the ACP domains of many PKSs, the pep-
tide carrier protein domain of NRPSs, hybrid PKS/
NRPS enzymes, and ferrichrome synthases.?* 2 The
enzymes in this family make a variety of natural
products from secondary metabolism. A representa-
tive sample of them is shown in Table I.

Families ACP12 and ACP13 include the ACP
domains of enterobactin synthases,***% isochorisma-
tases,*® and mycobactin synthases.*> ACP14 has
been merged into ACP10 and no longer exists.

658  PROTEINSCIENCE.ORG

The prosthetic group in ACP15 and ACP16 is
2'-(5”-phosphoribosyl)-3'-dephospho-CoA, instead of
4’-phosphopantetheine, linked to an interior serine
residue of apo-ACP through its 5”-phospho group
and to the acyl molecule with a thioester bond
through its terminal thiol group. ACP15 proteins
include the ACPs active with malonate decarboxyl-
ases in bacteria that convert malonate to acetate
and COy as an energy source.?’” ACP16 enzymes
include the ACPs active with citrate lyases that con-
vert citrate to oxaloacetate and acetate in bacteria.*®

Members of ACP17 do not carry acyl groups, but
instead they are D-alanyl carrier proteins, as the moi-
ety bound by 4’-phosphopantetheine is D-alanine,
which is ligated using adenosine triphosphate to pol-
y(ribitol phosphate). These enzymes are involved with
the production of D-alanyl lipoteichoic acid.*®

The members of all but four families, ACP1,
ACP8, ACP10, and ACP13, are produced exclusively
by either bacteria or eukaryota. More specifically,
virtually all members of ACP2 and ACP8 and all
members of ACP7 and AC11 are produced by fungi
(the latter three families all by ascomycota), while
all ACP3 members come from animals. AC9 mem-
bers are from slime molds. Members of different bac-
terial phyla produce different members of ACP4,
ACP12, ACP15, ACP16, and ACP17. ACP5 and
ACP6 members are all from actinobacteria, with the
latter being only from Mycobacterium species.

In summary, ACPs have diverged into different
families based on primary structures that have stat-
istically highly significant differences. They are
either freestanding or are covalently bound to
enzymes, they are specific to different substrates,
they are produced by different classes of organisms,
and they have sharply defined roles.

Existing ACP tertiary structures

Families ACP1, ACP2, ACP3, ACP5, ACP8, ACP10,
ACP12, ACP13, and ACP17 contain members with
known tertiary structures (Fig. 3). All but ACPS,
ACP12, and ACP13 have more than one known struc-
ture. Most known structures and their properties were
reviewed by Chan and Vogel.1° All tertiary structures
are tabulated, with links to the Protein Data Bank
(PDB), in the ACP section of the ThYme database.

We superimposed one tertiary structure per spe-
cies within each putative ACP family and calculated
their RMSDs using the protocol in the Computa-
tional Methods section. ACP2 and ACP17 have mul-
tiple known structures of freestanding ACPs or of
ACP domains, but they all come from the same spe-
cies. Therefore, their RMSDs were not calculated, as
this would represent structure conservation among
the same sequence and not sequences in a family.
ACP2 domains in yeast FAS structures contain four
extra helices in the C-terminal region,?? not seen in
other ACPs, making them about twice as long as the

Acyl Carrier Protein Structures
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Figure 3. Tertiary structures of single members of ACP families. ACP1: Thermus thermophilus (PDB accession code 1X30);
ACP2: Saccharomyces cerevisiae (2UV8); ACP3: Homo sapiens (2CG5); ACP5: Streptomyces roseofulvus (10R5); ACP8:
Asperqgillus parasiticus (2KR5); ACP10: Brevibacillus parabrevis (2JGP); ACP12: E. coli (2FQ1); ACP13: E. coli (2ROQ); and
ACP17: Lactobacillus casei (1HQB).

others (Fig. 2). We found ACP3 and ACP10 domains
in enzymes containing them by superimposing free-
standing ACPs and extracting the former for RMSD
calculations. In ACP10, we chose to superimpose the
structures in the A/H conformer, very similar to
other ACPs, one of three conformers in which
ACP10 structures have been found.?® Structures
within putative families should have low RMSD,,.

values and high P,,. values (average percentage of
a-carbon atoms of the amino acid residues between
two structures compared for calculations). Shown in
Table II are the structures used, RMSD,,. values
(ranging from 1.74 A to 2.02 10&), and P,,. values
(ranging from 84.8 to 94.4%). These findings further
indicate that the structures represent members in
the same families.

Table II. Acyl Carrier Protein Tertiary Structures

Total number of PDB

Family RMSD,,e (A) Poye (%) Tertiary structures® accessions in family
ACP1 2.01 86.4 1HYS8, 1KLP, 1LOH, 1X30, 2DNW, 2EHS, 2FQ0, 2FVE 45
2K00, 2KW2, 2KWL, 2L0Q, 2L3V, 2L4B, 2QNW

ACP2 — — 2PFF 6°
ACP3 2.02 94.4 2CG5°, 2PNG 4
ACP5 1.75 84.8 1INQ4, 10R5, 2AF8 14
ACPS8 — — 2KR5 1
ACP10 1.74 85.9 1DNY, 2GDW, 2JGP¢, 2JU2, 2VSQ°© 9
ACP12 — — 2FQ1 1
ACP13 — — 2ROQ 1
ACP17 — — 1DV5 ob

2 For ACP1, ACP3, ACP5, and ACP10 all structures listed were superimposed to yield reported RMSD,,. and P,,. values;
for others a representative sequence is shown. Only one structure per species within a family was superimposed.
b RMSD not calculated, as all resolved ACP domains in existing tertiary structures come from the same species.
¢ Only ACP domain of a larger structure

Cantu et al.
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http://firstglance.jmol.org/fg.htm?mol=2QNW
http://firstglance.jmol.org/fg.htm?mol=2PFF
http://firstglance.jmol.org/fg.htm?mol=2CG5
http://firstglance.jmol.org/fg.htm?mol=2PNG
http://firstglance.jmol.org/fg.htm?mol=1NQ4
http://firstglance.jmol.org/fg.htm?mol=1OR5
http://firstglance.jmol.org/fg.htm?mol=2AF8
http://firstglance.jmol.org/fg.htm?mol=2KR5
http://firstglance.jmol.org/fg.htm?mol=1DNY
http://firstglance.jmol.org/fg.htm?mol=2GDW
http://firstglance.jmol.org/fg.htm?mol=2JGP
http://firstglance.jmol.org/fg.htm?mol=2JU2
http://firstglance.jmol.org/fg.htm?mol=2VSQ
http://firstglance.jmol.org/fg.htm?mol=2FQ1
http://firstglance.jmol.org/fg.htm?mol=2ROQ
http://firstglance.jmol.org/fg.htm?mol=1DV5

Table III. Normal Mode Analysis Comparisons

Highest overlap

Structural comparison PDB designations between two modes RMSDs. ave A) Ps ove (%)
Same structure, two conformers 2EHS, 2EHT 0.47 0.90 99.1
Same family, two bacterial structures 1T8K, 1X30 0.42 1.51 80.9
Same family, bacterial and eukaryotic 1T8K, 2QNW 0.47 1.05 95.7
ACP1 to ACP5 1T8K, 2AF8 0.65 2.70 61.2
ACP1 to ACP17 1T8K, 1HQB 0.58 2.08 85.9
ACP5 to ACP17 2AF8, 1HQB 0.64 2.67 71.1

If different families have members with tertiary
structures that can be closely aligned, even though
their primary structures are different, then they may
have a more distant common protein ancestor and
may be gathered into the same clan. To determine
this, one tertiary structure each from ACP1 (PDB
accession code 1X30), ACP2 (2UVS8), ACP3 (2CG5),
ACP5 (10R5), ACP8 (2KR5), ACP10 (2JGP), ACP12
(2FQ1), ACP13 (2ROQ), and ACP17 (1HQB) (Fig. 3)
were superimposed. Of these, ACP2, ACP3, ACPS,
ACP10, and ACP12 were domains in larger enzymes.
The first four helices of the ACP2 structure were well
superimposed on the structures of the other families.
The superposition of the structures of these nine fami-
lies resulted in an RMSD,, value of 2.34 Aand a P
value of 76.2%, indicating that at least those families
may descend from a distant common ancestor and
may be gathered into the same clan. The moderate
percentages of common residues between different
pairs of families (Supporting Information Table S1
and Fig. S1) suggest that other ACP families may
also have the same common ancestor. However, this
conclusion must await determination of tertiary
structures of members of these families.

Normal mode analysis of freestanding

ACP structures

We subjected seven tertiary structures of freestand-
ing apo-ACPs to normal mode analysis, using the
Anisotropic Network Model (ANM) web server.?! We
did not attempt to subject ACPs that were part of
larger proteins to normal mode analysis, since their
structures and fluctuations are most likely affected
by their proximity of other parts of the protein.
ACP1 members were PDB accession codes 2EHS
and 2EHT (two conformers of the same protein)
from Aquiflex aeolicus, 1T8K from Escherichia coli,
1X30 from Thermus thermophilus, and 2QNW from
Toxoplasma gondii. The one ACP5 member was
2AF8 from Streptomyces coelicolor, while 1THQB in
ACP17 was from Lactobacillus rhamnosus. All are
produced by bacteria but one; 7. gondii is an apicom-
plexan protozoan.

The residue fluctuations of the five slowest
modes of each structure are plotted in Supporting
Information Figure S3, and ANM mode visualiza-
tions of the slowest mode of each structure are
shown in Supporting Information Figure S4.
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Chain ends, especially the N-terminal one, and
loops were predicted to fluctuate more than the
three long and parallel o-helices (helices I, II, and
IV), which move very little. The region between heli-
ces IT and IV, which in ACP1 structures comprises
the loop between helices II and III and the crosswise
helix III, strongly fluctuated in many structures. In
the ACP5 and ACP17 structures, helix III is
replaced by a loop. This region was proposed to act
as a gatekeeper in the acyl chain delivery process,®?
as the acyl chain is exposed through a fissure follow-
ing a conformational rearrangement. The acyl chain
delivery process is unknown; sword-unsheathed or
switchblade-like mechanisms have been proposed.
Lower fluctuations are seen in the loop between heli-
ces I and II. The N-terminal region of helix II, where
the 4/-phosphopantetheine prosthetic group is
attached, shows relatively higher fluctuations than
the rest of helix II. In general, the vibrations of the
first five slowest modes in any structure are moder-
ately to strongly correlated in location, although
much less so in magnitude.

We compared the normal modes of two conform-
ers (2EHS and 2EHT) of the same structure in
ACP1, of two bacterial structures (1IT8K and 1X30)
in ACP1, of bacterial (1T8K) and eukaryotic (2QNW)
structures in ACP1, of ACP1 (1T8K) and ACP5
(2AF8) structures, of ACP1 (1T8K) and ACP17
(1HQB) structures, and of ACP5 (2AF8) and ACP17
(IHQB) structures. They were analyzed as explained
in the Computational Methods section. Results are
summarized in Table III, overlap charts are shown
in Supporting Information Figure S5, and residue
fluctuation comparisons of the three most over-
lapped modes for each case are shown in Supporting
Information Figure S6.

The two conformers of the same structure showed
a very low frame-averaged RMSD (RMSD¢ ..., as
defined in the Computational Methods section), show-
ing that their structural similarity was conserved
throughout the motion of the slowest normal mode.
Several of their slowest normal modes showed some
overlap (Supporting Information Fig. S5). Residue
fluctuations (Supporting Information Fig. S6) show
that 2EHT has larger amplitudes than 2EHS in the
N-terminal region, while 2EHS has larger amplitudes
in the central and C-terminal regions. Their fluctua-
tions appear in very similar residue locations.
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Table IV. Tertiary Structure Prediction Validation

Target structure Template structure

Amino acid identity (%)?

RMSD,_. (homology) (A) ~ RMSD,., (MD) (A)

ACP1 ACP5 23.4
ACP1 ACP17 20.8
ACP5 ACP1 21.7
ACP5 ACP17 20.5
ACP17 ACP1 20.0
ACP17 ACP5 21.3

1.17 1.42
1.44 1.48
1.97 1.87
2.10 1.96
1.73 1.93
1.78 1.88

? Percentage of same residues in same position between template and target structures divided by the number of residues

in the template.

Two different structures within ACP1 display
lower overlaps than two conformers of the same struc-
ture (Supporting Information Fig. S5). Values of
RMSDg. e are higher than between two conformers of
the same structure, but still are <2 A, as would be
expected of two structures within a family. In both
cases, fluctuations appear conserved in residue loca-
tion but not so in amplitude (Supporting Information
Fig. S6), although they appear more correlated
between the bacterial and eukaryotic structures.

Comparing the normal modes between struc-
tures in different families showed that the slowest
mode of each structure was the most highly over-
lapped (Supporting Information Fig S5), especially
between ACP1 and ACP5 and between ACP5 and
ACP17. The slowest modes in each structure display
an overall twisting rather than stretching of discrete
loops, and overlap highly due to their low flexibility.
Their RMSD¢. .. values are higher than in previous
cases, showing structural differences between two
families. However, within the most overlapped nor-
mal mode, structural differences are not great. Resi-
due fluctuation for modes other than the most over-
lapped (Supporting Information Fig. S6) are poorly
correlated in both amplitude and location, especially
between ACP1 and ACP5 and between ACP5 and
ACP17, but less so between ACP1 and ACP17.

Even though overlap charts (Supporting Infor-
mation Fig. S5) do not differ much for comparisons
within and between families, residue fluctuations
(Supporting Information Fig. S6) are more conserved
between two structures within a family than
between two structures in different families. How-
ever, fluctuation amplitudes can be quite different in
different structures produced by organisms in the
same genus and, especially noteworthy, in different
conformers of the same structure. Differences in
fluctuation amplitudes may be due to slight crystal
packing effects that could be present in loops.

Determination of tertiary structures of
freestanding ACPs by computation

To determine whether the homology modeling and
molecular dynamics (MD) protocol described in the
Computational Methods section is a trustworthy
method of determining tertiary structures of free-
standing ACPs whose structures were previously
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unknown, we used experimentally determined free-
standing structures of two families from ACP1
(2EHS), ACP5 (10R5), and ACP17 (1HQB) as tem-
plates to predict the structure of the third family.
We did not use ACP domains as templates or predict
unknown ACP domains of large multidomain
enzymes, as their folded states may be influenced by
nearby sections of the larger protein.

Results are shown in Table IV. The amino acid
identities, based on pairwise alignments between
individual family members, between template and
target structures vary between 20.0 and 23.4%. Two
RMSD values between predicted and crystal tertiary
structures (RMSD,,..) are reported: first the value of
the predicted structure by homology modeling to its
crystal structure, and second the predicted structure
after MD refinement to its crystal structure.
RMSD,, . values of homology modeling predictions
vary between 1.17 A and 2.10 A, and RMSD,,. val-
ues after MD refinement vary between 1.42 A and
1.96 A. The predicted structures superimposed to
their crystal structures can be seen in Figure 4. As
indicated by low RMSD,,. values (<2 A) and by vis-
ual inspection, the protocol described can predict
freestanding ACP structures when the template
used for homology modeling is at least 20% identical
in sequence to the target.

We then attempted to predict tertiary structures
for sequences in ACP4, ACP15, and ACP16, which
contain freestanding members with no known struc-
tures. The structure of Bacillus subtilis AcpK
(UniProt ID Q7PC63) in ACP4 was predicted using
as a template 2EHS from ACP1, with which it has
an amino acid identity of 25.6%. The predicted struc-
ture of ACP4 (Fig. 5) is very similar to structures in
other ACP families, and it clearly shows a cavity
and three long helices (helices I, II, and IV). When
the predicted ACP4 structure was superimposed to
structures in ACP1 (2EHS), ACP5 (10R5), and
ACP17 (1HQB), the resulting RMSDs were 1.92 A,
2.12 A, and 2.21 A, respectively.

Subjecting Malonomonas rubra malonate decar-
boxylase (UniProt ID: 006925) from ACP15 and
E. coli citrate lyase (UniProt ID: P69330) from
ACP16 to the homology modeling and MD protocol
resulted in unfolded structures that lacked the
standard three parallel helices and cavity seen in
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ACPS

ACP17

Figure 4. Predicted tertiary structure of an ACP1 member using ACP5 (green) and ACP17 (blue) tertiary structures as
templates, compared with a known ACP1 (red) tertiary structure; of an ACP5 member using ACP1 (yellow) and ACP17 (blue)
tertiary structures as templates, compared to a known ACP5 (red) tertiary structure; of an ACP17 member using ACP1
(yellow) and ACP5 (green) tertiary structures as templates, compared to a known ACP17 (red) tertiary structure. Known

structure templates: ACP1: 2EHS; ACP5: 10R5; ACP17: 1HQB.

other ACPs. However, they are most likely not
intrinsically unstructured. Ten models were then
predicted for each sequence using threading pro-
grams. Four of the 10 ACP15 models (1, 5, 6, and 8)
displayed two main o-helices and four B-strands
(Supporting Information Fig. S7), while seven of the
10 ACP16 models (1, 2, 4-8) showed two main a-hel-
ices with three B-strands. Representative models of
the four and seven similar structures of ACP15 and
ACP16, respectively, are shown in Fig. 5. When
superimposed, the four similar models in ACP15
have RMSD,,. and P,.. values of 0.73 A and 88.7%,
and the seven similar models of ACP16 show values
of 0.99 A and 91.3%.

ACP15 and ACP16 carrier proteins are used in
reactions that break substrates into smaller units,
unlike other ACPs, which are involved in building
large molecules from small units. Also, ACP15 and
ACP16 do not use the same 4’-phosphopantetheine
prosthetic group present in other ACPs. These facts
further suggest that ACP15 and ACP16 may be
structurally different from other ACP families, and
if this is correct, ACP15 and ACP16 members may
descend from different ancestors than most or all of

the other ACPs. The multiple sequence alignment
(Fig. 1), phylogenetic tree (Fig. 2, Supporting
Information Fig. S2), and threading predictions
(Fig. 6, Supporting Information Fig. S7) support
this. However, only experimentally determined
structures will show if ACP15 and ACP16 are indeed
different from other ACP families.

Concluding Remarks

Considering that ACPs, except those of ACP2, are
all of roughly the same length and in nearly all
cases they bind and activate acyl chains prior to
their being subjected to enzymatic catalysis, it is
noteworthy that they can be separated into 16 fami-
lies by their highly significant differences in primary
structure. It is perhaps equally noteworthy that
many of these families have very similar tertiary
structures, signifying that they may be descended
from a common distant ancestor. We predicted the
normal vibrational modes of freestanding ACPs,
finding them more conserved within families. Also,
we extended knowledge of three families possessing
freestanding ACPs, one family by predicting its
characteristic tertiary structure to be like those of

ACP4

ACP16

Figure 5. Tertiary structure of ACP4 (Bacillus subtilis AcpK) predicted by homology modeling and MD. Representative
models of tertiary structures of ACP15 (Malonomonas rubra malonate decarboxylase ACP) and ACP16 (E. coli citrate lyase

ACP) predicted by threading.
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many other ACP families, and two families by appa-
rently showing that they do not have similar
structures.

Computational Methods

Family identification and phylogeny

Families were identified following the procedures
outlined earlier.'®7'® In brief, families were based on
sequences with evidence at protein level from the
UniProt database®® or the literature, and populated
by use of BLAST®* (downloadable version 2.2.19)
to query the nonredundant (nr) protein sequence
database.?® A cutoff E-value of 0.001 (likelihood that
similarity between query and compared sequence is
due to chance) was used as the exclusion criterion.
Families were confirmed with multiple sequence

alignments of the retrieved sequences, using
MUSCLE 3.6,°° and with tertiary structure
superimpositions.

Phylogenetic trees were built using Molecular
Evolutionary Genetics Analysis 5 (MEGAS5),5” based
on a multiple sequence alignment containing three
sequences per family made with MUSCLE 3.6. The
minimum evolution algorithm®® was used, gaps were
treated with pairwise deletion, and an amino acid
Jones-Taylor-Thornton matrix®® was chosen as the
model. A bootstrap test with 1000 replicates was
performed to further verify the results.

Tertiary structure superposition and RMSD
calculations

In this study, all tertiary structures were superim-
posed with MultiProt.%® All RMSD values were cal-
culated between o-carbon atoms using MATLAB, to
consider the most possible a-carbon atoms in the cal-
culation; MultiProt reports the RMSD for only
aligned residues. Values of RMSD (between two
structures), RMSD,,. (between three or more struc-
tures), and P,,. (the average percentage of a-carbon
atoms of the amino acid residues used to calculate
the RMSD between two compared structures) were
calculated, as explained in detail in the Supporting
Information in Cantu et al.'” When a NMR-resolved
structure was superimposed, only the lowest-energy
frame was used, chosen following single-point
energy calculations with the ff99SB AMBER
force field.5*

Normal mode analysis

Normal modes of individual ACPs were calculated
using the ANM web server,’! by assuming that a
molecule’s natural vibrations can be predicted by
attaching a spring of uniform force constant to each
a-carbon atom of the molecule and allowing the sys-
tem to oscillate. The cutoff distance and distance
weights were changed until the best correlation
between theoretical and experimental B-factors was
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achieved. Structures were submitted individually to
the ANM server, which computed the vibrational
normal modes of each molecule and returned an ani-
mated PDB file for the 20 slowest vibrational modes,
their associated eigenvectors, and residue fluctua-
tions. No significant crystal packing effects were
found when viewing the symmetric molecules of the
PDBs submitted.

To compare the normal modes between two
structures, overlap charts showing the 20 slowest
vibrational modes of two structures were made by
taking the dot product of the eigenvectors from both
structures, yielding an 20 x 20 overlap chart where
each cell ranges in value from 0 (no overlap) to 1
(complete overlap). From this, the highest over-
lapped mode was chosen, and the animated struc-
ture PDB files of such mode were separated into
individual PDB files for each frame. Then the frame
from one structure was superimposed with the
corresponding frame in the other, and RMSD and
P values was calculated. This was done for each
frame, and the averages among all frames were
taken, resulting in values of RMSD¢.y. and Prye.
This notation is used here to differentiate the RMSD
between two structures averaged over different
frames in a normal mode (Table III), from RMSD,.,
which refers to the average RMSD of superimposing
three or more structures (Table II).

Tertiary structure determination

A homology modeling and MD protocol was used for
structure predictions. Homology modeling was done
with the I-TASSER server,’%®3 using other ACP
structures as templates without alignment or
restraints.

The resulting predicted structures were loaded
in AmberTools1.4 using the ff99SB AMBER force
field. The structures were placed in a 12-A TIP3P
water box,®* and Na* ions were added to neutralize
system charge.

The system was then simulated with the sander
module of AMBER.®® Solvent and ions were mini-
mized first with 1000 steps while restraining the
protein with 500 keal/A-mol weights. An unre-
strained 10,000-step minimization followed. The sys-
tem was then heated from 0 K to 300 K at constant
volume for 25 to 100 ps while weakly restraining the
protein with 10 keal/A-mol weights. Finally, the sys-
tem was equilibrated at constant pressure and tem-
perature and run unrestrained for 1.5 to 2 ns.

Sequences were predicted to not be intrinsically
unfolded using the IUPred®® server that bases its
predictions by calculating energy
interactions.

Threading predictions were done using the
LOMETS®" server, which generates tertiary struc-
tures from sequences using eight different known
threading programs. Unlike homology modeling, no

inter-residue
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templates are specified. The 10 best threading mod-
els from the output were taken.

RMSDs between predicted structures to experi-

mental crystal structures in the validation runs
(Table IV) are labeled as RMSD,_., to differentiate it
from the other RMSDs used here.
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