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Abstract
Multifunctional proteins often appear to result from fusion of smaller proteins and in such cases
typically can be separated into their ancestral components simply by cleaving the linker regions
that separate the domains. Though possibly guided by sequence alignment, structural evidence, or
light proteolysis, determination of the locations of linker regions remains empirical. We have
developed an algorithm, named UMA, to predict the locations of linker regions in multifunctional
proteins by quantification of the conservation of several properties within protein families, and the
results agree well with structurally characterized proteins. This technique has been applied to a
family of fungal type I iterative polyketide synthases (PKS), allowing prediction of the locations
of all of the standard PKS domains, as well as two previously unidentified domains. Using these
predictions, we report the cloning of the first fragment from the PKS norsolorinic acid synthase,
responsible for biosynthesis of the first isolatable intermediate in aflatoxin production. The
expression, light proteolysis and catalytic abilities of this acyl carrier protein–thioesterase
didomain are discussed.
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Introduction
Many enzymes exist as multifunctional proteins, which are thought to be the product of gene
fusion and/or duplication events. Their functions range from signaling,1 DNA
polymerization, and primary metabolism,2,3 to the extremely large and complicated modular
enzyme systems that synthesize polyketide4 and non-ribosomal peptide5,6 natural products
commonly employed by microbes as antibiotics, siderophores or cell pigments. Motivated
by intense interest from the natural product community, and the rapid pace of microbial
genome sequencing projects, hundreds of such multifunctional genes have been identified.
There now exists a great opportunity for the creation of new bioactive compounds through
genetic manipulations of biosynthetic proteins.7,8

One of the greatest challenges in the study of the large proteins that these genes encode has
been in obtaining crucial tertiary and quaternary structural information necessary for a
thorough understanding of an enzyme’s synthetic reactions.9 Though discussed infrequently,
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the technical limitations of cloning large fragments of DNA in most commercial vectors or
hosts are often nearly impossible to overcome. Furthermore, the large sizes of the resulting
proteins make over-expression, functional purification and accurate examination of
individual reactions difficult, and the protein may require further modification
(glycosylation, phosphorylation, etc.) or the presence of co-factors that may not be readily
available in the heterologous host. Finally, their crystallization has been said to be
technically equivalent to co-crystallization of multiple proteins, and may be impossible with
current technology.10

One approach that has produced significant results in recent years has been the “dissection”
approach to understanding multifunctional proteins. Guided initially by the discovery that
they could be divided into separate catalytic components by mild proteolysis,11,12 several
research groups have employed a modern molecular biological equivalent by cloning,
expressing and evaluating specific fragments of larger proteins for their catalytic abilities or
structural properties.13 Genetic manipulation also allows the possibility of the insertion or
deletion of specific catalytic functionalities into the original protein. Such an approach has
led to the biosynthesis of “non-natural” polyketide natural products.4,14 The means by which
individual protein chains interact to make large multisubunit enzymes has been probed for
polyketide synthases (PKS),15 non-ribosomal peptide synthetases (NRPS)16 and animal fatty
acid synthase (FAS).17 Cloning and expression of the adenylation domain of an NRPS has
often been used to assay for the amino acid it activates.18,19 Recently, a crystal structure of
an individually expressed adenylation domain of GrsA20 led to the development of a
sequence comparison method to predict the amino acid residues activated by other
adenylation domains using primary sequence data alone.21,22 Crystal or NMR structures are
available for several PKS and FAS domains, such as the 6-deoxyerythronolide B synthase
thioesterase (TE) domain23 and the actinorhodin acyl carrier protein (ACP) domain,24

providing more acute insight into their mode of action.

We report here a simple algorithm, named Udwary–Merski algorithm (UMA), which has
greatly improved our ability to locate the flexible linker regions that occur typically between
functional domains in multidomainal proteins. Employing widely used bioinformatics
techniques, properties of a target protein are compared with other closely related proteins
and a numerical value is assigned to each amino acid residue in the primary sequence
relating to its tendency to form linker regions. We have observed that regions within the
protein with low levels of conservation tend to correspond to experimentally determined
linker regions, and that the predictions produced by UMA are broadly applicable and in
good agreement with structurally well-characterized primary metabolic proteins. We then
apply the algorithm to deduce the locations of linker regions of a structurally
uncharacterized secondary metabolic protein currently of interest in our laboratory,
norsolorinic acid (NA) synthase, a type I iterative fungal PKS from Aspergillus parasiticus
required for aflatoxin biosynthesis.25 Finally, we discuss illustrative preliminary results from
dissection of this protein into its constituent parts on the basis of the predictions made by
UMA, and discuss the catalytic abilities of the first protein fragment resulting from the
application of the algorithm, the ACP–TE didomain.

Results
Basis for UMA

Several assumptions were made about the fundamental nature of multifunctional proteins.
According to the simple beads on a string model, one can consider indeterminate-length
regions of the protein to be described by one of the two states: compact, independently
folding, bioactive globular regions (domains),26 which are separated from one another by
unstructured, flexible regions (linkers). Evolution of such an assembly could occur through
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simple gene fusions, and is commonly employed by molecular biologists in the construction
of chimeric proteins with, for example, maltose-binding27 or polyhistidine metal-chelating
regions28 which aid purification by affinity chromatography.

If loss of catalytic activity of the multidomain protein is detrimental to the survivability of
the organism, then further assumptions about the natural evolution of the modular protein
can be made. It can be expected that mutations in domain regions should, over time, be more
strongly selected against than those in linker regions. This would be especially true at or
near the active-site residues, and there should be fewer mutations that would significantly
alter the domain’s secondary or tertiary structure, as both types of mutation would be
detrimental to proper functioning of the protein. Furthermore, we could expect to observe
localized pockets with high levels of hydrophobicity within domains, which would lead to
hydrophobic collapse,29 allowing the domain to fold properly into its globular shape. Linker
regions, on the other hand, should be present primarily to hold the domains in place. We can
infer then that the linkers, if unnecessary for overall structure, should exist as relatively short
chains of undefined structure, and not be required to maintain a conserved sequence (i.e.
more tolerant of random mutation, insertion, or deletion without loss of function). They
should have a tendency to be external to the globular fold of the domains, extending into
solvent and providing some degree of physical separation between domains, and, therefore,
should be more likely to maintain hydrophilic amino acid side-chains. Thus, if overall
protein structure is expected to be largely conserved following an ancestral fusion event,
then, over time, domains will have a tendency toward conserved sequence and secondary
structure, and will contain more hydrophobic residues, while linkers will be less conserved
in sequence and structure, and contain more hydrophilic residues.

The UMA algorithm was developed to compare the above properties specifically for a given
set of homologous protein sequences. The final score generated quantifies the degree of
conservation of each amino acid residue in the primary sequence, and is generated by well-
established bioinformatics tools. The UMA score of each individual residue is calculated by
combining the results of a multiple sequence alignment (MSA) of the protein in question
and several closely related homologs with secondary-structure predictions and local
hydrophobicity of these individual proteins. The method was designed to be flexible enough
to accommodate the results of current and future predictive techniques. In practice, a low
UMA score indicates a tendency of the amino acid at that alignment position to have
properties consistent with a linker region, while a high score indicates that the region is
conserved, and likely to be important for the structure or function of the protein.

Several well-accepted bioinformatics tools have been utilized to generate input data for the
three components of the UMA calculation. The BLOSUM family of homology matrices was
employed to define primary structure similarity,30 where BLO-SUM62 was used most
frequently with good results. We modified secondary structure log-odds matrices31 to define
similarity between secondary structures (Table 1). Our modifications to the matrix were
made empirically to take into account gaps derived from the MSAs and low-confidence
secondary structure predictions. The final matrix values used are given in Table 1. In
addition, to lessen the effects of inaccurate structure predictions, the matrix-derived
secondary structure score is multiplied by one-tenth of the integer confidence score given by
many structure prediction routines, yielding an adjusted structure score. SOAP was
employed to quantify hydrophobicity.32 MSAs were calculated using CLUSTAL W.33 It
should be noted that CLUSTAL W is expected to be the most robust of the MSA methods,
although other algorithms may be more suitable for a given problem.34 Our tests showed
little or no difference utilizing slightly different matrices (such as BLOSUM45 and other
modifications of the secondary structure matrix).
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Algorithm
As discussed above, the propensity of an alignment position to be a linker or domain is
dependent upon three properties: primary sequence similarity (A ), secondary structure
similarity (B ), and hydrophobicity (C ). Therefore, an UMA score (S ) for an amino acid in
a sequence may be considered:

Calculation of an UMA output requires both a multiple-sequence alignment and a
secondary-structure assignment or prediction for each protein in the alignment. Secondary
structure predictions are generated using any highly efficient method that can generate a
structure, and (optionally) a confidence value for each residue. Every residue or gap (aa) is
assigned a position i,j where j is the specific protein (ranging from 1 to N ) and i is the
position within the MSA (ranging from 1 to Ω). A two-dimensional secondary structure
array is created, on the basis of the positions of gaps in the primary structure alignment. α is
the value obtained from (1) the primary structure homology matrix for any given pair of
amino acid residues; (2) from specific gap values if a gap is aligned with an amino acid
residue or another gap. Similarly, β is the score generated by the modified secondary
structure matrix for a given pair of secondary structure elements (sse, which may include
gaps or indeterminate structures). A, then, is the sum of all α (and B the sum of all β) for the
target protein against all other proteins at position i:

Finally, C is simply a function that gives the hydrophobicity value assigned to each residue
by SOAP.

To allow for adjustment and fine tuning of the contributions of each component of the
prediction, a noise-dampening averaging window (Kα, Kβ, Kφ), and weighting values (Qα,
Qβ, Qφ) for each component were introduced. For our investigations, only small K values
and unity Q values were employed. Thus, the raw UMA score for each residue, T(i,j ), can
be written as:

Since UMA was developed to detect large-scale structure within proteins, it was necessary
to examine the environment around a given residue position, rather than at that position
exclusively. Therefore, an averaging window was introduced, and the final UMA score is
the calculated mean T(i,j ) over the window γ:
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Noise present in the graphs of the final UMA score against alignment position is highly
dependent upon homology of the sequences compared, alignment algorithm, quality of
secondary structure assignment, and the K, Q, and γ variables, and so we have not yet found
a thoroughly reliable means of automating the final selection of linker regions. Currently,
linkers must be chosen by the user. In our hands, true linkers typically have minima in S(i,j )
at or below zero, and show up as somewhat broad, deep valleys on a graph of alignment
position against S(i,j ). Specific examples are given in the following sections.

Probability model
Assuming that a given position i is unimportant for function (that is, under little or no
selective pressure) and subject to natural base drift, after an infinite number of generations
the probability of finding any given amino acid residue at that position will be equivalent to
the natural frequency of that amino acid:35

Conversely, if that position is important for the structure or function of the protein, after an
infinite number of generations there will be a bias in the amino acid distribution in the
position that favors the residues that maintain the functional characteristics of the protein:

Finally, in order to fold properly, the globular functional domains will be likely to conserve
a hydrophobic core to facilitate folding. Pi,j will reflect this propensity in these regions.

Homology matrices typically disfavor the possibility that a given pair of residues will be
similar. UMA utilizes this property to distinguish highly similar domain regions from less
similar linker regions. If five or more homologous sequences can be aligned, an S(i,j )
greater than zero will be exceedingly unlikely and therefore significant. Alignments of as
few as two or three sequences may be used, but the result will be less reliable. Of course, the
more homologous sequences that can be aligned, the better the prediction should be, as this
will increase the maximum possible UMA score and decrease the baseline random score
(Figure 1). In addition, transitions between low-scoring linker regions and high-scoring
domains should be relatively shallow for transitions caused by random noise in the
predictions. Transitions due to a string of sequential steps in which S(i,j ) increases
continually should be statistically rare and, fortunately, visually apparent on a graph of
S(i,j ) versus alignment position. (A mathematical proof of these assertions is available as
Supplementary Material.)

As shown by Figure 1, the distributions for S(i,j ) drop off precipitously as more sequences
are added to the alignment, demonstrating that a positive S(i,j ) is extremely unlikely to
occur by random chance. Since the score distributions are expected to be Gaussian, the
chance of generating a score S(i,j ) or higher can be calculated by the complementary error
function.36,37 Thus, UMA should be exquisitely sensitive to differences in the degree of
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conservation between linker and domain regions present within a family of proteins.
Furthermore, the empirically determined window sizes show that the method can determine
the environment of an amino acid residue adequately and the window size is small enough to
examine different regions within the protein.

Methionine synthase
Bacterial methionine synthases catalyze the methylation of homocysteine, utilizing
methyltetrahydrofolate and cobalamin co-factors.38 Many homologous methionine synthases
have been identified, most as a result of microbial genome sequencing projects. The
Escherichia coli protein is one of the few multidomain proteins for which considerable
structural information is available. This monomeric enzyme has been shown to consist of
three functional units by trypsin digestion and functions for each domain have been
ascribed.39 The 70 kDa N-terminal domain binds substrate homocysteine and
methyltetrahydrofolate, and presumably catalyzes methyl transfer via the cobalamin co-
factor bound to the second, 28 kDa domain. The third identified domain binds S-
adenosylmethionine (S-AdoMet), and is important for the regeneration of oxidized
cobalamin via reductive methylation.40 In addition, X-ray crystal structures for the central
cobalamin-binding domain,41 the C-terminal S-AdoMet-binding domain,42 and 65 kDa of
the C terminus encompassing both domains have been reported.2

Given the aforementioned structural/functional elements, this enzyme family is ideal for
testing the UMA program. Analysis was carried out on 14 prokaryotic sequences with
significant homology to the E. coli protein, with all K and Q = 1, and γ = 20. Four separate
low-scoring regions can be seen in Figure 2(a). Two of these corresponded perfectly to the
locations of the known trypsinolysis cut sites previously used to separate the three domains
in E. coli methionine synthase near Y638 (sequence alignment position (a.p.) 676 in Figure
2(a)) and H894 (a.p. 947).39 A third linker was predicted near Q742 (a.p. 794). In the crystal
structure of the cobalamin-binding domain, a seven residue loop serves to divide two
distinct structures that surround and secure the co-factor in place,41 and should be
considered a linker by our definition. A trough in the UMA scores occurs near the middle of
this binding domain, with the minimum located at E793 (a.p. 845), which identifies correctly
the loop that separates these structural units (see Figure 2(b), border between blue and
orange domains). A fourth linker was predicted near V1025 (a.p. 1089), in the middle of the
S-AdoMet-binding domain (Figure 2(b), dark green domain). According to the available
crystal structures, V1025 is part of a long extended coil (Figure 2(b), red loop) and sequence
alignments and structure predictions show considerable variability within this region,
properties we have deemed consistent with linkers, even though it appears not to be. This
may reflect an ancestral fusion event that is otherwise undetectable by examination of the
crystal structure, though further examination of the involvement of this coil in catalytic
activity must be examined.

DNA polymerase I
DNA polymerase I is one of the earliest identified and best understood multidomain
proteins. Essential for repair of damaged DNA in bacteria, DNA polymerase I consists of
two distinct subunits, a 5′–3′ exonuclease region, and a polymerization domain known as
the Klenow fragment,12 which has been a workhorse of modern molecular biology.43 No
structure of the entire DNA polymerase I molecule has been published, although each
fragment has been crystallized separately.44–46 UMA analysis was carried out using five
other bacterial sequences homologous to E. coli DNA polymerase I (E. coli AP002567,
Acinetobacter calcoaceticus AF038541, Haemophilus influenzae U32767, Neisseria
meningitidis AE002546, Salmonella typhimurium AF071212, Vibrio cholerae AE004101).
In the calculations, all K = 5, all Q = 1, and γ = 30. From the resulting data, we were able to

Udwary et al. Page 6

J Mol Biol. Author manuscript; available in PMC 2012 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



easily predict a single linker region (all scores <1), corresponding roughly to amino acid
residues E283 (a.p. 287) through T323 (a.p. 333) in the E. coli protein. Our prediction is
confirmed, as commercially available cloned Klenow fragment begins at position V324 of
the wild-type protein (Figure 3, dark blue region), only one amino acid beyond the UMA
score minimum of the predicted loop.

ThiI
In bacteria, the thiI gene has been identified to be involved in the sulfur transfer step in
biosynthesis of thiamin47 and 4-thiouridine,48 both necessary for bacterial tRNA formation.
Currently, 23 known thiI homologs exist in GenBank. However, eight of these homologs
have an additional C-terminal extension of approximately 100 amino acid residues with
similarity to rhodanese,49 an enzyme used in sulfur transfer from thiosulfate to cyanide.
Selective mutagenesis of all cysteine residues in E. coli ThiI suggests that this protein has
evolved a mechanism by which an active-site cysteine residue in each domain forms a
disulfide crosslink, and acts as the reactive species for sulfur transfer from a second enzyme,
IscS.50 A protease protection experiment (with ATP) indicates that the dual-domain E. coli
ThiI protein is cleaved readily by trypsinolysis to a 45 kDa fragment,51 and N-terminal
sequencing of a second, smaller fragment showed that the proteolysis occurs at amino acid
residue R385 (E. G. Mueller, personal communication). When the eight available dual-
domain ThiI sequences were compared by UMA analysis (all K = Q = 1, and γ = 10), the
presence of a linker region is indicated strongly by a sharp region of low UMA scores that
can be seen over E. coli ThiI amino acid residues 370–390, with a minimum score at
position 384 (Figure 4), only one amino acid residue different from the trypsinolysis result
(Figure 4, as indicated). A second, lesser linker region was predicted near the N terminus of
the protein, near residues 60–65, although this could not be confirmed.

Animal fatty acid synthase
In animal tissues, the fatty acid palmitate is synthesized by FAS, a homodimer consisting of
identical 275 kDa subunits. Each polyprotein contains catalytic regions for β-ketoacyl
synthase (KS), acyl/malonyl transferase (A/MT), dehydratase (DH), enoyl reductase (ER),
ketoreductase (KR), ACP, and TE activities arrayed from the N to C terminus of each
peptide. It has long been believed that the subunits are arranged head-to-tail, yielding two
simultaneously active regions, with strong physical evidence to indicate that this is the
case.17,52 However, other studies have indicated the possibility of a more complicated
subunit interaction.53

The seminal work describing the architecture of animal FAS appeared as a series of four
papers nearly 20 years ago,11,54–56 which described the results of extensive proteolysis
experiments and active-site assays of the fragments retrieved from purified chicken liver
FAS. Each peptide subunit is said to consist of three major domains separated by large,
extensively proteolyzable regions (linker regions by our definition above). Domain I, 127
kDa in size, contains active-site regions for KS, A/MT, and DH.57 The ~107 kDa domain II
contains functional units for KR, ER and ACP, and the 33 kDa TE domain constitutes
domain III. In addition, domains II and I can be further proteolyzed. However, many of the
proteases used in these experiments have amino acid sequence specificity requirements. It
should be further noted that because FAS is a known homodimer, its quaternary structure
might inhibit access of proteases to linkers. For these reasons, there have been conflicting
reports of the locations of borders between domains, even from within the same research
groups.58

With these experiments in mind, we undertook an in silico dissection of animal FAS. UMA
analysis was performed by an alignment of the seven available animal type I FASs: chicken
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(GenBank accession P12276), human (P49327), rat (P12785), mouse (AAG02285), and the
closely related Drosophila melanogaster (AAF51148), Caenorhabditis elegans
(NP_492417), and silkworm (T18201) homologs. Calculations were performed with all K =
5, all Q = 1, and γ = 40. The mean result (Figure 5, predictions for each organism are
qualitatively identical) indicates the presence of two major linker regions. A C-terminal
domain corresponding to the TE domain region (domain III) was separated from the
remainder of the FAS by a linker (approximately A2192–P2224 in human FAS), and this
domain was predicted to be 33 kDa, identical with that reported following proteolysis. A
long stretch (~350 amino acid residues) of low-scoring residues, which falls within a
proposed interdomain region separating domains I and II, has been shown to be necessary
for dimerization and catalytic activity.17 It is probably unreasonable to expect a ~350 amino
acid residue flexible linker region, although the specific structure of the protein here is
unclear in Wakil & Chiu’s electron microscopy experiments.52 Instead, the consistently low
scores over this part of the protein probably reflect the fact that the interdomain region is not
specifically necessary for catalytic activity, and could readily mutate so long as the
mutations did not weaken association of the homodimer significantly. Such a lack of
conservation may indicate that some of the FASs may have different specific interactions at
this domain.

The prediction resulting from use of a smaller averaging value (γ = 15) did not increase the
resolution of the prediction significantly, although further linkers can be predicted between
the KS and A/MT domains (near R477 in the human FAS), and between the A/MT and DH
domains (near P855) within domain I. The translated masses of domains between these
predicted linkers appear to be in approximate agreement with the orginal mass
determinations made by gel electrophoresis.11 Delineation of subdomains within domain II
could not be discerned.

Norsolorinic acid synthase-class PKS
The biosynthesis of the hepatic carcinogen aflatoxin in the fungal genus Aspergillus begins
with the construction of the polyketide NA. An unusual FAS-derived hexanoyl starter unit59

is taken up and extended by a type I iterative PKS.60 This is followed by successive
oxidations and rearrangements of the NA carbon skeleton,61,62 ultimately yielding aflatoxin
B1,25 which draws its toxicity from an easily oxidized bisfuran ring,63 and affinity for
double-stranded DNA. While considerable progress has been made in recent years toward
the understanding of the mechanisms of interaction of the more common type I modular
PKSs,4 the iterative classes of type I PKSs are less well understood, and the means by which
the polyketide chain length and cyclization pattern are controlled is a considerable mystery.
Previous work in our laboratory has concentrated on the A. parasiticus version of the NA
synthase PKS, and more specifically on its interaction with the dedicated hexanoyl-
producing FAS subunits HexA and HexB.64,65

Seven other similar PKSs were identified by BLAST homology. The A. nidulans StcA
protein is known to produce NA as well.66 Another A. nidulans gene, wA, has been
investigated by Ebizuka and co-workers,67,68 and is known to produce the heptaketide
naphthopyrone. In A. fumigatus, two nearly identical PKS sequences are present in
GenBank, labeled as alb169 and pksP.70 In other fungal species, similar PKSs include the
Colletotrichum lagenarium PKS1, known to produce tetrahydroxynaphthalene,71 pks4 of
Giberella fujikoroi, identified to be involved in bikaverin biosynthesis (GenBank accessions
CAB92399, CAC88775), and a melanin-producing PKS from a Nodulisporium species.72

By MSA, all of these PKSs are believed to have nearly identical domain organization, with
identifiable active-site motifs for ketosynthase (KS), acyl transferase (AT), ACP and TE
(sometimes referred to as Claisen cyclase, or CC) domains, with the exception that the G.
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fujikoroi and A. parasiticus PKSs have only one ACP domain motif, while the others have
two. Calculations were carried out with all K = Q = 1, and γ = 20.

UMA predictions on each protein sequence were highly consistent except (as expected) in
the region of the second ACP domain, and each was predicted to contain five (one ACP) or
six (two ACP) linkers connecting six or seven domains, respectively. Active-site motifs
were identified for the KS in the second domain (~50 kDa), AT in the third domain (~45
kDa), TE in the C-terminal domain (~28 kDa), and ~10 kDa ACP(s) were located adjacent
to the TE domain (Figure 6). The UMA score minima (which should correspond to the
locations of predicted linker regions) for each protein in this family are given in Table 2.

Two predicted domains could not be identified. The ~38 kDa N-terminal domain contained
a low level of overall sequence similarity, with no conserved identifiable motifs or
homology, PKS or otherwise. However, secondary structure predictions and local
hydrophobicity scores were surprisingly similar. With no apparent catalytic residues or
active site, and no previously reported function, yet having clear structural conservation, we
speculate that the N-terminal domain may be important for tertiary or quaternary structure,
possibly used as a multimerization domain as observed in animal FAS.17 Although this
prediction cannot be confirmed, attempts to express this domain in E. coli are underway.

The fourth domain, ~34 kDa in size, we initially attributed to a structural domain as well,
due to its central location, as observed in animal FAS. However, upon closer examination,
specific motifs can be observed, including VNHGWDS located at V1567, and
GHXVXGX5PS at G1344. The domain is not known by BLAST homology to be present in
any other protein sequences, and has no significant homology to any known proteins outside
of this family of PKSs. Recent work by Ebizuka and co-workers73 may contain a clue as to
its function. A chimeric protein, containing portions of the wA gene and the C. lagenarium
pks1 produced polyketide products distinct from either original PKS. Although specific
primer locations used for the construction of the chimera are not given, a figure shows that
the fusion occurs somewhere in this uncharacterized domain. Therefore, we must conclude
that this predicted domain is responsible, at least in part, for the chain length of the
polyketide product, and may have a role in control of cyclization. We have tentatively
labeled this domain as a “product template domain” (PT), to differentiate it from previously
known chain length factor (CLF) proteins.74

To evaluate one of our predictions experimentally, we cloned and expressed a fragment of
NA synthase containing both the ACP and TE domains. Previous work has confirmed the
TE activity of the C-terminal domain in the homologous wA protein,75 and by expressing
both domains we anticipated the opportunity to probe for structure by light proteolysis. The
TA1 gene fragment, beginning at P1664 and continuing through to the C-terminal end of the
gene, was ligated into pET28a and expressed with an N-terminal His6 fusion in E. coli by
standard techniques. The resulting 52 kDa peptide was soluble when expressed at 20 °C, and
was purified easily by nickel or cobalt resin chromatography.

The purified protein was subjected to partial proteolysis with the fungal protease, proteinase
K. Analysis by denaturing polyacrylamide gel electrophoresis (SDS-PAGE) showed that
after ten minutes at ambient temperature, the peptide was fragmented into three bands
appearing at roughly 30 kDa, 31 kDa and 32 kDa (Figure 7). N-terminal sequencing of these
bands showed that the cuts had occurred at S1818, E1825, and E1832, all within the
predicted linker region between the ACP and TE domains, which extends roughly from
D1789 to P1851. A smaller ~15 kDa fragment, which we expect to correspond to the His6
tag and ACP domain, was visible on the gels, but could not be sequenced.
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In addition, the ACP–TE didomain cleaved thioesters readily. An assay method for the
DEBS TE domain was adapted for this purpose.13 While the DEBS TE is involved in
macrolactonization in erythromycin biosynthesis,23 and the NA synthase TE likely mediates
Claisen cyclization,75 both enzymes catalyze TE reactions. Aliquots of the reaction mixture
were removed at fixed time-points, the enzyme denatured with urea, Ellman’s reagent (5,5′-
dithio-bis(2-nitrobenzoic acid, or DTNB) added, and the extent of reaction monitored by
measuring the absorbance at 412 nm. Under these conditions, TA1 cleaved benzoyl N-acetyl
cysteamine (benzSNAC) with KM = 1.9 mM, kcat = 0.84 s−1, with a resulting V/K = 0.44
s−1mM−1. By comparison, the most active substrate used in the DEBS TE assay reportedly
hydrolyzed with a similar KM = 0.8 mM, but much lower kcat = 0.012 s−1. Other SNAC
thioesters could be cleaved by TA1 with similar efficiency, although rigorous kinetic
measurements were not taken. Unfortunately, the inherent difficulty in synthesizing the
presumed natural substrate for the NA synthase TE precludes its use in these experiments.
However, we anticipate further experimentation to probe for Claisen cyclization activity in
this domain.75

It is important to note that the structural predictions given above are applicable to the other
members of this family of type I iterative PKSs. The overall conserved sequence and
presence of motifs leaves little doubt that domain structures in all of these PKSs are identical
(with the exception of the lack of second ACP domain in those discussed above). If a more
specific engineered approach can be made to swapping or mutation of PKS domains, it
should be possible to tailor these systems to make biosynthetically novel fused aromatic
products. It will be interesting to study the specific roles of the unknown domains, and gain
a better understanding of the construction and control of the highly reactive poly β-keto
chain.

Discussion
The above results have shown the UMA algorithm is able to predict the location of linker
regions between folded domains accurately in nearly all of the protein families we examined
and yielded insight into the type I iterative PKS NA synthase from A. parasiticus. The
prediction has allowed us to identify the borders between all of the known catalytic
functional units of this protein, and to propose the existence of two new structural units,
including a previously unidentified domain that we believe to be responsible for chain-
length determination and/or cyclization. Cloning and expression of the ACP–TE didomain
by standard techniques in E. coli demonstrated full catalytic ability. In addition, with the
application to other members of this family of proteins, we have opened up the possibility to
perform specific bio-synthetic engineering experiments by altering, deleting or swapping
domains between members of this family of PKS, much as has been attempted for type I
modular PKSs and NRPSs.4,76

The UMA algorithm provided better, more quantifiable predictions in our hands than
sequence alignments alone. When the three individual components of the prediction,
sequence similarity, secondary structure prediction similarity, and local hydrophobicity,
were examined, we found that the final, combined score was more accurate and consistent
than any one or combination of two of the components alone. To illustrate this point, the
components of the prediction for E. coli DNA polymerase I are shown in Figure 8. While
the major contributor to the final score is clearly the primary sequence alignment (Figure
8(a)), we see that if only it is taken into account, linkers might also be predicted near
alignment positions 530 and 880. The secondary structure (Figure 8(b)) and hydrophobicity
(Figure 8(c)) profiles also give results individually inconsistent with the structure of the
actual protein. It is only once all three components are combined by UMA (Figure 8(d)),
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however, that a good prediction is achieved; that of a single linker region near alignment
position 320 (corresponding to E316).

Because the UMA algorithm itself was designed to be independent of the programs used to
generate its input, we were able to rapidly test many different alignment methods and
structure prediction programs. As new methods are developed or new sources of structural
information become available (for example, crystal structures, new alignment techniques,
more accurate structure prediction routines),77 they can easily be harnessed to generate
better predictions. Finally, because UMA is essentially making a structure prediction for an
entire class of proteins, it should be trivial to apply the prediction to any newly discovered
members of that class simply by sequence alignment. Because secondary structure (and by
extension, tertiary structure) should almost certainly be conserved among members of a
protein family,78 the locations of linker regions in the protein chain will be conserved,
though they may be shortened, lengthened or otherwise modified because of their
susceptibility to mutation.

Despite the successes reported above, we have encountered limitations in the predictive
abilities of the algorithm. As with any comparative method, the availability of sequences
with significant similarity to the target is of paramount importance. Although we developed
the technique primarily for use in engineering of natural product-producing enzymes,
availability of sequence is still a major technical hurdle, and for that reason the algorithm
may currently be more applicable to examination of gene products involved in prokaryotic
primary metabolism. However, one can be confident that more natural product gene
sequences and clusters will continue to be explored and, therefore, more and more accurate
predictions can be made as homologous sequences are discovered. A second limitation is
that the sequences must be aligned accurately to enable the comparative routines of the
algorithm to yield reliable results. In some cases, it was necessary to correct misalignments
by hand, especially when working with sets of large modular proteins in which a particular
domain in a sequence may be missing or inserted. While we have largely utilized the Clustal
family of programs for our sequence algorithms with good results, it may be more
appropriate in some cases to use a different method for specific alignment tasks.34 The
Dialign MSA program79 has been shown to be more useful for modular proteins, though we
found that it produced rigid “pockets” of alignment, and grossly misaligned linker regions,
unlike Clustal. Ultimately, any sequence alignment should be evaluated by the user for
accuracy.80

There has been much discussion of the potential for creation of new bioactive compounds by
the manipulation of natural product-producing proteins.4 However, few truly successful
examples of such techniques exist. Arguably, the most severe limitation to accomplishing
this goal has been an understanding of the structure of these large proteins and how they
interact, and thus how to take them apart and put them back together with different catalytic
abilities. Requiring only primary sequence data, the UMA algorithm should prove a valuable
tool for gaining insight into the structural properties of multifunctional proteins without
necessitating the laborious processes of cloning, expression, purification and proteolysis of
extremely large proteins.

Materials and Methods
Calculations

The UMA program was written entirely in the Perl 5 programming language. All
calculations were performed on standard Windows 98 or Unix-based computers, and
computation times were typically less than one minute. All calculations were performed
using the following method: sequences homologous to the target protein were retrieved by
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analysis with BLASTp81 and DART,82 and a PIR-formatted MSA was generated using
CLUSTAL W33 or with DIALIGN79 as indicated. A secondary structure prediction for each
protein sequence in the MSA was generated with the PHDsec program available through the
PredictProtein server.83,84 A custom Perl script was applied to each prediction to extract
only the prediction and confidence values, and to generate a standard secondary structure
file readable by UMA. Multiple rounds of calculation were performed, adjusting the K, Q,
and γ evaluation constants as necessary in order to enhance the signal to noise ratio. A Perl/
Tk-based graphical analysis tool, and the program source code are available from the
authors upon request.

Cloning, expression and purification of NA synthase domains
The locations of linker regions were identified in the NA synthase PKS using the UMA
algorithm. PCR primers for use against the known sequence (GenBank L42766) were
synthesized with overhanging restriction sites suitable for ligation into pET28 vectors
(Novagen). The resulting PCR products were initially ligated into a high-copy vector for
screening and sequencing, pT7Blue3 from the Perfectly Blunt cloning kit (Novagen) or
pCR2.1-TOPO (Invitrogen). Inserts were digested with suitable restriction enzymes and
purified with a Qiaquick gel purification kit (Qiagen), followed by ligation into pET28a(+)
so as to allow expression of the resulting protein with an N-terminal His6 fusion.

Expression was performed under standard low-temperature conditions. Cultures were
inoculated in LB supplemented with 25 μM kanamycin and incubated with shaking at 300
rpm and 37 °C to A600 = 0.25. Cultures were then placed at 20 °C for two hour, after which
time expression was induced by the addition of IPTG to 0.5 mM, and shaking for 12 hours.
Cells were harvested by centrifugation at 5000 g, sonicated, and soluble His-tagged proteins
were purified with a Ni or Co resin by standard chromatographic techniques.28

Proteolytic digest of the ACP–TE didomain
TA1 protein, consisting of the 466 residues of the C terminus of the NA synthase PKS
encompassing the predicted ACP and TE domains was expressed with an N-terminal His6-
tag and purified as described above. TA1 protein (320 μg) was treated with 6.4 μg of
proteinase K (Fisher) at room temperature, in 200 μl of 50 mM phosphate buffer (pH 8).
Samples (40 μl) were removed after zero, one, two, five and ten minutes, and precipitated
immediately by the addition of 40 μl of 20% (w/v) trichloroacetic acid. The samples were
redissolved in SDS-PAGE sample buffer (125 mM Tris–HCl (pH 6.75), 20% (v/v) glycerol,
10% (v/v) β-mercaptoethanol, 4% (w/v) SDS, 0.02% (w/v) bromphenol blue), pH adjusted
with 3 μl of 1 M Tris (pH 8.5), and analyzed by SDS-10% PAGE electrophoresis. N-
terminal protein sequencing of the resulting fragments was performed by the Synthesis and
Sequencing Facility, Department of Biological Chemistry, The Johns Hopkins School of
Medicine (Baltimore, MD).

Catalytic activity of the ACP–TE didomain
The catalytic activity of the ACP–TE didomain was evaluated in a manner similar that
described:13 50 μl of purified TA1 protein (10 μM) was mixed with 190 μl of 50 mM
potassium phosphate (pH 7.5) and 10 μl of benzoyl N-acetylcysteamine (benzSNAC, 2.5–
250 mM in DMSO). Aliquots (50 μl) were removed at two, five, ten and 15 minute intervals
and mixed immediately with 50 μl of saturated aqueous urea and placed on ice. After
centrifugation for five minutes (16,000 g, 4 °C), 75 μl of supernatant was removed and 4 μl
of saturated DTNB was added. Absorbance at 412 nm was measured after 15 minutes at
room temperature. The kinetic constants were obtained by fitting the data with the program
HYPER.85
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Figure 1.
The estimated probability distributions of UMA scores S(i,j ), calculated with the BLO-
SUM62 sequence homology matrix, and the secondary structure homology matrix from
Table 1. The weighting factors are: Kα = Kβ = KC = 5, Qα = Qβ = QC = 1, and γ = 20. As
the number of sequences included in the alignment increases, the most commonly occurring
S(i,j ) generated from an alignment of unrelated sequences decreases, demonstrating the lack
of conservation between these sequences.

Udwary et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2012 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(a) UMA prediction graph for E. coli MetH. (b) Crystal structure of the C-terminal domains
of E. coli MetH.
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Figure 3.
UMA prediction graph for E. coli DNA polymerase I. The region shaded blue corresponds
to the Klenow fragment.
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Figure 4.
UMA prediction graph for E. coli ThiI with the known trypsin-preferred cut site as
indicated.
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Figure 5.
UMA prediction graph for human FAS. I, II, and III indicate Wakil’s domains I, II, and III,
respectively. ID indicates the predicted linker-like interdomain region.
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Figure 6.
UMA prediction graph for A. parasiticus NA synthase PKS with corresponding predicted
domains.
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Figure 7.
Light proteolysis of TA1 by proteinase K. Lanes: (1) Benchmark protein ladder (Invitrogen);
(2) 0 minute, no proteinase K; (3) 0 minute, added proteinase K; (4) one minute; (5) two
minutes; (6) five minutes; (7) ten minutes; (8) Benchmark protein ladder.

Udwary et al. Page 24

J Mol Biol. Author manuscript; available in PMC 2012 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Components of the prediction of E. coli DNA polymerase I. (a) The sequence similarity
component: Qα = 1, Qβ = QC = 0; (b) secondary structure component: Qα = QC = 0, Qβ = 1;
(c) hydrophobicity component: Qα = Qβ = 0, QC = 1; (d) final score Qα = Qβ = QC = 1.
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