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Abstract: Polyunsaturated fatty acids (PUFAs) are made in some strains of deep-sea bacteria by

multidomain proteins that catalyze condensation, ketoreduction, dehydration, and enoyl-reduction.
In this work, we have used the Udwary-Merski Algorithm sequence analysis tool to define the

boundaries that enclose the dehydratase (DH) domains in a PUFA multienzyme. Sequence analysis

revealed the presence of four areas of high structure in a region that was previously thought to
contain only two DH domains as defined by FabA-homology. The expression of the protein frag-

ment containing all four protein domains resulted in an active enzyme, while shorter protein frag-

ments were not soluble. The tetradomain fragment was capable of catalyzing the conversion of
crotonyl-CoA to b-hydroxybutyryl-CoA efficiently, as shown by UV absorbance change as well as

by chromatographic retention of reaction products. Sequence alignments showed that the two

novel domains contain as much sequence conservation as the FabA-homology domains, suggest-
ing that they too may play a functional role in the overall reaction. Structure predictions revealed

that all domains belong to the hotdog protein family: two of them contain the active site His70 resi-

due present in FabA-like DHs, while the remaining two do not. Replacing the active site His resi-
dues in both FabA domains for Ala abolished the activity of the tetradomain fragment, indicating

that the DH activity is contained within the FabA-homology regions. Taken together, these results

provide a first glimpse into a rare arrangement of DH domains which constitute a defining feature
of the PUFA synthases.
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Introduction
Long-chain polyunsaturated fatty acids (PUFAs) are

made in some species of deep-sea bacteria by a mul-

tidomain enzyme complex that resembles the well-

studied polyketide synthases (PKSs).1,2 This widely

conserved PUFA synthase complex consists of five

genes which have been found to be sufficient for the

production of PUFAs in otherwise non-producing

Escherichia coli.3,4 The conserved genes are pfaA,

pfaB, pfaC, pfaD, which encode PUFA synthases

containing enzyme domains for acyl tranferases,

keto-acyl synthase (KS), acyl carrier protein (ACP),

keto-acyl reductase (KR), enoyl reductase (ER), and

dehydratase (DH) activities (Fig. 1). The full recon-

stitution of PUFA biosynthesis in E. coli also

requires pfaE, which encodes a required phospho-

pantetheine transferase essential for the activation

of ACP domains through chemical modification

(Fig. 1). Although some of the partial functions of

enzyme components from this pathway have been

described in the literature, the overall activity and

programming of reactions remains unexplored.5–8

One of the defining features of this class of

PUFA synthases is the presence of a conserved pair

of DH domains which are thought to introduce cis

double bonds into the final structure of the PUFA

product via the dehydration of the b-hydroxyacyl-

CoA intermediate, with a subsequent isomerization

step.1 It is currently not known how these two DH

domains act in concert to generate the pattern of

double bonds seen in PUFAs.

DH domains can be easily identified by their

sequence similarity to FabA and FabZ, the two DH

enzymes involved in fatty acid biosynthesis in

E. coli.9,10 The structures for FabA and FabZ reveal

homodimeric DH enzymes with active sites contain-

ing amino acids contributed by both subunits.11

However, when the DH domains are located within

a PKS or fatty acid synthase (FAS) multienzyme,

instead of forming homodimers, they exist as a pair

of contiguous hotdog domains in which the FabA-

homology region is followed by an additional C-ter-

minal hotdog “pseudo-domain” that stabilizes the

overall double-hotdog structure and contributes to

its activity.12,13

The identification of domain boundaries remains

an area of great interest in the study of multidomain

proteins precisely because boundary regions may

serve as appropriate sites for the insertion, excision,

or swapping of enzyme domains.14–16 Also, the iden-

tification of boundary sites is important in the

expression of embedded domains as stand-alone pro-

teins to be used in mechanistic or structural studies.

Toward this identification of domain boundaries,

computational strategies have been implemented for

the analysis of sequence regions that corresponds to

structured domains and differentiate them from

unstructured linkers.16

In this work, we have used the Udwary-Merski

Algorithm (UMA) to define the domain boundaries

for the DH domains from the PUFA synthase from

Photobacterium profundum in an effort to generate

independent DH domains that could be further

interrogated both functionally and structurally. The

UMA sequence analysis revealed the presence of two

additional domains that have the same degree of

sequence conservation as the FabA-homology

regions. These two new domains were included in a

recombinant protein fragment that was competent

to catalyze the hydration of a surrogate substrate.

Taken together, the results show that reconstitution

of DH activity requires the presence of two addi-

tional domains of unknown function located immedi-

ately N-terminal from each FabA domain in what

appears to be an alternative and unprecedented

arrangement of domains and pseudo-domains in a

conserved multienzyme.

Results

Protein sequence analysis

Preliminary analysis of the amino acid sequence for

PfaC (GenBank Accession No. AF409100.1) using

the Conserved Domain Search application from

NCBI resulted in the identification of the four

expected functional domains: two ketosynthase (KS)

domains and two DH domains.17,18 From this analy-

sis, it was clear that, in addition to the four recog-

nizable enzyme domains, the sequence contained

two additional long stretches of amino acids located

directly N-terminal to the FabA-homology domains.

These long stretches were not recognized by the

NCBI algorithm as conserved or as previously

described domains.

Figure 1. Multienzyme complex for the anaerobic production

of PUFAs in deep-sea bacteria. The PKS multienzyme for the

anaerobic production of eicosapentaenoic acid (EPA) in Pho-

tobacterium profundum contains five required genes (Pfa

A,B,C,D, and E). The DH domains identified by sequence

homology to FabA/Z are arranged in tandem and housed

within the PfaC multienzyme. This arrangement of domains is

well conserved among deep-sea bacteria that produce

PUFAs.
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To gain some understanding about the nature of

these two “linker” or unstructured sequences, we

implemented the UMA software that was developed

precisely for highlighting unknown domains within

multienzymes.16 Analysis of the PfaC protein

sequence by the UMA software revealed a total of

six regions of high probability of forming a struc-

tured domain as suggested by their high UMA

score (Fig. 2). These six regions included the two

KS domains and the two FabA-like DH domains that

had been recognized in the initial analysis. In addi-

tion to these four expected domains, there were two

more regions with a high UMA score corresponding to

amino acids 1096–1305 and 1498–1755, which we

have termed pseudo-domains DH10 and DH20.

A possible functional role for the DH10 and DH20

pseudo-domains may be reflected in their degree of

sequence conservation. The multiple sequence align-

ment for the DH0 pseudo-domains revealed a total of

24 amino acids that were conserved among the 32

species included in the alignment [Fig. 3(B)]. This

number is comparable to the 28 conserved amino

acids in the sequence alignment of the known FabA/

Z-homology domains among the same 32 species

[Fig. 3(A); a complete list of the sequences analyzed

can be found in the supplementary material].

Although the number of identical amino acids in the

alignments is similar for both FabA domains and the

DH0 pseudo-domains, it is clear that the distribution

of conserved amino acids is different in each. While

conserved amino acids in the FabA-homology

domains cluster at the core and include the putative

active site histidine [Fig. 3(A)], the conserved amino

acids in the DH0 pseudo-domains are more evenly

distributed throughout the sequence [Fig. 3(B)]. The

absence of a conserved His indicates that the pseudo-

domains do not have DH activity of their own.

Secondary structure prediction and 3D model of

domains and pseudo-domains

To better predict a possible functional role for the

DH0 pseudo-domains, we built three-dimensional

(3D) models for domains and pseudo-domains using

the Phyre Server19 (http://www.sbg.bio.ic.ac.uk/

phyre2). As expected, the FabA-homology DH

domains were recognized by the server as hotdog

fold DHs, with the His and Glu residues typical of a

DH active site (Fig. 4). More striking was the fact

that the DH0 pseudo-domains, which do not have the

conserved His residue, were also recognized by the

server as single hotdog folds. Thus, even though the

sequence of the DH0 pseudo-domains does not resem-

ble any known structures, their secondary structure

predictions strongly suggest that they belong to the

hotdog protein family.

Enzyme expression

Initially, a number of DNA sequences corresponding

to DH domains were amplified by PCR and cloned

into a vector for recombinant expression in E. coli.

The list of attempted fragments is summarized in

Figure 5(A). Two “short” fragments, DH1S (H1318-

S1491) and DH2S (I1787-C-term) were designed

to include only the conserved FabA-homology

sequence. Two additional “longer” fragments, DH1L

(F1249-S1491) and DH2L (S1733-C-term), were

designed to include the conserved sequence N-termi-

nal to the FabA-homology region. Finally, to explore

the possibility that the two FabA-homology regions

stabilized one another, we also generated protein

fragments which contained both FabA-homology

regions, DH1-DH2S (H1318-C-Term) and DH1-

DH2L (F1249-C-Term). All of these protein frag-

ments were expressed as GST fusion proteins or as

His-tagged proteins in E. coli and all were found to

be insoluble as evidenced by their presence in the

lysis pellet (data not shown).

Based on the UMA analysis and on the Phyre

prediction, fragment DH1-DH2-UMA (I1096-C-Term)

was designed and expressed as a His-tagged protein

in soluble form. After nickel resin purification and

size exclusion chromatography, a total yield of

1.0 mg of pure protein was obtained per liter of cul-

ture [Fig. 5(B)].

Enzyme activity
The purified DH1-DH2-UMA enzyme was incubated

with either b-hydroxybutyryl-CoA, crotonyl-CoA, or

Figure 2. The PfaC sequence was analyzed using the UMA

algorithm to detect the presence of additional structured

domains within the DH region. The areas of high UMA score

are typically considered to coincide with structured domains.

The data shows that in addition to the four known domains

detected by sequence alone (shown on bar above the graph),

there are two previously uncharacterized regions of high

UMA score directly N-terminal to the DH domains. These two

new regions of predicted structure were termed DH0 pseudo-

domains. This exercise in primary sequence analysis resulted

in the design of DH1-DH2-UMA, a tretradomain fragment

with activity.
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crotonyl-N-acetylcysteamine (NAC thioester) to

detect enzyme activity in either the forward or the

reverse direction. Only the conversion of crotonyl-

CoA to b-hydroxybutyryl-CoA (hydration reaction)

was observed as evidenced by the decrease in sub-

strate absorbance at 260 nm [Fig. 6(A)]. The activity

of DH1-DH2-UMA against crotonyl-NAC was sub-

stantially decreased, as was the activity in the direc-

tion of the dehydration of b-hydroxybutyryl-CoA

[Fig. 6(B)]. The lower activity against the NAC cro-

tonyl thioester suggests a substantial degree of

molecular recognition of the pantetheine arm by the

enzyme.

The chemical nature of the hydration product

was ascertained by reverse phase HPLC [Fig. 6(C)].

In these experiments, crotonyl-S-pantetheine was

used as a substrate. In the chromatogram, the

unreacted substrate eluted with a retention time of

14 min. After a 2-h incubation with DH1-DH2-UMA,

a peak with a retention time of 11.5 min appears.

This is the same peak that is observed after incuba-

tion with the EryDH4, a bona fide DH whose

Figure 3. Multiple sequence alignment for DH domains and pseudo-domains. The sequences corresponding to the (A) FabA-

homology regions and (B) the DH0 pseudo-domains from 32/34 different organisms were aligned using ClustalW. Even though

the number of identical residues in the FabA-homology regions was similar to the number of identical residues in the pseudo-

domains, their distribution is different. While in the FabA-homology region the conserved amino acids cluster inside a core, in

the DH0 pseudo-domains the conserved residues are more evenly distributed.
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activity is well established.20 The simultaneous

replacement of both active site His residues in the

FabA-homology regions for Ala, nearly abolished the

activity of DH1-DH2-UMA (3% residual activity),

whereas the single mutants have partial activity of

16% that of the wild type [Fig. 6(B)].

Discussion

The biosynthesis of PUFAs in many deep-sea bacte-

ria is carried out by a family of enzymes that con-

tain a unique and conserved arrangement of enzyme

domains.1,2 PUFA synthases have been found in

metagenomic DNA from marine samples collected

throughout the world,21 indicating that anaerobic

PUFA biosynthesis is a widely selected mechanism

for microbial adaptation to high-pressure and low

temperature environments. The widespread interest

in elucidating how the PUFA synthase carries out

its function is revealed in the amount of published

work on the individual enzymatic activities of PUFA

synthases. Bumpus et al.6 showed for the first time

the in vitro activity of the enoyl reductase (PfaD)

enzyme from Shewanella oneidensis PUFA synthase

and Jiang et al.5 interrogated the role of the tandem

ACP arrangement, which is a hallmark of PUFA

synthases. Additionally, Trujillo et al.7 recently char-

acterized the solution structure of the tandem ACP

fragment and Rodr�ıguez-Guilbe et al.8 uncovered a

thioesterase associated with fatty acid production in

this family of marine organisms. In this work, we

have addressed another conserved feature of PUFA

synthases, a pair of conserved DH domains arranged

in tandem near the C-terminus of the multidomain

protein, PfaC.

Figure 3. (Continued)
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Analysis of the sequence of PfaC protein using

the UMA revealed the presence of two new DH0

pseudo-domains located directly N-terminal to the

regions of FabA-homology. These pseudo-domains

were found to be essential for the proper expression

of protein fragments, since only the protein frag-

ments that included both pseudo-domains were solu-

ble, stable, and active. However, given that the DH0

pseudo-domains lack any similarity to any known

domains, they would not have been detected by

sequence conservation alone. Interestingly, the UMA

assigns a score to the sequence according to a math-

ematical function that incorporates sequence conser-

vation, hydrophobicity and propensity to form

secondary structure, thus providing a more robust

way of identifying new domains where no structural

or functional information exists. Our identification

of two new domains confirms the general

applicability of the UMA for the identification of

structural units of unknown functions within multi-

domain proteins.22,23

The predicted secondary structure for both DH0

pseudo-domains was that of a hotdog fold, which is

also the expected 3D topology of the FabA-homology

DH domains. This predicted arrangement of contigu-

ous hotdog folds points towards an overall double

hotdog structure, which has become the widely

accepted model for embedded DHs based on struc-

tural and biochemical evidence.12,13,24,25 However,

several differences exist between the PUFA DH

arrangement and its FAS and PKS evolutionary

cousins. While in FAS/PKS DH the pseudo-domains

are located C-terminal to the FabA-homology

domain, in the PUFA DH, the pseudo-domains are

located N-terminal to the FabA-homology domain.

This alternative gene structure of the PUFA DH

Figure 4. 3D models for DH domains and DH0 pseudo-domains. A comparison of the 3D models obtained for the FabA-

homology regions (DH1 and DH2) and for the uncharacterized pseudo-domains (DH10 and DH20) using the Phyre Server antici-

pate that the pseudo-domains will likely consist of a hotdog fold with differences in conserved amino acids in key positions.

While the DH models contain a conserved His in the active site (number 70 in FabA) which has been implicated in DH activity

in other DH domains, the DH0 pseudo-domains do not. Figures were made using PyMol (Delano Scientific). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Design of soluble and active DH constructs. (A) A number of protein constructs were designed to contain single and mul-

tiple DH domains. Of the fragments that were cloned, only the DH1-DH2-UMA, which was made according to the UMA results, was

found to be soluble and stable. (B) SDS-PAGE gel shows that DH1-DH2-UMA protein can be made with a high yield (1 mg pure pro-

tein per L of culture) and purity. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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suggests a tandem gene duplication event that took

place independently in terrestrial FAS/PKS and

marine PUFA synthase for the generation of func-

tional DH dimers, resulting in two alternative conver-

gent topological solutions. Another difference between

FAS/PKS DH and PUFA DH is that, while FAS/PKS

DH domains consist of didomains (one FabA-

homology domain plus one pseudo-domain), the PUFA

DH complex invariably consists of a tetradomain (two

FabA-homology plus two pseudo-domains).

The simultaneous replacement of both active

site His residues located in the FabA-homology

regions abolished hydratase activity, indicating that

these domains carry out the dehydration reaction

[Fig. 6(B)]. It is not clear from these results whether

the pseudo-domains play an active role in the reac-

tion. This report does not address the important

question of how the four protein domains are paired

in the functional assembly, although that is an area

of current and future development. Additional struc-

tural characterization of DH1-DH2-UMA will have

to be carried out in order to elucidate how the four

domains are arranged three-dimensionally to form a

functional complex.

Substantial work has been aimed at determin-

ing the specific role of pseudo-domains in the activ-

ity of the FAS multienzyme beyond that of

stabilizing the intermolecular dimeric structure.12,26

DH pseudo-domains in the animal FAS have been

shown to contribute catalytic residues that are

essential for DH activity.12 Furthermore, animal

FAS has been shown to also contain ketoreductase

(KR0) pseudo-domains which are not near their cog-

nate KR domain in the linear sequence, but still con-

tribute to KR function.26 This observation, which

was originally derived from careful experiments,

was later confirmed by the crystal structure of the

full-length animal FAS.25 In this report, the multiple

sequence alignment generated for the pseudo-

domains of the PUFA synthase reveal levels of

sequence conservation (26% and 15% identities for

DH10 and DH20, respectively) that were comparable

to the sequence conservation of the FabA-homology

domains (22% and 16% identities for DH1 and DH2,

respectively). This level of sequence similarity

among the pseudo-domains is suggestive of a role in

DH function beyond that of a structural scaffold for

dimerization.

Methods

Sequence analysis

The sequence for PfaC (GenBank Accession No.

AF409100.1) was used as input for the BLAST

(NCBI) to identify conserved domains.17,18 The same

sequence was analyzed by the UMA program that

was kindly provided by Craig Townsend (Johns Hop-

kins University) and Daniel Udwary (University of

Figure 6. Enzymatic activity of DH1-DH2-UMA. (A) The

decrease in absorbance at 260 nm was monitored as the

substrate, crotonyl-CoA, was hydrated to b-hydroxybutyryl-

CoA. The light gray line denotes the disappearance of the

substrate in the presence of DH1-DH2-UMA and the dark

gray lines denote the control with no enzyme. (B) The rates

of the enzyme reaction were measured toward the substrates

b-hydroxybutyryl-CoA, crotonyl-NAC, and crotonyl-CoA and

converted to units of specific activity. Additionally, the activity

of active site mutants DH1(H1386A)-DH2-UMA and DH1-

DH2(H1854A)-UMA, as well as the activity of the double

mutant was measured toward crotonyl-CoA. (C) The forma-

tion of hydrated product of crotonyl-pantetheine was con-

firmed by reverse phase HPLC. The black trace corresponds

to the substrate alone with a major peak eluting at 14 min. In

the presence of DH1-DH2-UMA (blue trace), the formation of

a peak which elutes at 11.5 min can be appreciated. This

peak is also observed in the presence of DH4 from the eryth-

romycin gene cluster whose activity is well established (red

trace).20
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Rhode Island).16 The UMA algorithm is a scoring

function of three weighted terms that depend on the

(i) degree of sequence conservation as evidenced by

a multiple sequence alignment, (ii) secondary struc-

ture propensity, and (iii) hydrophobicity. A multiple

alignment of homologues of PfaC from related organ-

isms was performed in CLUSTALW with an output

in “.pir” format and a secondary structure prediction

for PfaC was performed using the PSIPRED Server

(University College London). The output from the

secondary structure prediction was used to generate

an “.ss” file. Finally, both the “.pir” alignment and

the “.ss” secondary structure prediction were used as

inputs for the “uma19.pl” application with the input

parameters in Table I. The results of the calculation

were visualized using Keleidagraph for Windows.

The regions of high UMA score used to generate

sequence fragments whose 3D model was calculated on

the Phyre Server (Imperial College, UK)19 based on

sequence similarity and a secondary structure prediction.

Cloning, expression, and purification

Different DH fragments were PCR-amplified from

fosmid 8E1, which was originally isolated and

sequenced in Allen and Bartlett,2 and kindly pro-

vided by Dr. Eric Allen from the Scripps Institution

of Oceanography (GenBank Accession AF409100.1).

All restriction endonucleases, polynucleotide kinase,

T4 DNA ligase, and alkaline phosphatase were pur-

chased from New England Biolabs. The oligonucleo-

tides used in the PCR amplification of the fragments

are summarized in Table II. For cloning into

pGEX4T-3 vector (GE Healthcare), the amplified

DNA was phosphorylated using polynucleotide

kinase and cloned into pUC19 which was previously

digested with SmaI and treated with alkaline phos-

phatase. The ligation mixture was used to transform

DH10B cells and clones were selected in LB-agar

containing ampicillin (100 lg/mL). Insertion of the

DH fragment into pUC19 was confirmed by agarose

gel electrophoresis. The resulting plasmid

pUC19:DH was digested with BamHI and SmaI and

the resulting excised DNA fragment was cloned into

the corresponding sites of pGEX4T-3.

For the cloning of fragments into pET200TOPO,

the amplified DNA was gel purified using the QIA-

quick Gel Extraction Kit (QIagen) and incubated

with pET200TOPO (Invitrogen). The resulting

clones were selected in LB-agar containing kanamy-

cin (100 lg/mL). All resistant clones were introduced

into E. coli strain BL21-DE3-Codon Plus-RIL (Prom-

ega) and grown in liquid LB at 37oC until the

OD600 5 0.2 at which time the temperature was

decreased to 22�C until the OD600 5 0.6 at which

time protein expression was induced to a final con-

centration 1 mM IPTG. After 16 h, the cells were

collected and resuspended in lysis buffer (50 mM

Na3HPO4 pH 7.4, 300 mM NaCl, 1 mM DTT, 1 mM

MgCl2,10% glycerol, 0.1 mg/mL lysozyme, and

DNAse) for 1 h, sonicated and centrifuged at a speed

of 14,000 rpm at 4oC for 30 min in a J2-21 Beckman

centrifuge, JA17 rotor. Samples were collected for

the total, supernatant and pellet to assess solubility

of the protein products.

For His-tagged soluble proteins, the lysate was

collected and poured through a column filled with

Ni-NTA resin (Qiagen) equilibrated in 220.0 mM

Na3HPO4 pH 7.4, 500 mM NaCl, 10% glycerol,

1.0 mM DTT. The DH fragment was eluted with the

same buffer containing 500 mM imidazole.

Table I. Input Parameters for the UMA Calculations

Parameter Value

Homology matrix blosum 30
Gap to gap penalty 0
Gap to aa penalty 24
Component averaging (k) 5
Final averaging (gamma) 20
Sim score weight 10
Struc score weight 1
Hydro score weight 5

Table II. Oligonucleotides Used to Amplify the Differ-
ent DH Fragments in This Study

DH construct Oligonucleotide sequence

DH1S Fwd: 50- CATGCATGGGATCCAACTTGCTA
GACGCAAATATCGCA -30

Rv: 50- CATGCATGCCCGGGTCATGATTCT
TCTTTGATCATCACG -30

DH1L Fwd: 50- CACCTTCTCTTACGAATGTTTCGT
TGGC -30

Rv: 50- CATGCATGCCCGGGTCAT-
GATTCTTCTTTGATCATCACG -30

DH2S Fwd: 50- CATGCATGGGATCCAACTTACTG
GATAAGAAAGCCGTT -30

Rv: 50- TCAGGCTTCTTCAATACAGATTGC -
30

DH2L Fwd: 50- CATGCATGGGATCCTTCAGCTTC
GAACTCAGTACCGA -30

Rv: 50- TCAGGCTTCTTCAATACAGATTGC -
30

DH1-DH2-S Fwd: 50-CACCAACTTGCTAGACGCAAAT
ATCGCA-30

Rv: 50-TCAGGCTTCTTCAATACAGATTGC-
30

DH1-DH2-L Fwd: 50-CACCTTCTCTTAC-
GAATGTTTCGTTGGC-30

Rv: 50-TCAGGCTTCTTCAATACAGATTGC-
30

DH1-DH2
UMA

Fwd: 50-CACCCGCAAACCTTGTATCTGGGA
TTA-30

Rv: 50-TCAGGCTTCTTCAATACAGATTGC-
30

DH1(H70A) Fwd: 50-
ACTTCCCTTGTGCATTCAAAGATGA -30

Rv: 50- TCATCTTTGAATGCACAAGG-
GAAGT-30

DH2(H70A) Fwd: 50- CTTCCAATTCGCATTCCACCAAG-
30

Rv: 50-CTTGGTGGAATGCGAATTGGAAG-30
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Eluted protein was infused into a HiPrep Super-

dex 200 10/300 GL column (GE Healthcare) operated

at room temperature and equilibrated in 25 mM Tris

pH 8.0, 150 mM NaCl, and 10% glycerol. The proteins

eluted in two peaks at 0.5 mL/min; one at 26 min and

the other one at 30 min, consistent with the molecular

mass of the dimer and the monomer, respectively.

Each run was preceded by a run with a mixture of

standard proteins [ferritin (440,000 Da), aldolase

(158,000 Da), conalbumin (75,000 Da), carbonic anhy-

drase, (29,000 Da), ribonuclease A (13,700 Da), and

apropotin (6500 Da)]. The fraction containing the pro-

tein was concentrated and stored at 220�C. Typical

yields for all proteins were 1.0 mg of protein per liter

of culture, purity �80% by SDS-PAGE using 4–15%

Mini-PROTEANVR TGX gels (BioRadVR ).

Activity assays
Both hydratase and DH activities were measured for

DH1-DH2-UMA by incubation of the enzyme with

either crotonyl-CoA (Sigma), b-hydroxybutyryl-CoA

(Sigma) or crotonyl-NAC as substrates. Crotonyl-

NAC was synthesized from crotonic acid (Sigma) and

NAC (Sigma) using a DCC coupling strategy as

describes by others27 and purified by flash column

chromatography on silica gel using 1:1 ethyl acetate:

ethyl ether. Enzymatic reactions were followed spec-

trophotometrically by monitoring the absorbance at

260 nm in a 96-well plate format on a Spectramax 190

instrument (Molecular Devices). The total volume

was 200 lL (25 mM Tris, 150 mM NaCl, 10% glycerol,

pH 8.0, 26 lM DH1-DH2-UMA, and 234 lM of sub-

strate). Control reactions with no enzyme, but con-

taining the same substrate and buffer concentration,

were performed. The values for the absorbance slope

(given in mAU/min) were converted to units of lmole

of product per minute by using the following

equation:

lmole of product=min 5 ½Slope=e3b�3Voltotal (1)

where the slope is given by the instrument in units

of milli-absorbance (mAU) per minute, b is the path

length measured to be 0.89 cm for a Voltotal 5 200 lL

in our 96-well plates. The e is the molar extinction

coefficient resulting from the loss of a double bond

as defined by the difference in absorbance between

crotonyl-CoA and b-hydroxybutyryl-CoA at a partic-

ular wavelength. The extinction coefficient was cal-

culated to be e 5 969.9 M21 cm21 for the reaction

monitored at 260 nm and e 5 790.7 M21 cm21 for the

reaction monitored at 235 nm.

HPLC analysis of reaction products
Synthesis and characterization of crotonyl-

pantetheine from crotonyl-chloride and (D)-pantethe-

ine was carried out as previously described.28 The

following reaction was initiated: 10 lM DH1-DH2-

UMA or EryDH4, 2 mM crotonyl-pantetheine, 10%

(v/v) glycerol, 50 mM NaCl, 150 mM HEPES, pH 7.5

for 16 h. The reaction was then injected onto C18

reversed-phase HPLC column, and monitored at 235

nm (100% water to 100% MeOH containing 0.1%

TFA in 20 min). A mock reaction was also performed

with no enzyme as a control.

Site-directed mutagenesis of active site

histidines

The presumed active site histidines in positions

H1386 and H1854 of the PfaC protein were replaced

with alanine residues by site directed mutagenesis.

The “mega-primer” method was carried out as

described previously29 but using oligonucleotide

sequences in Table II. Two overlapping PCR reac-

tions which encompass the mutagenesis site were

carried out using a combination of mutagenic and

flanking primers. The two resulting PCR products

which contain the mutation were subjected to addi-

tional cycles of amplification with the flanking or

outside primers to generate the single mutants

DH1(H1386A)-DH2-UMA and DH1-DH2(H1854A)-

UMA, and the double mutant DH1(H1386A)-

DH2(H1854A)-UMA which were all cloned into

pET200TOPO as described previously. Successful

amino acid replacement was ascertained by DNA

sequencing of the resulting clones by the Sanger

method.
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