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Abstract: It is generally accepted that naturally existing functional domains can serve as building
blocks for complex protein structures, and that novel functions can arise from assembly of

different combinations of these functional domains. To inform our understanding of protein

evolution and explore the modular nature of protein structure, two model enzymes were chosen
for study, purT-encoded glycinamide ribonucleotide formyltransferase (PurT) and purK-encoded

N5-carboxylaminoimidazole ribonucleotide synthetase (PurK). Both enzymes are found in the de

novo purine biosynthetic pathway of Escherichia coli. In spite of their low sequence identity, PurT
and PurK share significant similarity in terms of tertiary structure, active site organization, and

reaction mechanism. Their characteristic three domain structures categorize both PurT and PurK

as members of the ATP-grasp protein superfamily. In this study, we investigate the exchangeability
of individual protein domains between these two enzymes and the in vivo and in vitro functional

properties of the resulting hybrids. Six domain-swapped hybrids were unable to catalyze full wild-

type reactions, but each hybrid protein could catalyze partial reactions. Notably, an additional loop
replacement in one of the domain-swapped hybrid proteins was able to restore near wild-type

PurK activity. Therefore, in this model system, domain-swapped proteins retained the ability to

catalyze partial reactions, but further modifications were required to efficiently couple the reaction
intermediates and achieve catalysis of the full reaction. Implications for understanding the role of

domain swapping in protein evolution are discussed.
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Introduction
Protein modules are stable structural units that either

have an independent function or contribute to the

function of the whole protein in cooperation with

other protein modules. Modules can be defined on

several different scales, ranging from linked enzymes

down to small structural motifs. In eukaryotes,

enzymes that catalyze consecutive reactions tend to

form single, multidomain proteins, presumably to pro-

tect reactive intermediates and expedite substrate

turnover. For example, GAR synthetase, GAR transfor-

mylase, and AIR synthetase catalyze the second, third,

and fifth steps in the de novo purine biosynthetic

pathway, respectively.1 These enzymatic activities exist

on separate proteins in Escherichia coli and Bacillus

subtilis, but comprise a single trifunctional protein in

human and chicken.2,3 In this example, each linked

enzyme can be considered as an individual protein

module. Other macromolecules such as collagen and

titin obtain unique physical properties critical for their
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biological functions by forming covalently linked poly-

mers of repetitive subunits4,5 and each of the tethered

monomers can be defined as a protein module. On a

scale smaller than these large multidomain protein

complexes, protein modules can also be defined within

individual proteins. The (b/a)8 barrel structure is the

most versatile and most frequently encountered fold

among enzymes. The unique barrel structure with

eight successive strand-loop-helix motifs allows substi-

tution of individual motifs within the barrel, even frag-

mentation into half barrels without the disruption of

functional or structural integrity.6–9 Here, a segment

as small as the strand-loop-helix motif can be consid-

ered a protein module.

Protein modules can also be considered as evolu-

tionary units.10 It is generally believed that nature

evolved novel protein functions through recombination

of protein modules taken from a pre-existing reper-

toire, a process sometimes referred to as ‘‘domain

shuffling.’’ Recombination followed by mutational drift

can result in higher substrate specificities and enzyme

activities in response to selective pressures. Identifying

functional protein modules, understanding their reas-

sembly, and determining what additional alterations

are required to achieve novel functions will help us to

further understand the mechanisms of protein evolu-

tion, and to formulate an efficient design methodology

for the creation of new enzymes.11

To experimentally investigate how domain swap-

ping may contribute to protein evolution, we chose

two enzymes in the de novo purine biosynthetic path-

way of Escherichia coli, glycinamide ribonucleotide

(GAR) formyltransferase (PurT) and N5-carboxylami-

noimidazole ribonucleotide (N5-CAIR) synthetase

(PurK), as model enzymes. PurT catalyzes the formyla-

tion of GAR using ATP and formate, and PurK cata-

lyzes the carboxylation of aminoimidazole ribonucleo-

tide (AIR) to N5-CAIR using ATP and bicarbonate (see

Fig. 1). Crystallographic studies and amino acid

sequence analysis indicate that both PurT and PurK

belong to a newly emerged superfamily of proteins

that contain an ATP grasp fold.12 Other members of

this protein superfamily include biotin carboxylase,13

carbamoyl phosphate synthetase,14 glutathione synthe-

tase,15 succinyl-CoA synthetase,16 D-alanine:D-alanine

ligase,17 and GAR synthetase (PurD), another enzyme

in the purine biosynthetic pathway.18 The ATP-grasp

proteins, including PurT and PurK, share a similar

molecular architecture that consists of three motifs

termed the A-, B-, and C-domains (see Fig. 2).20,21

These enzymes also share common features in their

reaction mechanisms, notably including formation of

Figure 1. Reactions catalyzed by PurT transformylase (A) and PurK (B). The common catalytic steps are the formation of an

acyl phosphate intermediate upon ATP cleavage, followed by the nucleophilic attack on the carboxyl carbon of the

intermediates by the amino nitrogen of the mononucleotides. The intermediates are formyl phosphate for PurT and carboxyl

phosphate (or a CO2 breakdown product) for PurK, respectively.
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reactive acyl phosphate intermediates.12 Despite the

low amino acid sequence identity between PurT and

PurK (27%), their three-dimensional structures are

superimposable with a root-mean-square deviation of

1.1 Å over 177 structurally equivalent a-carbons.21 As

shown in Figure 2(C), a majority of the conserved resi-

dues involved in substrate binding and/or catalysis are

positioned on five structurally conserved loop regions,

namely, the P-loop, B-loop, X-loop, J-loop, and C-

loop. In both PurT and PurK, the residues on the B-

and X-loop participate in binding ATP. In PurT, GAR

is bound in a pocket formed by residues of the P-, J-,

and C-loops. At the time this work was initiated, the

structure of PurK was only determined in the presence

of bound ADP or sulfate, but it is likely that the ribo-

tide substrates for PurT and PurK (GAR and AIR,

respectively) bind in similar manners [Fig. 3(C)]. The

similarity between a sulfate-bound PurK structure with

BC and CPS structures led to the speculation that the

residues in the J-loop are involved in binding bicar-

bonate, formate and the acyl phosphate intermedi-

ates.20 The B-loop (also called the T-loop) is also

proposed to participate in formate binding and seques-

tration of reaction intermediates.22

In addition to structural homology, PurT and

PurK also share common features in their catalytic

mechanisms: ATP cleavage, formation of acyl phos-

phate intermediates, and nucleophilic attack by the

substrates’ amino groups, all features also shared by

other ATP-grasp enzymes. Isotope labeling, positional

Figure 2. Three-dimensional structures of PurT with GAR and 50-adenylyl imidodiphosphate (AMPPNP) (A), PurK with ADP

(B), and a structure-based sequence alignment (C). In (A) and (B), each enzyme is divided into three structural motifs, the A-,

B-, and C-domains which are color-coded in black, dark gray, and gray, respectively. The stick representation of the

substrates in complex with enzymes is displayed in dark gray. The representations were prepared with Weblab Viewer Pro

3.7 (Molecular Simulations Inc.). In (C), a structure-based alignment was prepared using CE (combinatorial extension of the

optimal path).19 The arrows and cylinders represent the b-sheet and a-helix secondary structures, respectively. Conserved

residues in each enzyme are masked in gray and identical residues between PurT and PurK are shown bold. The vertical

black bars label the boundaries of the A-, B-, and C-domains. Additionally, five conserved loop regions, the P-loop, B-loop,

X-loop, J-loop, and C-loop, are labeled.
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isotope exchange studies, and tests of chemical and ki-

netic competence are consistent with formyl phosphate

serving as an intermediate in the PurT reaction.23,24

The observation of quantitative 18O transfer from

[18O]-bicarbonate into [18O]-Pi by PurK in the pres-

ence of AIR and ATP led to the proposal that carboxyl

phosphate is an intermediate in the PurK reaction.25

Carboxyl phosphate has not been successfully trapped,

most likely due to the low stability of this compound

in water (half life <70 ms).26 The structural and

mechanistic similarities between PurT and PurK make

them attractive model proteins for understanding how

enzymatic functions might evolve through domain

shuffling.

Our interest in PurT and PurK as a model system

was also inspired by previous successful domain swap-

ping between two other proteins in the purine biosyn-

thetic pathway, PurN and PurU.27 PurN, an alternative

GAR transformylase that operates by a different mech-

anism than PurT, catalyzes the transfer of a formyl

group from N10-formyl-tetrahydrofolate to the free

amino group of GAR to yield formyl-GAR and tetrahy-

drofolate. PurU, an N10-formyl-tetrahydrofolate hydro-

lase, hydrolyses N10-formyl-tetrahydrofolate to formate

and tetrahydrofolate. Sequence analysis of E. coli

purN and purU genes shows a significant amino acid

identity (�60%) in the C-terminal region, in which the

N10-formyl-tetrahydrofolate binding pocket of PurN is

situated.28,29 Two functional hybrid proteins with

PurN activity were created with the C-terminal region

of PurN replaced by various lengths of the C-terminal

region of PurU,27 and the solubility and specific activ-

ity of these hybrids were further improved using a

combinatorial mutagenesis approach.30

Herein, we sought to create rationally designed

domain-swapped hybrid proteins using a different pair

of homologous proteins selected from the purine bio-

synthetic pathway. Each individual A-, B-, and C-

Figure 3. Overall architecture of the active sites in PurT (A), PurK (B), and residues within the PurT and PurK active sites (C).

In (A) and (B), the B-loop, the X-loop, the P-loop, the J-loop, and the C-loop, are shown in black, with the backbones in gray.

The GAR, AMPPNP, and ADP molecules are shown in ball-and-stick representation, and colored in dark gray. In (C), the

residues involved in substrate binding and catalysis in the PurT (black) and PurK (gray) active sites are shown. Residues are

numbered based on the Escherichia coli enzymes. Superpositioning of the PurT and PurK structures was done manually

using Weblab Viewer Pro 3.7 (Molecular Simulations Inc.).
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domain in PurT and PurK was substituted by its coun-

terpart from the other protein in order to generate six

hybrid proteins. These constructs are characterized by

in vivo functional assays and in vitro steady-state

kinetics. Although none of the hybrids can catalyze the

full reactions seen with wild-type enzymes, they can

catalyze partial reactions. Additional loop swapping

modifications of the hybrid proteins successfully result

in one construct that displays near wild-type PurK

activity. Implications for understanding how enzymes

may evolve by using domain shuffling are discussed.

Results and Discussion

In vivo activity of the hybrid proteins

To swap each of the functional domains of PurK and

PurT, six chimeric proteins, TAKBC (PurT 1-129 þ
PurK 94-355), KATBC (PurK 1-93 þ PurT 130-392),

KACTB (PurK 1-93 þ PurT 130-199 þ PurK 158-355),

TACKB (PurT 1-129 þ PurK 94-157 þ PurT 200-392),

TABKC (PurT 1-199 þ PurK 158-355), and KABTC (PurK

1-157 þ PurT 200-392), were generated on the basis of

structural and sequence alignments between PurK and

PurT (see Fig. 4). Each hybrid has one of the A-, B-,

or C-domains replaced by the corresponding domain

from the other protein.

The functions of the hybrid proteins, as well as

the two parental proteins, were initially tested by in

vivo complementation in E. coli auxotrophic strains.

TX680F0 was used to test for PurT activity,31 and

CSH26 for PurK activity.32 With inactivated chromo-

somal copies of purT and purN, the TX680F0 strain

has been shown to detect a GAR transformylase activ-

ity ten thousand times less active than wild-type

enzyme.31 The limit of detection for the CSH26 strain

has not been determined. When bearing plasmids

encoding wild-type PurT or PurK enzymes, the

TX680F0 and CSH26 strains, respectively, grew repro-

ducibly on minimal medium after a 1 day incubation.

In each case, complementation of each deficiency was

specific as each wild-type enzyme was only able to

support the growth of its respective auxotrophic strain.

However, none of the six domain-swapped hybrid pro-

teins described earlier was able to complement the

growth of either auxotrophic strain, indicating that

these hybrids are either nonfunctional, or that they

have activities lower than the detection limit of the

in vivo complementation assays.

To improve the in vivo complementation assays,

several confounding variables were minimized. Previ-

ous results indicated that with low frequency (usually

1 in �105) some auxotrophic cells were able to bypass

selective pressures and grow on minimal media by

recovering their wild-type genes through recombina-

tion, a phenomena known as gene reversion. Recombi-

nation usually occurs between the inactive chromo-

somal copy and a gene fragment in the plasmid to

provide a fully functional gene. To eliminate back-

ground growth caused by gene reversions, two new

auxotrophic E. coli strains, PurT(�) and PurK(�),

were generated by a complete deletion of the chromo-

somal purT and purK genes, respectively.33 Variability

in protein expression was also considered. In many

cases, poor protein expression and/or stability, rather

than the lack of the sufficient catalytic activity, can

cause a negative result during in vivo complementa-

tion assays. The situation is more problematic for

hybrid proteins due to the unfavorable interactions

likely formed at interfaces between domains derived

from different parental proteins—these may lead to

incorrect folding and aggregation. Here, hybrids were

expressed with an N-terminal maltose binding protein

fusion (MBP) and at lower incubation temperatures

(25�C) to minimize inclusion body formation. The

combination of lower temperatures and the use of N-

terminal fusion proteins increased expression levels

and solubility of hybrid proteins, as gauged by SDS-

PAGE. Expression levels of all test proteins in the

auxotrophic strains are in a similar range, also esti-

mated by SDS PAGE. These improvements notwith-

standing the six hybrid proteins described earlier do

not complement either auxotrophic strain.

Structural and biochemical studies suggest that

precise alignments of the three substrate binding pock-

ets is critical for the PurT or PurK reactions to occur,

partially due to the fact that the active site is situated

at the center of the three domains’ interfaces.20,21,23–25

Considering the low amino acid sequence identity

(27%) between PurT and PurK, it is likely that unfav-

orable interactions made between regions in the

hybrids that were derived from different parental pro-

teins may disrupt the relative positioning of the three

protein modules. Misalignment of the substrate bind-

ing pockets could subsequently lead to inefficient cou-

pling of reaction intermediates and a loss of overall

Figure 4. Schematic overview of hybrid enzyme

composition. The sequences of the two parental genes,

PurT and PurK, are depicted in black and gray,

respectively. The boundary of each domain is marked by

dotted lines. The numbers represent amino acid residue

positions in each parental protein.
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catalytic activity. Therefore, the ability of the hybrid

proteins to catalyze partial reactions was investigated.

The ATPase activity of wild-type

and hybrid proteins
The overall reactions catalyzed by wild-type PurT and

PurK can be broken down into three partial reactions:

an ATPase activity that cleaves ATP to ADP, a kinase

activity that forms the acyl phosphate intermediates

(formyl phosphate for PurT and carboxyl phosphate

for PurK), and a transferase activity that catalyzes the

attack of a mononucleotide on the reactive acyl phos-

phate intermediate (or, in the case of purK, possibly

the CO2 breakdown product). In vivo studies indicate

that all of the six hybrid proteins generated by rational

domain swapping between PurT and PurK lack

the capability to complement auxotrophic strains,

which select for the full reaction. However, in vitro

studies can reveal whether any of these hybrids can

catalyze the ATPase or acyl phosphate-forming partial

reactions.

Wild-type PurT and PurK and the six hybrid pro-

teins were overexpressed as N-terminal MBP fusions

and purified to homogeneity, as described in Materials

and Methods. The kinetic properties of the wild-type

enzymes (PurT and PurK) were studied in detail (Table

I). With an N-terminal MBP fusion, PurT and PurK still

display a dependence of their ATPase activity on the

presence of ribonucleotides, GAR for PurT and AIR for

PurK (Table II), which has been previously demon-

strated using wild-type PurT and PurK constructs that

lack the MBP fusion.24,34 However, the catalytic capa-

bilities of both wild-type enzymes were significantly

impaired by addition of the N-terminal MBP fusion

(Table I). In the most severe case, the kcat value of PurT

was lowered �19-fold when fused to MBP. Structural

and biochemical studies show that wild-type PurT and

PurK form homodimers in solution, with oligomeriza-

tion mediated by the A- and C-domains.20,21,34 It is pos-

sible that the MBP domain could disrupt oligomeriza-

tion and result in a decrease of catalytic activity.

For the two wild-type and six hybrid proteins, all

which bear N-terminal MBP fusions, ATPase activities

were determined using different combinations of sub-

strates (Table II). Because of the limited availability of

substrates, the KM and kcat values for ATPase activity

of only one hybrid protein, KABTC, was determined

(Table I). Although each of the six hybrids do not cata-

lyze the full wild-type reaction, all hybrids do catalyze

the ATPase partial reaction. The observation of ATPase

activity in all six hybrid proteins strongly suggest that

a functional hybrid ATP binding pocket can be con-

structed between B- and C-domains taken from differ-

ent parental proteins. However, catalysis by the hybrid

ATP binding pockets is severely impaired. When com-

pared with wild-type enzymes, the ATPase activity of

each hybrid protein is typically lower by one or twoT
a
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orders of magnitude. Additionally, the KM value for

ATP is increased more than 15-fold in the KABTC

hybrid.

The hybrid proteins with the highest ATPase

activities, TAKBC and KATBC, only have swapped A-

domains. Therefore, the ATP binding pocket in these

hybrids is formed by B- and C-domains taken from

the same parental protein, and likely form a near-

native binding pocket. Hybrid proteins with swapped

C-domains, TABKC and KABTC, have ATPase activities

about 3–5 fold less active than TAKBC and KATBC, pre-

sumably because the ATP binding pocket is distorted

due to an imperfect interface formed between the B-

and C-domains taken from different parental proteins.

Hybrids with the lowest ATPase activity, TACKB and

KACTB, are �10–20 fold slower than TABKC and KABTC,

and have the most potentially disruptive substitutions

including a hybrid ATP binding pocket and the inser-

tion of a foreign domain. Interestingly, the comparable

ATPase activities exhibited by each pair of hybrid pro-

teins suggest that a similar impact of each domain

swap in PurT and PurK is made on the ATPase activ-

ity. Unlike wild-type enzymes, the hybrid proteins

have lost the dependence of their ATPase activities on

the presence of ribonucleotides, suggesting that the

observed synergy between ATP and ribonucleotide

binding pockets in wild-type proteins is now

uncoupled in the hybrids (Table I).

Formation of acyl phosphate intermediates

Like reactions catalyzed by other ATP grasp proteins,

the proposed PurT and PurK mechanisms involve for-

mation of an acyl phosphate intermediate. Marolewski

and coworkers have shown that during PurT catalysis,

formyl phosphate is a chemically and kinetically

competent intermediate.23 Notably, the generation of

formyl phosphate was detected by using a PurT mu-

tant with a single mutation, G162I. G162 is located on

the B-loop (also called the T-loop) of PurT, which con-

tains residues that interact with the phosphate groups

of ATP. In wild-type PurT, the formyl phosphate inter-

mediate is well protected in the active site. However,

the G162I mutation is proposed to disrupt the B-loop

structure and lead to dissociation of formyl phosphate

into solution, enabling its detection. In addition to the

biologically relevant transformation of GAR into

formyl GAR, PurT can catalyze a related reaction. In

the absence of GAR, PurT can catalyze the conversion

of ATP and acetate to form acetyl phosphate. This

observed reaction is also consistent with the proposal

of an acyl phosphate reaction intermediate. In wild-

type PurK, the proposed carboxyl phosphate reaction

intermediate has not been trapped. This putative inter-

mediate would be very reactive, and can break down

to release Pi and CO2, which has also been suggested

as the operative electrophile.

The capabilities of the wild-type and hybrid pro-

teins to produce acetyl phosphate, formyl phosphate,

and carboxyl phosphate were assayed by trapping of

free acyl phosphates as hydroxamates, which can be

visualized spectrophotometrically as described in the

Table II. ATPase Activity of Wild-Type and Hybrid Enzymes

Enzyme

Specific activity (lmol/min/mg) for production of ADP in the presence of various substratesa

ATP ATP HCO3
� ATP AIR ATP AIR HCO3

� ATP HCO2
� ATP GAR ATP GAR HCO2

�

PurT 0.021 0.031 0.033 0.030 0.16 4.64 5.14
PurK 0.23 1.09 8.72 10.0 0.35 0.46 0.40
KATBC 0.45 0.40 0.39 0.41 0.47 0.54 0.61
TAKBC 0.66 0.69 0.91 0.96 0.65 0.61 0.67
TACKB 0.073 0.073 0.087 0.13 0.061 0.10 0.099
KACTB 0.028 0.026 0.053 0.077 0.022 0.033 0.037
KABTC 0.16 0.15 0.14 0.14 0.14 0.10 0.12
TABKC 0.26 0.23 0.25 0.27 0.20 0.22 0.28

a Specific activities were determined by measuring ATPase activities under saturating concentrations of each substrate. The
standard error for each value is less than 20%.

Table III. Production of Acyl Phosphates by Wild-Type
and Hybrid Enzymes

Enzyme

Specific activity (lmol/min/mg)�10�4 for
production of acyl phosphates using

various substratesa

Acetyl
phosphate

Formyl
phosphate

Carboxyl
phosphate

PurTb 4.4 � 103 NAc NA
PurTd 715 NDe ND
PurKd ND ND ND
KATBC

d 3.8 2.8 ND
TAKBC

d 8.6 4.0 ND
TACKB

d 11.1 1.7 ND
KACTB

d 0.61 0.43 ND
KABTC

d 10.7 7.7 ND
TABKC

d 0.80 0.75 ND

a Specific activities were determined under saturating concen-
trations of each substrate. The standard error is less than
10%.
b Adapted from Ref. 24.
c NA not applicable.
d Fusion protein with an N-terminal MBP domain.
e ND not detected.
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Materials and Methods section (Table III). Using this

methodology, no evidence for carboxyl phosphate was

observed, but this could be explained by the short life-

time of this reactive species. Wild-type PurK also does

not produce detectable amounts of formyl phosphate or

acetyl phosphate, but formate and acetate are not the

natural substrates of this enzyme. Wild-type PurT, both

with and without an N-terminal MBP fusion, is able to

produce detectible levels of acetyl phosphate but not

formyl phosphate. Presumably no formyl phosphate is

trapped because this intermediate does not dissociate

from the wild-type enzyme at appreciable levels.

In contrast to the wild-type proteins, all hybrid

proteins showed the ability to generate acetyl phos-

phate and formyl phosphate. Additionally, wild-type

PurT and PurK proteins do not produce ADP in the

absence of GAR or AIR, respectively, but the rates of

acyl phosphate production by the hybrid proteins were

not affected by the presence of either GAR or AIR. For

each hybrid protein except TACKB, the catalytic activity

for production of acetyl phosphate is in reasonable

agreement with that for the production of formyl

phosphate, suggesting no preference for formate or ac-

etate as recipient. Compared to their ATPase activities,

the hybrid proteins catalyze the production of acyl

phosphate less efficiently, by two orders of magnitude.

For wild-type PurT, the ratio of trapped acetyl phos-

phate to ADP was 0.70 � 0.15.24 Because of a highly

optimized architecture in the active site of the wild-

type enzyme, the unaccounted for acetyl phosphate is

likely hydrolyzed in solution or at the active site before

being trapped. In the hybrid proteins, the ratio of

trapped acetyl phosphate to ADP decreased to less

than 0.01. Therefore, more than 99% of ATP was

hydrolyzed and released into solution as ADP and Pi

without being transferred to produce detectable acetyl

or formyl phosphate. The significant drop in the effi-

ciency of Pi transfer in the hybrid proteins is likely a

result of incompatibilities in the swapped protein

domains or other missing factors.

Generation of an active chimeric

protein with PurK activity

Although the six hybrid proteins described earlier can

all catalyze partial reactions, none can efficiently cou-

ple the reaction intermediates to achieve catalysis of

the full reaction. Presumably, either misalignment of

the swapped domains or other missing protein fea-

tures leads to the inefficient coupling and prerelease of

intermediates into solution. As reported previously, a

single mutation in PurT, G162I, leads to reaction

uncoupling similar to what is observed in these hybrid

proteins. Mutation of this glycine to a bulky isoleucine

residue greatly reduces the overall catalytic activity of

PurT, increases the KM of formate, and allows ‘‘leak-

ing’’ of the formyl phosphate intermediate into solu-

tion where it can be trapped.23 This amino acid posi-

tion is located on the B-loop (also called the T-loop),

and is where further efforts were directed to improve

the domain-swapped hybrids.

In ATP grasp proteins, the B-loop connects the

second and third strands of the B-domain’s b-sheet,
and is disordered when a bound ligand is not present.

The conformation of the B-loop is even dependent on

the moiety occupying the c-phosphate position of ATP

analogs.22 The B-loop is located near the central inter-

faces of all three domains and likely helps to sequester

reaction intermediates. Of the five loop regions consti-

tuting the active site in PurT, only the residues in the

B-loop are involved in the binding of two substrates,

ATP and GAR, as the hydroxyl group of Ser161 is in

hydrogen bond distance to both the c-phosphate of

ATP and the amine group of GAR (see Fig. 5).

Although the B-loop is not visible in the ADP-bound

PurK structure (presumably due to the lack of a c-
phosphate group), this loop is believed to play a simi-

lar role in binding of ATP and AIR in PurK. In gen-

eral, the sequence of B-loops are rich in glycine and

serine, but the PurK sequence is atypical and bears

conserved tyrosine and aspartate residues. In sum-

mary, because of the proximity of the B-loop to both

substrate-binding sites, its proposed role in

Figure 5. Comparison of the B loop (also called the T-loop)

in PurT and PurK structures (A), and the consensus

sequences from five ATP grasp proteins (B). In (A), the B

loop regions in PurT and PurK are colored in black and

gray, respectively. The GAR, AMPPNP, and ADP molecules

are shown in ball-and-stick representation, with GAR,

AMPPNP colored in dark gray and ADP colored in gray.

The residue S161 in PurT is depicted in stick

representations, and the hydrogen bonds between its

hydroxyl group and GAR and AMPPNP are shown as

dotted lines. The B loop of PurK (gray) is partially

disordered. Panel (B) shows structure-based alignment of

the B-loop sequences from PurT, PurK, D-alanine:D-alanine

ligase (DDL), glutathione synthetase (GTS), and carbamoyl

phosphate synthetase (CPS N-domain). Conserved residues

in each enzyme are masked in gray, and identical residues

among all five sequences are shown bold.
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sequestering reactive intermediates and the sequence

divergence in this loop between PurT and PurK

enzymes, we focused on making further modifications

to the B-loops in the partially functional domain-

swapped hybrid proteins.

To evaluate the potential of the B-loop to improve

catalysis, six additional protein constructs were created

and selected in vivo for PurT and PurK activities. In

each protein, a small portion of the B-loop derived

from PurT (S159, Ser160, and Ser161, abbreviated as

LT) is replaced by the corresponding sequence in PurK

(Gly125, Tyr126, Asp127, and Gly128, abbreviated as

LK), and vice versa. This procedure generated six pro-

teins, TACKBLT, KACTBLK, KABTCLT, TABKCLK, KABCLT,

and TABCLK that are the counterparts of TACKB, KACTB,

KABTC, TABKC, wild-type PurK, and wild-type PurT,

respectively, but with swapped B-loops. This short

amino acid stretch is smaller than can be defined as a

protein module, but is within the scope of changes

accessible by mutational drift.

Of the six loop-swapped proteins tested with both

PurK(�) and PurT(�) auxotropic strains, one con-

struct does enable cell survival. The domain- and loop-

swapped hybrid protein KACTBLK can complement the

PurK(�) auxotrophic strain, indicating that this hybrid

can now catalyze the full reaction. Under selective con-

ditions, cells expressing the KACTBLK hybrid grow at a

rate comparable to cells expressing wild-type PurK. This

contrasts with the TACKBLT hybrid, which does not con-

fer survival to the PurT(�) auxotrophic strain. To inves-

tigate the properties of the active hybrid enzyme in

more detail, wild-type PurK and KACTBLK were purified

to homogeneity as C-terminal His-tagged constructs.

Steady-state kinetic parameters of these two purified

proteins were determined by following the production

of ADP (Table IV). Compared to wild-type PurK,

KACTBLK has a sevenfold decrease in the kcat, a seven-

fold decrease in the KM for ATP, and a 6.4-fold decrease

in KM for AIR. These changes are offsetting, so that the

specificity constants (kcat/KM) for both ATP and AIR

match those of wild-type PurK, within error. This strik-

ing result suggests that the only element in the B-do-

main that is unique for PurK catalysis is the swapped

four amino acid sequence found in the B-loop. It is also

notable that this small change allows the hybrid protein

to regain the dependence of its ATPase activity on the

presence of AIR, as seen with wild-type PurK.

During preparation of this manuscript, a publica-

tion by Thoden et al. reported the structures of E. coli

PurK in complex with MgATP and with MgATP/Pi.35

In these two structures, the B-loop is observed to inter-

act with the c-phosphoryl group of ATP, or with Pi,

respectively. Bound Pi is proposed to mimic the car-

boxy-phosphate intermediate, and is within hydrogen

bonding distance of the backbone amide of Asp127, a

residue located within the B-loop. Additionally, the side

chain of Asp127, in conjunction with Lys314 (found in

the C-domain), is proposed to activate the exocyclic

amine of AIR for its attack. This recent work provides a

possible mechanistic basis for understanding why swap-

ping the B-loop is essential to recover PurK activity in

the hybrid protein reported herein.

It is not entirely surprising that from all of the

possible successful outcomes, swapping the B-domain

and recovery of PurK activity was observed. In con-

trast to formylation of GAR, carboxylation of AIR can

occur readily through a nonenzymic process, and

growth of PurK auxotrophic strains can be rescued by

growth in conditions that enrich CO2 concentra-

tions.25,36 The B-domains of ATP grasp proteins are

flexible domains that close down over the ATP sub-

strate, and this flexibility could minimize unfavorable

effects due to nonoptimized interactions between

domains that have not coevolved. Also, carboxylation

of AIR by either carboxyl phosphate or CO2 likely rep-

resents an easier task than formylation of GAR. Even

if carboxyl phosphate is not stabilized in the hybrid,

the resulting CO2 breakdown product could serve as

an electrophile. Therefore, swapping the B-domains

and recovery of PurK activity may represent the ‘‘low-

est hurdle’’ to overcome in this model system.

There have been many other successful examples

of engineering novel protein catalysts by modular do-

main swapping, most notably those including various

enzymes fused to zinc-finger domains, or polyketide

synthases and nonribosomal peptide synthases with

deleted, swapped, or added modules (reviewed in Refs.

36 and 37). Unlike these examples where the binding

and catalytic domains are somewhat distinct, domain

swapping between PurT and PurK requires compatibil-

ity between all three modules to reconstitute func-

tional binding and active sites. Therefore, achieving

one active domain- and loop-swapped hybrid protein

from only 14 rationally designed constructs is notable

and is consistent with the proposal of domain swap-

ping as a viable mechanism for protein evolution.

Materials and Methods

All restriction enzymes used were purchased from

New England Biolabs (Beverly, MA) unless otherwise

indicated. DNA samples were purified using the QIAp-

rep, as well as the QIAquick Gel and PCR purification

Table IV. Kinetic Parameters PurK and KACTBLK
a

Enzyme kcat (s
�1) Km (ATP) (lM) Km (AIR) (lM) kcat/Km (AIR) (lM�1 s�1) kcat/Km (ATP) (lM�1 s�1)

PurK 5.9 � 0.5 48 � 8.5 66 � 16 0.089 0.12
KACTBLK 0.87 � 0.02 6.8 � 0.7 10.3 � 1.2 0.084 0.13

a Experimental procedures described in Materials and Methods.
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kit (all from Qiagen, Valencia, CA), following the man-

ufacturer’s protocols.

Bacterial strains

The E. coli strains, DH-5a and BL21(DE3), were

obtained from Invitrogen (Carlsbad, CA) and Novagen

(Madison, WI), respectively. TX680F0 [ara D (gpt-rpo-

lac) thi rbs-221 ilvB2102 ilvH1202 purN0-

lacZþYþ::KanR purT] E. coli, a PurT auxotropic strain,

is a gift from Dr. J.M. Smith.39 CSH26, purK [purK,

zba::tn10] E. coli, a PurK auxotropic strain, was a gift

from Dr. Gert Dandanell.32 The PurT(�) strain is E.

coli K-12 MG1655 with chromosomal purN and purT

deleted, and the PurK(�) strain is E. coli K-12

MG1655 with chromosomal purK deleted. Both

PurT(�) and PurK(�) strains were constructed by a

one-step knockout method like that described

elsewhere.33

Construction of hybrid enzymes
All hybrid enzymes were constructed using the PCR

overlapping extension method40 (see Fig. 4). For

in vivo complementation assays, the wild-type genes

encoding PurT and PurK genes and the hybrid gene

fragments were cloned into pDIM-PGX vector using

NdeI/SpeI sites.41 For protein expression and purifica-

tion, the gene fragments encoding six chimeras

(TAKBC, KATBC, TACKB, KACTB, TABKC, and KABTC), as

well as the sequences encoding PurT and PurK, were

amplified from pDIM vectors using the PCR, and

subcloned into pMAL-c2x vectors (New England Biol-

abs, Beverly MA) between XmnI and SpeI sites. The

gene fragments encoding wild-type PurK and KACTBLK

were also subcloned into a pET22b expression vector

(Navogen, Madison, WI) between NdeI and HindIII

sites. All of the final products were confirmed by DNA

sequencing of the inserts.

Screening of PurT and PurK activities

by in vivo complementation

pDIM vectors encoding each of the hybrid and wild-

type enzymes were transferred into auxotrophic E. coli

strains. After each transformation and an initial ampi-

cillin (100 mg/mL) selection on LB agar, three single

colonies were randomly picked and streaked in an ‘‘X’’

pattern on LB ampicillin (100 mg/mL) agar to make a

master printing plate. After incubation at 37�C over-

night, the cells on master plates were replica printed

onto selective plates (M9 salt, 0.2% glucose, 0.06%

caseine, 2 lg/mL thiamine, 1.5% agar, 100 lg/mL

ampicillin) with 0.3 mM isopropyl b-D-thiogalactoside
(IPTG). Functional complementation tests were con-

ducted for up to 48 h at 30�C in TX680F0 and CSH26

strains and at 25�C in PurT(�) and PurK(�) strains.

Colonies that grew on selective plates were restreaked

on new selective plates to obtain single colonies, from

which the plasmids were extracted, and retransformed

into the respective auxotrophic strain, followed by the

same selection procedure to affirm complementation.

Plasmids were extracted from the first and second

selections and the gene inserts were sequenced to con-

firm that there were no additional mutations.

Overexpression of hybrid enzymes

and protein purification

N-terminal maltose-binding-protein (MBP) fusion pro-

teins of PurT, PurK, and the six hybrid proteins were

expressed using the pMAL-c2x derivative described

earlier. To eliminate background contamination by

native enzymes, the hybrid proteins KATBC, TACKB,

KABTC, and wild-type PurT were expressed in the

PurT(�) auxotrophic strain, while TAKBC, KACTB,

TABKC, and wild-type PurK were expressed in the

PurK(�) auxotrophic strain. The pET22b expression

vectors containing sequences encoding wild-type PurK

and KACTBLK were transformed into BL21 (DE3) E.

coli for overexpression. In each case, a single colony

was used to start an overnight culture, 1% of which

was inoculated into fresh LB media (100 lg/mL ampi-

cillin) and grown at 37�C to an OD600 of �0.5 before

addition of 0.3 mM IPTG and cooling of the incuba-

tions to 18�C. After 8 h of induction at this lower tem-

perature, cells were harvested by centrifugation and

stored at �70�C.

Utilizing the specific binding of the N-terminal

MBP domain, primary purification of the proteins

overexpressed from the pMAL-c2x vector was per-

formed on amylose resin, following the manufacture’s

instructions. Subsequent to elution from the amylose

resin using Column Buffer (20 mM Tris-HCl, pH 7.4,

200 mM NaCl, and 1 mM EDTA) with 10 mM maltose,

the protein solution was loaded onto a Superose 12 gel

filtration column (24 mL bed volume) pre-equilibrated

in Buffer X (20 mM Tris-HCl, pH 7.4, 100 mM NaCl),

and eluted using five bed volumes of Buffer X.

Fractions containing hybrid proteins were identified

by apparent size using SDS-PAGE, and pooled

accordingly.

Proteins expressed from derivatives of the pET22b

expression vector were purified using Ni-NTA agarose

(Qiagen, Valencia CA), following the manufacture’s

instructions. After removal of excessive imidazole by

dialysis, the protein solutions were loaded onto a 5 mL

HiTrapTM DEAE column (Amersham-Pharmacia Bio-

tech, Piscataway, NJ) pre-equilibrated in Buffer X.

During application of a linear salt gradient (0–1M

NaCl), the desired proteins eluted at 0.3–0.4M NaCl.

Fractions containing desired proteins were identified

by apparent size using SDS-PAGE, and pooled

accordingly.

Purified proteins (>95% homogeneous by SDS-

PAGE) were concentrated using Centricon spin filters

(MWCO 10 kDa, Amicon, Bedford, MA) and stored

frozen at �70�C. Protein concentrations were deter-

mined by the Bradford analysis using bovine serum

albumin as a standard.
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Measurement of ATP hydrolysis
Because the effect of HCO3

� on ATP cleavage rates of

hybrid proteins is investigated, excess HCO3
� was

removed from buffers as described elsewhere.34 The

ATPase activity of each hybrid protein was measured

by monitoring the production of ADP via the coupling

reactions of pyruvate kinase and lactate dehydrogenase

(PK/LDH), as previously described with some modifi-

cations.24 In a total volume of 100 lL, 100 mM

HEPES, pH 7.4, 20 mM KCl, 8 mM MgCl2, 2 mM

PEP, 0.2 mM NADH, and 10 units of PK/LDH were

combined and allowed to incubate at 25�C. Reactions

were initiated by addition of purified enzymes, and the

absorbance decrease at 340 nm due to the consump-

tion of NADH (e ¼ 6.22 mM�1 cm�1) was monitored

on a Cary I UV-Vis spectrophotometer (Varian, Palo

Alto CA). For wild-type PurT, PurK and the hybrid

KABTC proteins, the kinetic parameters of ATP cleav-

age were determined in triplicate over a concentration

range of 10–200 lM AIR, 5–100 lM GAR, 0.1–10 mM

ATP, and 0.1–2 mM formate. By varying the concen-

tration of one substrate at saturating concentrations of

the other substrates, the Michaelis constants for each

substrate were determined by fitting to a double recip-

rocal plot using the program KaleidaGraph (Synergy

Software). For all other hybrid fusion proteins, the

ATPase specific activity (lmol min�1 mg�1) was deter-

mined using the different substrates at their respective

saturating concentrations (ATP, 5 mM; GAR, 100 lM;

AIR, 260 lM; formate, 3 mM; HCO3
�, 3 mM).

Detection of acyl phosphate
Free acyl phosphate was assayed by trapping as the

hydroxamate derivative, using a previously described

method.42 Briefly, in a total volume of 300 lL, 100

mM HEPES, pH 7.4, 20 mM KCl, 8 mM MgCl2, and

saturating concentrations of substrates were combined

and incubated at 25�C for 5 min. Reactions were initi-

ated upon addition of purified enzymes. At various

time points, aliquots of the incubating reaction were

taken and mixed with an equal volume of a freshly

made 1:1 (v/v) mixture of 3M hydroxylamine and 3M

NaOH. Following a 10-min incubation with the alka-

line hydroxylamine solution, 1 volume of 0.74M tri-

chloroacetate (TCA) and 2 volumes of 0.22 mM FeCl3
in 0.5M HCl were added. The resulting derivatives are

yellow in color and their absorbance at 490 nm is

used for quantification in comparison to a succino-

hydroxyamate standard curve.

Kinetic assay for the PurK activity
The PurK activity of wild-type PurK and the hybrid

KACTBLK protein, each bearing a C-terminal His tag,

were measured by monitoring the production of ADP

via the coupling reactions of pyruvate kinase and lac-

tate dehydrogenase (PK/LDH), as described elsewhere

with some modifications.25 Briefly, in a total volume

of 100 lL, 100 mM HEPES, pH 8.0, 20 mM KCl, 8

mM MgCl2, 2 mM PEP, 0.2 mM NADH, and 10 units

of PK/LDH were combined, and incubated at 25�C for

5 min. Reactions were initiated by the addition of

purified enzymes, and the absorbance decrease at 340

nm due to the consumption of NADH (e ¼ 6.22 mM�1

cm�1) was monitored on a Cary I UV-Vis spectropho-

tometer (Varian). Kinetic parameters were determined

in triplicate using a concentration range of 5–40 lM
AIR, 5–100 lM ATP. By varying the concentration of

one substrate at the saturating concentrations of the

other substrates, the Michaelis constants for each sub-

strate were determined by fitting to a double recipro-

cal plot using the program KaleidaGraph (Synergy

Software).

Conclusions

In this study, we have investigated the modular nature

of protein structure and function using PurT and PurK

as a model system. Features of these results help to

illuminate aspects of protein domain swapping that

may occur during enzyme evolution. In this system,

swapping one domain between two homologous three-

domain proteins consistently resulted in less stable

hybrid proteins that were unable to catalyze a full

reaction. Presumably, the interface between the

swapped domain and the rest of the hybrid is not well

optimized. Despite these imperfections, each of the do-

main-swapped hybrids is able to catalyze partial reac-

tions, suggesting that functional binding and catalytic

sites are partially maintained. Additional minor modi-

fications of the domain-swapped hybrids, here the

substitution of a short loop region suspected to

sequester reaction intermediates, are required to

enhance coupling of the partial reactions to reconsti-

tute a full reaction sufficient to impact cell survival.

This study illustrates how a mechanistic understanding

of intermediary hybrid proteins can improve the

design and construction of a fully functional enzyme.
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