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2.1 Introduction

As the availability of large‐scale genomic data and the technical advancements 
in high‐throughput biological experiments reach an astonishingly high level, 
the functional characterization of proteins becomes more sophisticated than 
ever. Consequently, an increasing number of proteins have been found to moon-
light, that is, perform multiple independent cellular functions within a single 
polypeptide chain (see Chapter 1 for more details of the definition of protein 
moonlighting).

The functional diversity of moonlighting proteins is not a consequence of gene 
fusions, splice variance, proteins performing different functions in different 
 cellular contexts, varying post‐transcriptional modifications, homologous but 
non‐identical proteins, or multiple photolytic fragments. The multiple roles of 
moonlighting proteins are not restricted to certain organisms or protein  families, 
nor do they have a common mechanism through which they switch between 
 different functions. Experimentally identified moonlighting proteins have been 
shown to switch functions as a consequence of changes in cellular locations 
within and outside the cell, expression in different cell types, oligomerization 
states, ligand binding locations, binding partners, and complex formation [1–3].

A large number of moonlighting proteins have been found to be involved in 
bacterial virulence, DNA synthesis or repair, cancer cell motility, and angiogen-
esis, among others. As an example, neuropilin is a moonlighting protein that is 
known to show diverse functions due to changes in cellular contexts. In endothe-
lial cells, it is a vascular endothelial cell growth factor (VEGF) receptor and a 
major regulator of angiogenesis, vasculogenesis, and vascular permeability. 
However, in nerve axons, it is a receptor for a different ligand (Semaphorin III) 
and mediates neuronal cell guidance.
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More than 300 moonlighting proteins are known in the literature today (see 
Chapter 1); however, the rapid increase in the number of identified moonlighting 
proteins suggests that the phenomenon may be common in all kingdoms of life. 
So far, the moonlighting function(s) of the known proteins have mostly been dis-
covered by serendipity and little is known about the molecular mechanisms of 
such moonlighting actions [2]. Consequently, any efforts to characterize the 
molecular mechanisms of such proteins and understand their structure–function 
relationship would aid in identifying new moonlighting functions and help to 
better understand of the complex functional interplay of moonlighting proteins 
in the cell.

In this chapter, we first briefly discuss the different contexts in which protein 
function can be described, the complex structure–function relationship in 
 proteins, followed by the current approaches used in identifying and character-
izing moonlighting proteins. We then propose a classification of moonlighting 
 proteins based on the structure–function analysis of selected moonlighting pro-
teins. A  few examples of moonlighting proteins in each classification are 
described in detail, many of which are implicated in bacterial virulence. Finally, 
we describe some general trends observed in the analysis which will, we hope, be 
valuable in understanding how a moonlighting protein can perform more than 
one unrelated function.

2.2 Multiple Facets of Protein Function

The phrase “protein function” is very ambiguous, as the functional role of a 
protein can be described in many different contexts. It can be described in 
terms of: (1) the molecular function of the protein; (2) its role in biological 
pathway(s); or (3) its cellular location. Natural language annotations in  databases 
and the literature are too vague and unspecific to accurately describe the 
function(s) of a protein. This has led to the development of a common organ-
ized protein annotation vocabulary such as the Enzyme Commission (EC) 
number and Gene Ontology (GO) [4], which are the most commonly used 
 protein function annotation resources.

The Enzyme Commission (EC) number [5] system is a numerical classification 
system for enzymes that uses a hierarchical set of four numbers separated by 
periods to represent the catalytic reaction that it carries out. For example, the EC 
number 5.3.1.9 describes an isomerase (EC 5.‐.‐.‐) that acts as an intramolecular 
oxidoreductase (EC 5.3.‐.‐) and interconverts aldoses and ketoses (EC 5.3.1.‐) 
using glucose‐6‐phosphate as the substrate (EC 5.3.1.9).

The Gene Ontology (GO) [4] is the most comprehensive and widely used 
resource of protein annotations. GO annotation can be used to assign functional 
terms to both enzymes and non‐enzymes from three structured, non‐overlapping 
ontologies in a species‐independent manner: (1) molecular function ontology 
(MFO) describes the biochemical activity of the protein at the molecular level;  
(2) biological process ontology (BPO) describes the cellular processes and path-
ways in which the protein is involved; and (3) cellular component ontology (CCO) 
describes the compartment(s) of the cell in which the protein performs its action. 
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The sources of these annotations can be literature references, experimental 
results, author statements, database references, or computational outputs.

Figure 2.1 shows the functional annotations for the enzyme Phosphoglucose 
isomerase (PGI) in the mouse, which can moonlight as a tumor‐secreted cytokine 
and angiogenesis factor and also as a neurotrophic factor. The EC number can 
only describe the catalytic function of PGI; however, the GO annotations from 
the three ontologies are sufficient to completely describe the functions of the 
moonlighting protein (see Figure 2.1).

2.3 The Protein Structure–Function Paradigm

Knowledge of the three‐dimensional structure of a protein plays an important 
role in understanding the molecular mechanisms underlying its function. The 
three‐dimensional structures of proteins can often provide more functional 
insight than simply knowing the protein’s sequence (Fig. 2.2). For example, the 
structure reveals the overall conformation of the protein along with the biological 
multimeric state of the protein. It reveals the binding sites, interaction  surfaces 
and the spatial relationships of catalytic residues. Protein–ligand  complexes 
 provide details of the nature of the ligand and its precise binding site, which 
helps in postulating the catalytic mechanism. The PDBsum resource [6] provides 
pictorial analyses for every structure in the PDB along with detailed informa-
tion extracted from various resources such as SwissProt, Catalytic Site Atlas 
(CSA), Pfam, and CATH, which are beneficial for structure–function studies. 

Enzyme commision (EC) number

EC 5.-.-.-
Isomerase

G0:0004347 G-6-P isomerase activity
G0:0005125 Cytokine activity
GO: 0008083 Growth factor activity

G0:0061620 Glycolytic process through G-6-P
G0:0006094 Gluconeogenesis
G0:0001525 Angiogenesis
G0:0001707 Mesoderm formation
G0:0034101 Erythrocyte homeostasis

G0:0005737 Cytoplasm
G0:0005886 Plasma membrane
GO: 0005654 Nucleoplasm
GO: 0005576 Extracellular region
GO: 0070062 Extracellular vesicular exosome
G0:0043209 Myelin sheath
G0:0060170 Ciliary membrane

lnterconverting
aldoses & ketoses
& related compounds

Glucose-6-phosphate
isomerase 

Intramolecular
oxidoreductase

Molecular function

Biological process

Cellular component

EC 5.3.-.-

EC 5.3.1.-

EC 5.3.1.9

Gene ontology (GO) terms

Figure 2.1 Function annotations for the mouse protein, glucose‐6‐phosphate isomerase 
(Uniprot Accession no. P06745) from the Enzyme Commision (EC) number system and Gene 
Ontology.
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Furthermore, ab initio prediction of binding pockets and clefts on the protein 
structure, using methods such as pvSOAR, CASTp, SURFACE, SiteEngine, and 
THEMATICScan, also provides useful information about  protein function.

Proteins are composed of one or more building blocks called domains which 
are distinct, compact units of protein structure. These domains often combine in 
a mosaic manner in multidomain proteins (domain shuffling), generating new or 
modified functions [7]. Structural similarity between homologous proteins is 
more highly conserved during evolution than sequence and is therefore helpful 
in recognizing even distantly related proteins. Domains are considered to have 
the same fold if they share the same orientation and connectivity of the second-
ary structures. Specific domains within a protein are often found to have distinct 
functional roles, but sometimes more than one domain may be involved in a 
particular function, for example where an enzyme’s active site is formed at the 
interface between two domains.

Evolutionarily related proteins having high fold similarity often share func-
tional similarity. As a result, protein functions can sometimes be inferred by 
comparing the structure of the query protein with that of an experimentally 

Overall conformation,
multimeric state and
domain boundaries

Spatial location of
catalytic clusters /
structural and
functional motifs

Identification of
clefts/cavities,
binding sites and
interfaces

Protein
structure

Figure 2.2 From protein structure to function.
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characterized protein. Structural relationships can be captured by using various 
well‐established algorithms, for example DALI [8], SSAP [9], STRUCTAL [10], 
CE [11], MAMMOTH [12], FATCAT [13] and CATHEDRAL [14].

Protein structure classification databases such as CATH and SCOP have ena-
bled detailed analysis of structure–function relationships between evolutionarily 
related proteins. CATH and SCOP extract structural information from the PDB 
and classify domains into different classes, folds, and homologous superfamilies 
in a hierarchical manner based on their structural relationships and evolutionary 
origin. Studies based on these resources have shown that the structure–function 
relationship of proteins is very complex and fold similarity may not always be 
sufficient to conclude functional similarity [15]. For example, some folds such as 
the Rossmann fold and TIM barrels can carry out a large number of different 
functions, and many different folds can be associated with the same function.

At the time of writing, the CATH database comprises around 1400 protein 
folds and approximately 3000 homologous domain superfamilies. These have 
been found to comprise at least 70% of protein domain sequences [16], which 
suggests that a relatively limited number of folds carry out the huge diversity of 
functions observed in protein function space [17–19]. For the majority of the 
domain superfamilies in CATH (>90%), domains have highly similar structures 
and functions. However, these conserved superfamilies tend to be small and 
highly specific to certain species or subkingdoms of life. Most of the remaining 
superfamilies can incorporate large amounts of structural and functional diver-
sity and are highly populated, accounting for >50% of all known domains. 
Structural and functional diversity between domains in enzyme superfamilies 
can be attributed to the use of different sets of residues in their active site, the 
addition of secondary structure embellishments to the core domain structure, or 
domain recruitment [20].

A recent study on the diversity of functional sites in CATH superfamilies by 
[21] showed that, for most superfamilies, the spatial locations of functional sites 
are limited. By contrast, members of the most diverse superfamilies show a con-
siderable amount of functional plasticity, as their relatives can exploit different 
sites for interacting with their protein partners or for binding small‐ligands.

By subclassifying these diverse superfamilies into functional families [16], it is 
possible to group relatives sharing a common functional site and similar func-
tional properties. Structural similarity with a protein in a CATH functional 
 family can therefore be used to infer functional properties more accurately. 
Functional family classification also provides a means to understand the mecha-
nisms of its functional divergence during evolution.

2.4 Computational Approaches for Identifying 
Moonlighting Proteins

Existing computational approaches to the analysis of moonlighting proteins 
explore different aspects of proteins characteristics, varying from sequence data, 
protein–protein interaction (PPI) data, to structural properties. Two recent studies 
have investigated how well the current sequence‐based methods characterize the 
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functional diversity of moonlighting proteins [22, 23]. Gomez et al. [24] have also 
conducted an analysis on the PPI networks of moonlighting proteins and statisti-
cally quantified if the interacting partners of the moonlighting proteins can iden-
tify the moonlighting functions. Hernandez et al. [25] explored structural aspects 
of moonlighting proteins and analyzed whether the diverse functions are caused 
by conformational fluctuations in the disordered regions of their structures. 
Becker et al. [26] analyzed the human PPI network and developed a novel 
 clustering method that can decompose a network into multiple overlapping clus-
ters. They reported that proteins that belong to the overlapping clusters are more 
central in the network compared to mono‐clustered proteins and contain multiple 
domains; they are therefore candidates for multitasking proteins. There exist two 
publicly available databases that serve as a repository of moonlighting  proteins: 
MoonProt [27] and MultitaskProtDB [28]. These databases store the primary and 
secondary functions of known moonlighting proteins, UniProt accessions, species 
information, and PDB codes (if available), among other information. Computational 
works of moonlighting proteins were recently summarized in a review article [29].

Khan et al. [30] explored the functional diversity of moonlighting proteins in a 
computational framework and identified multiple proteomics characteristics of 
these proteins. Initially the existing gene ontology (GO) annotations of experi-
mentally known moonlighting proteins were explored and the diversity of GO 
terms of a protein in the hierarchical GO structure quantified. Based on this GO 
similarity/distance, GO terms of moonlighting proteins were then clustered into 
groups characterized by their multiple functions. This allowed the identification 
of novel moonlighting proteins in the Escherichia coli genome and a subset of 
these were confirmed by literature analysis. Subsequently, context‐driven analy-
sis of moonlighting proteins was performed to explore how moonlighting 
 proteins interacted with other proteins in a physical interaction network, through 
similar gene expression profiles, phylogenetic profiles, and by means of genetic 
interactions. This led to two notable observations: moonlighting proteins tend to 
interact with a more functionally diverse group of proteins than non‐moonlighting 
proteins, and most interacting partners of moonlighting proteins share their 
 primary function. Moreover, a significant number of interacting partners of the 
moonlighting proteins had indications of being moonlighting proteins them-
selves. In other ‐omics‐scale analyses (i.e., based on gene expression), phyloge-
netically related proteins, and genetic interactions, the weak trend that on 
average moonlighting proteins interact with more functionally diverse proteins 
was observed. Structural characteristics of moonlighting proteins (i.e., ligand‐
binding sites and intrinsic disordered regions) were also investigated. In several 
cases, the ligand‐binding sites for distinct functions are located in separate 
regions of the protein’s tertiary structure.

2.5 Classification of Moonlighting Proteins

In this section we examine the structural data that are available for moonlighting 
proteins and propose a classification of moonlighting proteins based on the spatial 
locations of the experimentally verified functional sites exploited by a protein to 
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perform its primary and moonlighting function(s). The primary and moonlighting 
function(s) of the proteins are referred to as ‘Function 1’ and ‘Function 2’ in the 
following. The moonlighting proteins were taken from the database of moonlight-
ing proteins, MoonProt [27], and recently published papers which had known 
structural information along with experimentally verified functional sites respon-
sible for the primary and moonlighting function(s) of the protein. Information on 
catalytic site residues for the proteins was extracted from the Catalytic Site Atlas 
(CSA), and additional functional annotation was extracted from PDBsum [6] and 
SwissProt. The various categories are proteins: (1) having distinct sites for differ-
ent functions in the same domain (Table 2.1 [31–38]); (2) having distinct sites for 
different functions in different domains (Table 2.2; [39–44]); (3) using the same resi-
dues for different functions (Table 2.3; [45–47]); (4) using different residues in the 
same/overlapping site for different functions (Table 2.4; [48–53]); and (5) using differ-
ent structural conformations or folds for different functions (Table 2.5; [54–56]).

2.5.1 Proteins with Distinct Sites for Different Functions in the Same Domain

These are single domain or multidomain proteins (listed in Table 2.1) that use 
distinct spatial functional sites of a single domain for carrying out their primary 
and moonlighting function(s).

2.5.1.1 α‐Enolase, Streptococcus pneumonia
α‐Enolase (EC 4.2.1.11) from Streptococcus pneumoniae is a key glycolytic enzyme 
(Function 1) that is also expressed on the bacterial cell surface, where it binds to 
human plasminogen to facilitate the host invasion process during infection 

Table 2.1 Proteins having distinct sites for different functions in the same domain.

Protein (organism) Function 1 Function 2 Structure Refs

Enolase 
(S. pneumoniae)

Enolase (EC 4.2.1.11) Binds plasminogen 1W6T [31]

Albaflavenone 
monooxygenase
(S. coelicolor A3(2))

Albaflavenone 
monooxygenase 
(EC 1.14.13.106)

Terpene synthase
(EC 4.2.3.47)

3EL3 [32, 33]

MAPK1/ERK2 
(H. sapiens)

Mitogen‐activated 
protein kinase 1 
(EC 2.7.11.24)

Transcriptional 
repressor
(binds DNA)

4G6N [34]

1‐Cys Peroxiredoxin 
(H. sapiens)

Phospholipase A2 
(EC 3.1.1.4)

Glutathione 
peroxidase
(EC 1.11.1.15)

1PRX [35]

Cytochrome 
C (S. cerevisiae)

Electron carrier protein 
in electron transport 
chain

Promotes apoptosis
(binds Apaf‐1)

1YCC [36]

GCN4 (S. cerevisiae) Transcription factor 
(binds DNA)

Ribonuclease 
(EC 3.1.27.5)

1YSA [37]

I‐Anii (A. nidulans) Homing endonuclease 
(EC 3.1.‐.‐)

Transcriptional 
repressor (binds 
DNA)

3EH8 [3, 38]



Table 2.3 Proteins using the same residues for different functions.

Protein (organism) Function 1 Function 2 Structure Refs

GAPDH (E. coli) GAPDH (EC 1.2.1.12) NAD ribosylating 
activity

1DC5 [45]

Leukotriene A‐4 
hydrolase (H. sapiens)

Leukotriene A‐4 
hydrolase (EC 3.3.2.6)

Aminopeptidase 
(EC 3.4.11.24)

2R59 [46]

Hemagglutinin 
(Paramyxovirus)

Hemagglutinin binding Neuraminidase 
(EC 3.2.1.18)

1E8T [47]

Table 2.4 Proteins using different residues in the same/overlapping site for different 
functions.

Protein (organism) Function 1 Function 2 Structure Refs

Phosphoglucose 
isomerase 
(O. cuniculus, 
H. sapiens)

Phosphoglucose 
isomerase (EC 5.3.1.9)

Autocrine motility 
factor, neuroleukin, 
differentiation, and 
maturation mediator

1DQR, 
1IAT

[48, 49]

Fructose‐bisphosphate 
aldolase 
(P. falciparum)

Fructose‐bisphosphate 
aldolase (EC 4.1.2.13)

Attaches actin to 
trap proteins

2PC4 [50]

Gpx4 (H. sapiens) Phospholipid 
hydroperoxide 
glutathione peroxidase
(EC 1.11.1.12)

Polymerized form 
has structural role in
spermatozoa

2OBI [51]

S1O ribosomal/
protein (E. coli)

Component of 
ribosomal 30S subunit

Part of transcription 
antitermination 
complex

1O9J [52]

Lens crystallin/retinal 
DH (E. edwardii)

Lens crystallin Retinal DH (EC 
1.2.1.3)

1O9J [53]

Table 2.2 Proteins having distinct sites for different functions in different domains.

Protein (organism) Function 1 Function 2 Structure Refs

Malate synthase 
(M. tuberculosis)

Malate synthase (EC 
2.3.3.9)

Binds laminin 2GQ3 [39]

BirA (E. coli) Biotin holoenzyme 
synthetase (EC 6.3.4.15)

Bio repressor 1BIB [40]

MRDI (H. sapiens) MTR‐1‐P isomerase 
(EC 5.3.1.23)

Mediator of cell invasion 4LDQ [41]

Hexokinase 2 
(S. cerevisiae)

Hexokinase 2 (EC 
2.7.1.1)

Glucose sensor (interacts 
with transcriptional 
repressor Mig1)

1IG8 [42]

Neuropilin‐I 
(H. sapiens)

Semaphorin binding VEGF binding 2QQN [43]

ATF2 (H. sapiens) Transcription factor DNA damage response 1T2K [44]
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(Function 2) [31]. The protein is known to exist in an octameric state both in the 
cytoplasm and on the cell surface. Each monomer of α‐enolase consists of a  
2‐layer αβ sandwich domain and a TIM barrel domain (Fig. 2.3). The structurally 
conserved α‐enolase active site is located in the TIM barrel which comprises 
the  catalytic residues Glu164, Glu205, and Lys342 in S. pneumoniae, which 
are located in a pocket. Two plasminogen‐binding sites have also been found in 
the TIM barrel domain at sites distinct from the active site that includes a nine‐
residue internal motif (248 FYDKERKYV256) and terminal lysine residues 
(433KK434). The former site has been shown to have a more important role in 
interacting with plasminogen than the latter. The last lysine residue is not included 
in the structure as it is disordered.

2.5.1.2 Albaflavenone monooxygenase, Streptomyces coelicolor A3(2)
Albaflavenone monooxygenase (CYP170A1) (EC 1.14.13.106) from Streptomyces 
coelicolor A3(2) catalyzes the last two steps in the biosynthesis of the antibiotic 
albaflavenone (Function 1) [32]. Study of the crystal structure of albaflavenone 
monooxygenase showed that it exists as a dimer having two chains, each consist-
ing of a single, α orthogonal bundle (Fig. 2.4). These studies also revealed a second, 

Table 2.5 Proteins using different folds for different functions.

Protein (organism) Function 1 Function 2 Structure Refs

RfaH (E. coli) Transcription factor Translational regulator 2OUG, 2LCL [54, 55]
Lymphotactin 
(Ltn) (H. sapiens)

Chemokine 
(activates XCR1)

Binds cell‐surface 
glycosaminoglycans

2JP1 [56]

(a) (b)

Enolase active site

Plasminogen binding site

Figure 2.3 α‐Enolase. (a) Single chain of Enolase showing the enzyme active site in blue and 
the plasminogen‐binding site in red. (b) Enolase monomer displayed as surface. Different 
domains are colored in gray and orange (PDB:1W6T). (See color plate section for the color 
representation of this figure.)
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completely distinct, catalytic activity of a terpene synthase (EC 4.2.3.47) [33] 
which is involved in the synthesis of farnesene isomers from farnesyl diphosphate 
(Function 2), by identification of signature sequences and motifs associated with 
terpene synthases. The residues Trp92, Pro274, Val338, Ile447, and Thr448 are 
involved in the monooxygenase activity, whereas the residues Arg116, Leu244, 
Leu248, Glu263, Val268, Leu271, Ile 272, and Phe‐415 are associated with the 
terpene synthase activity which are located in different pockets in the protein. 
The monooxygenase activity was found to be optimal over the pH range 7.2–8 and 
was found to decline at lower pH values which favor terpene synthase activity 
(pH 5.5–6.5). This suggests that the two different enzymatic states of the protein 
possess optimal conformations at distinct pHs.

2.5.1.3 MAPK1/ERK2, Homo sapiens
Studies to characterize the human protein‐DNA interactome revealed the human 
mitogen‐activated protein kinase 1 (MAPK1) or extracellular signal‐r kinase 2 
(ERK2) (Function 1) as a DNA‐binding transcriptional repressor (Function 2) that 
regulates interferon gamma signaling [34]. The crystal structure of the human 
MAPK1 exists as a monomer which contains two domains: a discontinuous αβ 2‐
layer sandwich domain and a mainly α‐orthogonal bundle domain (Fig. 2.5). The 
kinase active site residues involve Asp147, Lys149, Ser151, and Asn152. The motif 
that has been found to help in binding DNA are 259 K ARN Y LLSLP H K N K V P 
W N R277. It can be seen from Figure 2.5 that the kinase active site is located far 
from the DNA‐binding motif.

2.5.2 Proteins with Distinct Sites for Different Functions in More Than 
One Domain

The second category of moonlighting proteins are multidomain proteins (listed 
in Table 2.2) which utilize functional sites in separate domains for carrying out 
their primary and moonlighting function(s).

(a) (b)

Albaflavenone monooxygenase active site

Terpene synthase active site

Figure 2.4 Albaflavenone monooxygenase. The monooxygenase and terpene synthase active 
sites are shown in blue and red respectively in the (a) cartoon and (b) surface representation 
of Albaflavenone monooxygenase (PDB: 3EL3). (See color plate section for the color representation 
of this figure.)
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2.5.2.1 Malate synthase, Mycobacterium tuberculosis
Malate synthase (EC 2.3.3.9) is a cytoplasmic enzyme (Function 1) involved in the 
glyoxalate pathway [57]. In M. tuberculosis it has also been found on the cell wall, 
adapted to function as an adhesin that binds laminin and fibrinogen which may 
contribute to M. tuberculosis virulence by promoting infection and dissemination 
(Function 2) [58]. The structure of the M. tuberculosis malate synthase consists of 
two identical chains each of which consists of four domains: an α‐orthogonal bun-
dle, a TIM barrel, a mainly β complex domain, and an α up‐down bundle [58]. The 
malate synthase active site residues are Glu273, Asp274, Arg339, Glu434, Leu461, 
Asp462, and Glu633 (highlighted as blue sticks) and the residues that are associ-
ated with binding laminin or fibrinogen are Gln696–Glu727 (highlighted in red) 
(Fig. 2.6). Both the sites are present in different domain regions of the protein.

2.5.2.2 BirA, Escherichia coli
The E. coli BirA protein performs different functions depending on its dimeric 
state [40]. As a heterodimer with biotin carboxyl carrier protein (BCCP), a subu-
nit of acetyl‐CoA carboxylase, it functions as a biotin protein ligase (Function 1); 
as a homodimer, it functions as a biotin operon repressor (Function 2) that binds 
to DNA [59]. The BirA structure consists of three domains: an α‐orthogonal bun-
dle, an α/β 2‐layer sandwich domain and a mainly β SH3‐type fold (Fig. 2.7). The 
residues responsible for the two functions of BirA are located in distinct sites in 
the protein. The catalytic residues for the ligase activity of the protein are Arg118, 
Lys183, and Arg317, and are found in a pocket formed between the αβ sandwich, 
the SH3 domain, and a helix‐turn‐helix (H‐T‐H) motif (residues 22–46) which is 
responsible for the binding DNA found in the α‐orthogonal bundle (Fig. 2.7) [40].

(a) (b)

MAP kinase 1 active site

DNA binding site

Figure 2.5 Human MAPK1/ERK2. The MAPK1 active site is shown in blue and the DNA‐binding 
motif is highlighted in red. Different domains are shown in gray and orange (PDB:4G6N). (See 
color plate section for the color representation of this figure.)
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Malate synthase active site

(a) (b)

Laminin-binding site

Figure 2.6 Malate synthase. The enzyme active site is shown in blue and the laminin‐ binding 
site is shown in red. Different domains are shown in different colors (PDB:2GQ3). (See color 
plate section for the color representation of this figure.)

Figure 2.7 BirA. The catalytic site residues are shown in blue while the H‐T‐H motif involved in 
binding DNA (moonlighting function) is shown in red. Different domains are shown in 
different colors (PDB:1BIB). (See color plate section for the color representation of this figure.)
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2.5.2.3 MRDI, Homo sapiens
The protein mediator of RhoA‐dependent invasion (MRDI) is a moonlighting pro-
tein found in humans [41]. It acts both as a methylthioribose‐1‐phosphate 
(MTR‐1‐P) isomerase (EC 5.3.1.23) (Function 1) and a mediator of melanoma cell 
invasion (Function 2). The MRDI structure consists of two chains, each compris-
ing a 4‐helix bundle and a Rossmann fold (Fig. 2.8). The catalytic residues of MRDI 
are Cys168 and Asp248 (shown in blue), which are located in the base of a pocket. 
A potential binding site has been identified in MRDI by mutational analysis: 
Ser283 and Arg109 (shown in red). This is located distinct from the catalytic site 
in another pocket of the protein, formed between the two domains of each chain.

2.5.3 Proteins Using the Same Residues for Different Functions

These are multidomain proteins (listed in Table 2.3) which utilize the same func-
tional site for carrying out their primary and moonlighting function(s).

2.5.3.1 GAPDH E. coli
The E. coli glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH; EC 1.2.1.12) 
(Function 1) is a multifunctional housekeeping protein. It also catalyzes its own 
NAD+ ‐dependent ADP‐ribosylation which has been implicated in host–pathogen 
interactions (Function 2) [45]. GAPDH consists of two chains, each comprising a 
Rossmann fold and a α3β5 sandwich domain [60]. The three catalytic residues of 
GAPDH are Cys149, His179, and Ser238, which are located in the sandwich 
domain (Fig.  2.9). However, mutational analyses have shown that the catalytic 
Cys149 (shown in red) is also the target residue of the ADP‐ribosylation.

2.5.3.2 Leukotriene A4 hydrolase, Homo sapiens
Leukotriene A4 hydrolase (EC 3.3.2.6) is a bifunctional zinc metalloenzyme that 
converts the fatty acid epoxide leukotriene A4 (LTA4) into a potent chemoat-
tractant, leukotriene B4 (LTB4) (Function 1) and also exhibits an anion‐dependent 
aminopeptidase activity (EC 3.4.11.24) (Function 2) [46]. Both the enzymatic 
activities require the presence of the catalytic zinc which is coordinated by the 

Figure 2.8 Human MRDI. The active site residues are shown in blue while the residues implicated 
in controlling invasion (moonlighting function) is shown in red. Different domains are shown in 
different colors (PDB:4LDQ). (See color plate section for the color representation of this figure.)
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three zinc‐binding residues His295, His299, and Glu318. The crystal structure of 
the LTA4 hydrolase consists of three domains: a β‐sandwich, an α‐orthogonal 
bundle, and a α‐α superhelix (Fig. 2.10) [61]. It also contains the 269 GX M EN272 
motif in the M1 family of zinc peptidases. Mutation of the catalytic  residues 
Glu296 or Tyr383 resulted in loss of the aminopeptidase activity, and mutation of 
the catalytic residue Glu271 abolished both the epoxide hydrolase activity and 
the aminopeptidase activity. Glu271 is a unique example of a catalytic residue 
that has distinct roles in two separate catalytic reactions for two chemically 
 different substrates. Based on the LTA4 hydrolase structure and structure activity 
studies, two mechanistic models for the role of Glu271 in the epoxide hydrolase 
activity and in the aminopeptidase reaction were proposed [62].

2.5.4 Proteins Using Different Residues in the Same/Overlapping Site 
for Different Functions

Moonlighting proteins in this category are multidomain proteins (listed in 
Table 2.4) which utilize overlapping functional sites for carrying out their  primary 
and moonlighting function(s).

2.5.4.1 Phosphoglucose isomerase, Oryctolagus cuniculus, Mus musculus, 
Homo sapiens
Phosphoglucose isomerase (PGI, EC 5.3.1.9) is a glycolytic enzyme which catalyses 
the interconversion of glucose‐6‐phosphate and fructose‐6‐phosphate (Function 1). 
It is known to moonlight as an autocrine motility factor (tumor‐secreted cytokine 
that promotes cellular growth and motility), neuroleukin (a neurotrophic factor 

Figure 2.9 GAPDH. The catalytic site residue Cys149 (shown in red) is the residue known to be 
involved for both the canonical and moonlighting functions of E. coli GAPDH. The other catalytic 
residue His179 is shown in blue (PDB:1DC5). (See color plate section for the color representation of 
this figure.)
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for neurons), and differentiation mediator in mammals (Function 2) [48]. The 
human PGI exists as a dimer comprising three domains: two (one large and one 
small) Rossman fold domains and an α‐orthogonal bundle [49] (Fig.  2.11). 
The known catalytic site residues are Lys210, Glu216, Gly271, Arg272, Glu357, 
His388, and Lys518 (1IAT). The PGI inhibitor erythrose‐4‐phosphate (E4P) is 
known to inhibit both the enzymatic and cell motility activities of PGI. Moreover, 

Figure 2.10 Leukotriene A4 hydrolase. The LTA4 catalytic site residues Glu296 and Tyr383 are 
shown in blue. The catalytic site residue Glu271, involved in two separate functions in two 
different catalytic reactions is shown in red (PDB:2R59). (See color plate section for the color 
representation of this figure.)

Figure 2.11 Phosphoglucose isomerase (PGI). Catalytic residues are shown as red sticks. 
Inhibition of enzymatic and AMF functions of PGI by the PGI inhibitor and mutational analysis 
of the catalytic residues have indicated overlapping regions of both functions in the human 
PGI (PDB:1IAT). (See color plate section for the color representation of this figure.)
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mutation of the catalytic residues resulted in significant reduction in the AMF or 
cell‐motility‐stimulating activity.

2.5.4.2 Aldolase, Plasmodium falciparum
The fructose‐bisphosphate aldolase (EC 4.1.2.13; Function 1) from apicompl-
exan parasites such as P. falciparum and P. vivax also provides a bridge between 
the actin filaments and TRAP (thrombospondin‐related anonymous protein), 
which is critical for the host invasion machinery of the malaria parasite 
(Function 2) [50]. The P. falciparum aldolase structure consists of four chains, 
each consisting of a TIM barrel domain (Fig.  2.12). The aldolase active site 
 residues and the residues involved in binding actin or TRAP overlap are located 
in the centre of the TIM barrel. The aldolase active site comprises the residues 
Asp39, Lys112, Glu194, and Lys236. The actin‐binding residues of aldolase are 
Arg48, Lys112, Arg153, and Lys236 and the TRAP binding residues are Glu40, 
Lys47, Arg48, Lys151, Arg153, Arg309, and Gln312.

2.5.5 Proteins with Different Structural Conformations for Different 
Functions

These are “transformer proteins” [63] (listed in Table 2.5) which utilize different 
fold states for carrying out their primary and moonlighting function(s).

2.5.5.1 RfaH, E. coli
RfaH is a bacterial antitermination protein which binds to the RNA polymerase 
(RNAP) and suppresses pausing, Rho‐dependent inhibition, and intrinsic 
 termination at a subset of sites (Function 1) [54]. As a result, termination signals 

Figure 2.12 Aldolase. The enzyme active site is shown in blue and the actin‐binding site is 
shown in red (PDB:2PC4). (See color plate section for the color representation of this figure.)
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are bypassed, which allows complete synthesis of long RNA chains. RfaH is a 
two‐domain protein, and the two domains are observed to interact closely in the 
crystal structure. The RfaH N‐terminal domain (NTD) has a central antiparallel 
sheet surrounded by helices and the C‐terminal domain (CTD) in the crystal 
structure is an all‐helical domain. However, the solution structure of the protein, 
solved by NMR, showed that the RfaH CTD folds into a helical structure when it 
interacts with the RfaH NTD and transforms into an all‐sheet fold in the absence 
of NTD (Fig. 2.13). These two different fold states allow the protein to perform 
alternative functions. When the CTD exists in the all‐sheet state, it can stimulate 
translation by recruiting a ribosome to an mRNA lacking a ribosome‐binding 
site (Function 2) [55].

2.6 Conclusions

From the detailed analysis of the moonlighting proteins examined in this chap-
ter, we can see considerable structural diversity in the types of domains that 
have evolved a moonlighting function, together with significant diversity in the 
different types of moonlighting functions that have evolved in these proteins. 
Some of the moonlighting proteins utilize different sites for their primary and 
moonlighting functions; however, there are others which use overlapping 
regions with their primary functional site or even the same site for both func-
tions. Our investigation of moonlighting proteins revealed two general trends 
of functional site utilization in moonlighting proteins.

(a) (b)

Figure 2.13 RfaH The Rfah CTD is colored in orange. In the closed form of RfaH (a), the CTD 
(α‐helix form) and NTD tightly interacts and works as a transcription factor (PDB:2OUG). The 
subsequent (or simultaneous) refolding of the CTD into a (b) β‐barrel transforms RfaH into a 
translation factor (PDB:2LCL). (See color plate section for the color representation of this figure.)
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1) Type 1: The primary functional site resides in the largest pocket of the protein 
while the moonlighting functional site is present on a distinct exposed surface 
of the protein. This is true for proteins for which binding to other proteins 
facilitates their moonlighting function. Examples include enolase, perodoxin, 
MAPK1, PutA, and I‐Anil.

2) Type 2: The primary and moonlighting functional sites are present on two 
pockets or clefts in the protein structure. These sites can be utilized for two 
different enzymatic reactions or one enzymatic reaction along with a binding 
function. Examples include cytochrome c and albaflavenone monooxygenase.

Figure 2.14 shows the structural and functional diversity of the CATH domain 
superfamilies that are represented in the moonlighting proteins discussed in this 
chapter. We observe that these proteins belong to superfamilies ranging from 
very low to high structural and functional diversity. Knowledge of the structural 
and functional diversity sheds some light on the possible routes by which they 
may have acquired their moonlighting function. For example, for domain super-
families with high structural diversity, it is more likely that the new functions can 
emerge through structural embellishments. By contrast, domain superfamilies 
having low structural diversity are more likely to evolve a new function by domain 
recruitment or use of different amino acids.

Given the diversity of moonlighting proteins in terms of functionality, physical 
locations in cell, mechanisms to moonlight, and the type of genomes in which 
they are found to exist, moonlighting proteins seem to be abundant in nature. 
Moonlighting could be a more common way of reutilizing or repurposing 
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Figure 2.14 Structural diversity v. functional diversity of CATH domain superfamilies 
represented in the moonlighting proteins studied in this chapter. Structural diversity is 
represented by the number of structural clusters (domains clustered at 5Å RMSD) in the 
superfamilies and the functional diversity is represented by the number of functional families 
identified in the superfamily.
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 proteins than the currently understood method. However, only around 300 moon-
lighting proteins are currently known, and <40% of these have known structures. 
As the number of moonlighting proteins with solved structures increases, we 
hope to pursue these structural analyses further.
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