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Myllykoski, Matti, Structure and function of the myelin enzyme 2′,3′-cyclic
nucleotide 3′-phosphodiesterase. 
University of Oulu Graduate School; University of Oulu, Faculty of Science, Department of
Biochemistry, P.O. Box 3000, FI-90014 University of Oulu, Finland; Biocenter Oulu, P.O. Box
5000, FI-90014 University of Oulu, Finland
Acta Univ. Oul. A 609, 2013
Oulu, Finland

Abstract

The myelin sheath is a crucial component of vertebrate nervous systems. Myelin is formed as the
plasma membrane of a glial cell is wrapped around a neuronal axon. The presence of myelin
enables the fast transmission of neuronal impulses, and degradation or dysfunction of myelin
results in severe neurological symptoms. Molecular composition of myelin is unique, and many
myelin proteins are not present elsewhere in the body. A myelin enzyme, 2′,3′-cyclic nucleotide
3′-phosphodiesterase (CNPase), is found in specific regions within the myelin sheath and is one
of the most abundant proteins in the brain. Substrates for CNPase catalytic activity are formed
during brain damage. CNPase also interacts with the cytoskeleton and cell membranes, and it is
thought to play a role during myelin formation. Mice that lack CNPase suffer from axonal
degeneration and die early.

The aim of this study was to characterise CNPase structure and function. To this end, a system
was first developed to produce the protein for subsequent analyses. The aim was to characterise
the catalytic mechanism of CNPase by determining its three-dimensional molecular structure at
different stages of the catalytic reaction. The interactions between CNPase and other molecules
related to its function would also be characterised. Finally, the structure of the full-length protein
would be used to understand of the function of the uncharacterised N-terminal domain. 

Using X-ray crystallography, the structure of the CNPase catalytic domain was determined in
the presence of substrate and product molecules. These data, complemented with analyses of
mutationally inactivated enzyme variants, were used to examine the catalytic reaction at the
molecular level. The catalytic domain structure was compared to homologous enzymes from
diverse organisms. The interaction between CNPase and the calcium-sensing protein calmodulin
was characterised. The solution structure of full-length CNPase was determined using small-angle
X-ray scattering, and protein sequence databases were utilised to determine CNPase conservation
during animal evolution. 

The results provide novel information on the catalytic activity and overall function of CNPase.
Further studies will be necessary to determine its specific role, but it is increasingly clear that
CNPase can perform multiple important tasks within the nervous system. 

Keywords: 2′,3′-cyclic nucleotide 3′-phosphodiesterase, enzyme reaction mechanism,
myelin sheath, nervous system, X-ray crystallography





Myllykoski, Matti, Myeliinientsyymi 2′,3′-syklisten nukleotidien 3′-fosfodi-
esteraasin rakenne ja toiminta. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta, Biokemian
laitos, PL 3000, 90014 Oulun yliopisto; Biocenter Oulu, PL 5000, 90014 Oulun yliopisto
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Tiivistelmä

Myeliinituppi on tärkeä osa selkärankaisten hermostoa. Myeliiniä muodostuu, kun gliasolun
solukalvo kiertyy hermosolun aksonin ympärille. Myeliini mahdollistaa hermoimpulssien nope-
an välityksen, ja sen tuhoutuminen ja vajaatoiminta aiheuttavat vakavia neurologisia oireita.
Myeliinin molekyylikoostumus on ainutlaatuinen, ja monet myeliiniproteiineista eivät esiinny
muualla elimistössä. Myeliinissä esiintyvää entsyymiä, 2′,3′-syklisten nukleotidien 3′-fosfodies-
teraasia (CNPaasi), esiintyy runsaasti tietyillä myeliinialueilla, ja se on yksi aivojen runsaslukui-
simmista proteiineista. Substraatteja CNPaasin katalyyttiselle aktiivisuudelle muodostuu aivo-
vaurion aikana. CNPaasi on myös vuorovaikutuksessa solun tukirangan ja solukalvon kanssa, ja
sen uskotaan vaikuttavan myeliinin muodostumiseen. Hiiret, joilta puuttuu CNPaasi, kärsivät
aksonien rappeumista ja kuolevat ennenaikaisesti. 

Tämän tutkimuksen tavoite oli karakterisoida CNPaasin rakennetta ja toimintaa. Tätä tarkoi-
tusta varten ensin kehitettiin menetelmä analysoitavan proteiinin tuottamiseksi. Tavoitteena oli
karakterisoida CNPaasin katalyyttinen mekanismi määrittämällä sen kolmiulotteinen molekyyli-
rakenne katalyysireaktion eri vaiheissa. Myös CNPaasin vuorovaikutuksia sen toimintaan liitty-
vien molekyylien kanssa tutkittiin. Lopuksi kokopitkän proteiinin rakenteen avulla selvitettiin
karakterisoimattoman aminoterminaalisen alayksikön toimintaa. 

CNPaasin katalyyttisen alayksikön rakenne määritettiin käyttäen röntgenkristallografiaa
substraatti- ja tuotemolekyylien läsnäollessa. Rakennetta, täydennettynä mutaatioilla inaktivoitu-
jen entsyymimuunnosten analyysillä, käytettiin katalyyttisen reaktion molekyylitason karakteri-
sointiin. Katalyyttisen alayksikön rakennetta verrattiin eri organismeissa esiintyviin homologi-
siin entsyymeihin. CNPaasin ja kalsiumia sitovan kalmoduliinin vuorovaikutusta karakterisoi-
tiin. Kokopitkän CNPaasin liuosrakenne selvitettiin pienkulmaröntgensironnan avulla, ja
CNPaasin sekvenssin säilymistä eläinten evoluution aikana tarkasteltiin proteiinisekvenssitieto-
kantoja käyttämällä. 

Tulokset antavat uutta tietoa CNPaasin katalyyttisestä aktiivisuudesta ja tämän arvoitukselli-
sen entsyymin toiminnasta. Jatkotutkimukset ovat tarpeen sen täsmällisen roolin selvittämisek-
si, mutta on kasvavassa määrin selvää, että CNPaasi pystyy suorittamaan useita tärkeitä tehtäviä
hermostossa. 

Asiasanat:: 2′,3′-syklisten nukleotidien 3′-fosfodiesteraasi, entsyymin reaktio-
mekanismi, hermosto, myeliinituppi, röntgensädekristallografia
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PNK polynucleotide kinase 
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1 Introduction 

A nervous system is found in most animals. It is made up of specific cells: 

neurons and glia. Neurons are specialised in transporting signals along elaborate 

networks, while glia function in various ways to support neurons. Increasingly 

complex nervous systems, including our own, have appeared during evolution. 

The correct functioning of such a complex cellular network requires an 

impeccable co-operation from all the subcomponents. 

An important component of the vertebrate nervous system is the myelin 

sheath that envelopes most nerve cell axons. Myelin is formed by two specialised 

glia: oligodendrocytes in the central nervous system (CNS) and Schwann cells in 

the peripheral nervous system (PNS). Myelin enables the saltatory conduction of 

neuronal action potentials, which increases the speed of signal transmission and 

reduces the energy required for it. Myelin is formed by a multi-layered membrane 

with unique lipid and protein compositions, and its dysfunction causes severe 

neurological symptoms. 

2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase) is an enzyme 

ubiquitously present in non-compact myelin regions. It is a member of an ancient 

2H phosphoesterase protein superfamily, which contains enzymes from all 

biological domains. Several 2H phosphoesterase enzymes have been 

characterised, and most of them possess enzymatic activities towards various 

kinds of nucleotide substrates. CNPase catalyses the hydrolysis of 2′,3′-cyclic 

nucleotides to produce 2′-phosphonucleotides, but the purpose of such activity in 

animals is currently not well understood. CNPase is one of the earliest myelin-

specific proteins to be expressed during development, and it is thought to 

participate in myelination. In addition to myelin, it is also found in smaller 

amounts elsewhere in the body, often associated with mitochondria. The 

biological function of CNPase has not been confirmed, and it seems increasingly 

likely that it actually performs multiple roles. Substrates for CNPase catalytic 

activity are produced in the brain after physical damage, morphological 

alterations are seen in the myelin sheaths of animals that have too much or too 

little CNPase, and CNPase has been reported to regulate translation of myelin 

proteins. Various interaction partners have also been discovered that are likely to 

be relevant for CNPase function. 

The structures of several 2H phosphoesterase superfamily proteins, including 

the C-terminal domain of CNPase, have been determined (Gao et al. 2006, Gold 
et al. 2008, Hofmann et al. 2000, Kanai et al. 2009, Kato et al. 2003, Kozlov et 
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al. 2007, Li et al. 2008, Rehse & Tahirov 2005, Sakamoto et al. 2005), but none 

of the published models contain either substrates or products of the CNPase 

catalytic reaction. A suggestion for the catalytic mechanism has been put forward 

(Sakamoto et al. 2005). The N-terminal domain of CNPase is homologous to 

polynucleotide kinases (PNK) (Koonin & Gorbalenya 1990), but its structure and 

function are unknown. 

In the next section, the literature relevant to this study is reviewed. In the 

third section, the aims of the study are described. The methods that were used in 

this thesis are briefly described in section four. The results are described in the 

fifth section, and the relevance and context of the results are discussed in the sixth 

section. The seventh section contains a brief summary. 

The results and methods are described in more detail in the respective 

articles, which are attached as appendices I-IV. The preparation of CNPase 

expression constructs and their initial characterisation are reported in article I-II, 

and the preparation of mutant variants is described in article IV. The structure-

based analysis of CNPase catalytic activity is described in articles II and IV. 

Ribonucleic acid (RNA) binding by the CNPase N-terminal domain is analysed in 

article II. A thorough description of the interaction between CNPase and 

calmodulin (CaM) is described in article III. Finally, the solution structure of full-

length CNPase and the analysis of protein sequences of animal CNPases are 

described in article IV. 
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2 Literature review 

The literature review is divided into three parts. In the first part, the structure and 

function of the vertebrate nervous system, the structure, function, and 

composition of the myelin sheath, and some of the dysfunctions of myelin are 

described. In the second part, the 2H phosphoesterase protein superfamily is 

introduced. In the third part, the literature previously published on CNPase is 

reviewed. 

2.1 Nervous system and the myelin sheath 

The nervous system is a specialised organ found in most animals. The exceptions 

are the evolutionarily basal sponges, placozoa, and the parasitic myxozoa (Jacobs 
et al. 2007, Morris 2012, Srivastava et al. 2008). Cells in the nervous system form 

elaborate networks that are capable of transporting signals from one cell to 

another and from one tissue to another. The cells that make up the nervous system 

are divided into neurons and glial cells. Neurons are the cells mainly responsible 

for direct communication with other neurons and other cells in the organism. 

Glial cell function is mostly related to the support of neurons and maintenance of 

the nervous system. 

The nervous system can be divided into the CNS and PNS. The CNS contains 

seven distinct anatomical regions. Six of these, the medulla, pons, cerebellum, 

midbrain, diencephalon, and the cerebral hemispheres, are located within the 

brain, and the seventh is the spinal cord. The two cerebral hemispheres contain 

distinct grey and white matter regions. White matter derives its characteristic 

colour from the abundance of myelinated neuronal axons. The PNS contains the 

nerves and ganglia that are not part of the CNS. It is anatomically distinct from 

the CNS, but functionally, the two are inseparable. The PNS can be divided into 

sensory nerves that transport sensory information into the CNS, and motor nerves 

that transport functional commands from the CNS to muscles or glands. On the 

other hand, different parts of the PNS can be distinguished based on the voluntary 

or involuntary nature of their function (Kandel et al. 2000). 

Glial populations are variable in different parts of the nervous system. The 

CNS contains astrocytes, ependymal cells, microglia, neuron-glial antigen 2 

(NG2) glia, and oligodendrocytes. The PNS contains Schwann cells and satellite 

glial cells (SGC). The myelin sheath is a multilayer membrane structure that 

envelopes nerve cell axons. It is formed by oligodendrocytes in the CNS and 
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Schwann cells in the PNS, and it is crucial for the correct functioning of the 

vertebrate nervous system (Kandel et al. 2000). 

2.1.1 Neuronal function: synapses and action potentials 

Neuronal function and morphology are intimately connected, and there is 

considerable variation in both, but there are also some principles that are common 

for all neurons. A neuron typically has a distinct cell body, several short and 

branched processes called dendrites, and one large process called the axon. 

Communication from a neuron to another cell is achieved by a synapse, located 

between the terminus of the axon of the presynaptic cell and a dendrite or the cell 

body of the postsynaptic cell (Kandel et al. 2000, López-Muñoz et al. 2006). 

Synapses can be chemical, where neurotransmitters released from the presynaptic 

neuron transmit the signal to the postsynaptic cell, or electrical, where gap 

junctions connect the presynaptic and postsynaptic cells and enable ion movement 

between them (Cohen-Cory 2002). Signals received by a postsynaptic neuron are 

transported through the dendrites and the cell body of the neuron to the axon 

initial segment at the root of the axon. The signals can either promote or inhibit 

the depolarisation of the neuronal membrane at the axon hillock, and if the 

combined effect of signals that are received within a certain time frame is large 

enough, an action potential is initiated (Kole et al. 2007, Stuart et al. 1997, Szu-

Yu Ho & Rasband 2011). 

Information is transported along the axon as changes in the plasma membrane 

potential (reviewed by Debanne et al. 2011). The axonal membrane has a 

membrane potential as a result of a differential distribution of ions and other 

charged molecules across the membrane. It also has considerable opposite 

concentration gradients of sodium and potassium ions, where sodium is scarce on 

the inside and abundant on the outside, while potassium is abundant inside and 

scarce outside. The axonal membrane contains a large number of voltage-gated 

ion channels that are opened as a response to changes in the membrane potential; 

these channels transport specific ions across the membrane along their 

concentration gradient. Sufficient depolarisation of the membrane potential at the 

axon initial segment starts a chain reaction, in which voltage-gated sodium 

channels open and allow the influx of sodium ions along their concentration 

gradient. Sodium ions that are now inside the axon diffuse along it and cause a 

depolarisation wave, which opens more voltage-gated channels as it passes along 

the axon and propagates itself. At the peak of the membrane potential 
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depolarisation, the voltage-gated sodium channels are closed and cannot be 

reopened during the refractory period, halting the sodium influx (Catterall 2000). 

Various potassium channels are opened in the depolarised axonal membrane, 

resulting in the efflux of potassium ions from the axon along their concentration 

gradient (Kang et al. 2000, Storm 1987). The efflux of potassium ions causes 

membrane repolarisation. The ion gradients are restored during the refractory 

period to the resting state by sodium-potassium pumps that are powered by 

adenosine triphosphate (ATP) (reviewed by Glynn 1993). 

Once the action potential is initiated, it generally runs through the whole 

length of the axon. As the depolarisation wave reaches the axon terminal, synaptic 

vesicles filled with neurotransmitters fuse with the presynaptic membrane and 

release neurotransmitters into the synaptic cleft. The neurotransmitters bind and 

activate receptors in the postsynaptic membrane of the receiving cell. Depending 

on the neurotransmitter and the receptor, the effect of activation can be excitatory 

or inhibitory towards the function of the postsynaptic cell. Whether the 

postsynaptic cell itself acts on the synaptic signal is then decided as the sum of 

excitatory and inhibitory signals it receives (Kandel et al. 2000, Südhof 2004). 

2.1.2 Glial cells 

Of the glial cells, astrocytes perform diverse functions within the CNS (reviewed 

by Nedergaard et al. 2003, Wang & Bordey 2008). These include the release of 

ATP that is then converted to adenosine, synthesis of extracellular matrix proteins 

and molecules such as matrix metalloproteinases, laminins, and growth factors, 

control of the blood flow in the brain, regulation of the blood-brain barrier, uptake 

and release of extracellular potassium, prevention of excitotoxicity by uptake of 

synaptic glutamate, and reacting to neuronal activity by intercellular calcium 

waves (Chiu et al. 1991, Dunwiddie et al. 1997, Guthrie et al. 1999, Haseloff et 
al. 2005, Holthoff & Witte 2000, Muir et al. 2002, Mulligan & MacVicar 2004, 

Rothstein et al. 1996, Rudge et al. 1992, Schmitt et al. 2012, Wolburg et al. 2009, 

Zonta et al. 2003). 

Ependymal cells form the epithelium that lines brain ventricles and produce 

the cerebrospinal fluid (Del Bigio 2010). The movement of the cerebrospinal fluid 

is achieved by the motion of the cilia on the surface of ependymal cells, and 

disruption of this function leads to hydrocephalus (Ibañez-Tallon et al. 2004, 

Worthington & Cathcart 1963). 
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 NG2 glia in the CNS are identified by the NG2 proteoglycan on their 

surface. These star-shaped cells are found in both grey and white matter, and are 

able to differentiate into oligodendrocytes and in some cell culture conditions also 

to astrocytes. They interact with the nodes of Ranvier, and have been found to 

form synapses with neurons (Bergles et al. 2000, Butt et al. 1999, Chang et al. 
2000, Raff et al. 1983, Ziskin et al. 2007). Although most cells that arise from 

NG2 glia are definitely oligodendrocytes, the synapse formation and plasticity of 

NG2 glia in some cell culture conditions have led to suggestions that they might 

also function as neural precursors. Whether this happens, and on what scale, is 

controversial (Dimou et al. 2008, Mangin & Gallo 2011, Richardson et al. 2011, 

Rivers et al. 2008). 

Oligodendrocytes are one of the most abundant glial types in the CNS. Their 

main function is to produce and maintain the CNS myelin sheath. 

Oligodendrocytes form a variable number of long processes that connect to 

neuronal axons, and the myelin sheath eventually forms on the axonal surface 

(Baumann & Pham-Dinh 2001, Bunge et al. 1962). Oligodendrocytes are divided 

into four subtypes. Two of the subtypes myelinate a large number of smaller 

axons, while the other two myelinate fewer large-diameter axons (reviewed by 

Butt & Berry 2000). Oligodendrocyte morphology is regulated by the axon that it 

myelinates (Almeida et al. 2011). 

The CNS is mostly isolated from the immune system of the rest of the body. 

Some immune system functions have been adopted by astrocytes, but the CNS 

also contains specialised microglia that adopt macrophage-like functions, such as 

the release of cytokines and phagocytosis of damaged cells (reviewed by Aloisi 

2001). Unlike most CNS cells that are of neuronal lineage, microglia are derived 

from the hematopoietic lineage (Corti et al. 2002, Eglitis & Mezey 1997, 

Malatesta et al. 2008). Microglia adopt two different morphologies during 

development. Initially, the cells are more mobile and amoeboid in their 

morphology, but as the nervous system develops, they adopt a more rigid and 

stationary ramified form, characterised by complex cellular processes (Orłowski 
et al. 2003, Wu et al. 1993). 

Within the PNS, the SGCs share many properties, such as neurotransmitter 

uptake, with CNS astrocytes (Berger & Hediger 2000, Hanani 2010, Keast & 

Stephensen 2000). SGCs form a thin envelope that surrounds the cell body of a 

PNS neuron, and neighbouring SGCs are coupled together with gap junctions 

(Cherkas et al. 2004). 
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The main function of Schwann cells is to produce and maintain the myelin 

sheath within the PNS. A subset of Schwann cells does not form myelin, but 

instead forms Remak bundles that surround several small, unmyelinated axons 

and isolate them from the extracellular medium (Gomez-Sanchez et al. 2009, 

Taveggia et al. 2005). After PNS axonal injury, Schwann cells promote the 

establishment of a regenerative environment (Arthur-Farraj et al. 2012, Chen et 
al. 2007). Schwann cells are also implicated in the formation and stability of 

synapses in the PNS (Reddy et al. 2003). 

Olfactory ensheathing cells (OEC) are a special type of glia exclusively found 

in the primary olfactory system (reviewed by Su & He 2010). Olfactory neurons 

of some species are highly atypical in that they have a short designated life span 

of a few weeks and, on the other hand, are constantly regenerated through 

neurogenesis (Deckner et al. 1997, Lois et al. 1996). OECs envelop the 

unmyelinated axons of olfactory neurons and promote axonal regeneration. It has 

been suggested that such cells could be used for transplantation therapy of a 

damaged nervous system to provide CNS regeneration (Boyd et al. 2003). 

Although recent evidence suggests that this kind of olfactory neurogenesis 

actually does not occur in humans (Bergmann et al. 2012), human OECs have 

been used successfully in nerve regeneration trials (García-Escudero et al. 2012, 

Gorrie et al. 2010). 

2.1.3 Myelin sheath 

Myelin was first discovered as a fatty layer associated with nerve fibres in the 

mid-19th century, and it was shown to originate from glia a century later (Geren 

& Raskind 1953, Virchow 1854). The myelin sheath is a multilayer membrane 

structure that forms around a neuronal axon (Fig. 1). It is divided into short 

segments by gaps in the sheath, called the nodes of Ranvier. Myelinated regions 

between two nodes are called internodes, regions next to the nodes are called 

paranodes, and regions between internodes and paranodes are called 

juxtaparanodes. All these regions have distinct characteristics at the molecular 

level in both myelin and the axon (reviewed by Salzer 2003). Myelin is formed by 

oligodendrocytes in the CNS and Schwann cells in the PNS. These two cell types 

are quite distinct, but perhaps the main difference is that each Schwann cell forms 

a single internode and its cytoplasm is in close contact with the myelin sheath, 

while oligodendrocytes are more varied in morphology and capable of forming 
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several internodes on nearby axons (reviews by Butt & Berry 2000, Zorick & 

Lemke 1996). 

 

Fig. 1. The organisation of a myelin sheath enveloping an axon. A longitudinal section 

(top), a cross-section (middle), and a schematic where the myelin sheath is rolled 

open (bottom) are displayed. The labelled substructures or regions include the axon 

(A), periaxonal space (B), inner myelin layer (C), compact myelin (D), outer myelin 

layer (E), node of Ranvier (F), paranode (G), juxtaparanode (H), internode (I), paranodal 

junction (J), Schmidt-Lanterman incisures (K), and paranodal loops (L). 

A

A

A

B    C    D    E

C

DD D

E

F  G    H                       I
J

K

L

L L



 23

Myelination in humans happens mainly after birth. Unlike in other animals, 

human myelination continues through puberty, and until around the age of 30 

years (Miller et al. 2012). The process of oligodendrocyte maturation seems to be 

separated from the process of myelinogenesis, and the oligodendrocytes that 

eventually form myelin, initially form processes that loosely ensheath the axons 

that are to be myelinated  (Back et al. 2002, Simons & Trotter 2007). 

Myelination is regulated by the axon, and the amount of myelin formed is 

also related to the size and activity of the axon (Almeida et al. 2011, Wake et al. 
2011). Axonal activity causes the release of neurotransmitters, which have 

receptors on the myelinating cell and induce changes in the levels of second 

messengers, such as calcium. These axonal signals influence the formation of 

myelin, for example, through the induction of myelin basic protein (MBP) 

translation within oligodendrocytic processes (Lee & Fields 2009, Wake et al. 
2011). Neuronal activity also triggers the transport of another major myelin 

protein, proteolipid protein (PLP), to the plasma membrane (Trajkovic et al. 
2006). During myelination, MBP attaches to membranes within the myelinating 

cell and forms a diffusion barrier that excludes proteins from the myelin sheet 

based on their size (Aggarwal et al. 2011b). These lipid-rich sheets are then 

wrapped around the axons and compacted to form mature myelin. The general 

outline of myelin compaction was reviewed by Bauer and colleagues (2009), but 

the specifics remain to be elucidated. 

Calcium seems to be crucial during myelination as well as during the 

development of oligodendrocytes and Schwann cells (reviewed by Soliven 2001). 

Several factors, for example the glutamate and potassium released from axons as 

a result of axonal activity, are capable of inducing changes in the Ca2+ 

concentrations within glial cells (reviews by Matute 2011, Paez et al. 2009). 

Myelin is divided into two distinct regions during maturation (reviews by 

Bauer et al. 2009, Scherer & Arroyo 2002). Most of the internode consists of 

compact myelin (Fig. 1), where the majority of cytoplasm is squeezed out, and the 

stacked lipid bilayers remain, accompanied by a handful of abundant membrane-

attached proteins. Non-compact regions include the innermost and outermost 

layers of myelin, the paranodal loops, and in the PNS also the Schmidt-Lanterman 

incisures (reviewed by Aggarwal et al. 2011a). The presence of cytoplasmic 

pockets and Schmidt-Lanterman incisures within compact CNS myelin has also 

been reported (Velumian et al. 2011). Between the innermost layer of myelin and 

the axon lies the extracellular compartment called periaxonal space. It is 

selectively isolated from the rest of the extracellular space by myelin and by the 
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paranodal junctions, which are specialised structures between the axonal surface 

and the paranodal loops at both ends of a myelin internode (Fig. 1) (Mierzwa et 
al. 2010). 

2.1.4 Function of the myelin sheath 

The myelin internode isolates most of the axonal surface from the extracellular 

fluid. Sodium channels that cause the sodium influx and membrane depolarisation 

during action potential are clustered at the nodes of Ranvier, and this clustering is 

induced by oligodendrocytes (Huxley & Stämpfli 1949, Joe & Angelides 1993, 

Kaplan et al. 1997). Potassium channels, on the other hand, are clustered at the 

juxtaparanodal regions as a result of myelination (Baba et al. 1999). The high 

local concentration of channels radically decreases the number of ions that need 

to be transported across the membrane to propagate the action potential, the 

number of channels needed to transport these ions, the amount of energy needed 

to restore the ion gradients, and the time required for the action potential to travel 

the length of the axon. An action potential generally travels faster in a larger axon. 

To reach similar speeds as an action potential in a myelinated axon, an 

unmyelinated axon would need to be approximately 100 times thicker, which 

would make complicated nervous systems rather unwieldy (Hartline & Colman 

2007, Hodgkin 1954). 

Neurons use large amounts of energy for axonal transport of organelles and 

vesicles and the restoration of the ion gradients at the cell membrane after an 

action potential (Glynn 1993, Saxton & Hollenbeck 2012). Oligodendrocytes 

have recently been suggested to provide energy for axons in the form of short-

chained carbohydrates, like lactate or pyruvate (Fünfschilling et al. 2012, Lee et 
al. 2012). Lactate transport has previously been thought to happen between 

astrocytes and neurons (reviewed by Pierre & Pellerin 2005). In the PNS, 

Schwann cells take up the majority of glucose in a peripheral nerve, and 

disruption of the mitochondrial respiratory chain in Schwann cells resulted in 

progressing axonal degeneration, while the Schwann cells survived, implying that 

a similar myelin function might exist in the PNS (Viader et al. 2011, Véga et al. 
2003). If the interpretation of these results is correct, they suggest that one of the 

main functions of myelin-forming cells is to support the neuronal energy 

metabolism. 
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2.1.5 Myelin composition 

The molecular composition of myelin is unique. The lipid-to-protein ratio in 

myelin membranes is higher than in any other cellular membrane in the body, 

with 70–80% of the membrane dry weight being lipid (Chrast et al. 2011, Norton 

& Poduslo 1973, O'Brien & Sampson 1965). Although no myelin-specific lipids 

are present, the composition of lipids in myelin is unique. Cholesterol is present 

in myelin in much higher amounts than in other membranes. Glycolipids in 

general, and specifically the levels of the glycosphingolipids cerebroside and 

sulfatide, are increased. 70% of the plasmalogen in myelin (20% of total lipid) is 

phosphatidylethanolamine. On the other hand, phosphatidylcholine, 

phosphoinositol, and especially sphingomyelin levels are lower than elsewhere, 

although sphingomyelin is more abundant in PNS myelin (Chrast et al. 2011). 

Lipids in the myelin membrane are also arranged asymmetrically, so that the 

glycolipids are mostly localised to the outer leaflet (Stoffel & Bosio 1997). 

Membrane rafts have been defined as small (10–200 nm), dynamic, and 

heterogeneous microdomains within cellular membranes, which are enriched in 

cholesterol and sphingolipids and often resistant to detergent solubilisation (Pike 

2006). The prevalence of these lipids within myelin implies the presence of such 

microdomains there, and this has also been confirmed. Many of the proteins 

abundant in myelin are also associated with detergent-insoluble fractions under 

some conditions (Debruin & Harauz 2007, Dupree & Pomicter 2010, Gielen et al. 
2006, Taylor et al. 2002). 

Myelin has long been known to contain only a handful of proteins at very 

high local concentrations (Greenfield et al. 1973). As proteomics techniques have 

advanced in recent years, the number of proteins found to be localised in myelin 

has increased, and the relative abundance of the classical myelin proteins has 

decreased (de Monasterio-Schrader et al. 2012, Jahn et al. 2009). The protein 

composition of CNS and PNS myelin is also different (Quarles 2005). 

Few proteins are present in compact CNS myelin; the most abundant are 

MBP, PLP, myelin-associated oligodendrocyte basic protein (MOBP), and 

claudin-11. MBP is present in both CNS and PNS myelin and is required for the 

formation of compact myelin in the CNS (Boggs 2006). In the shiverer mouse 

mutant, the MBP gene contains a deletion and is not expressed (Molineaux et al. 
1986). As a result, the CNS is hypomyelinated, and the mice suffer from tremors 

and seizures and die early (Chernoff 1981). MBP is attached to the negatively 

charged lipids at the cytosolic surfaces of the plasma membrane (Boggs et al. 
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1997, Ter Beest & Hoekstra 1993). It is thought to be involved in the adhesion of 

the apposing cytosolic surfaces in compact myelin, and it seems to have a specific 

function in protein sorting during myelination (Aggarwal et al. 2011b, Hu et al. 
2004, Suresh et al. 2010). PLP, a tetraspan transmembrane protein, is the most 

abundant protein in CNS myelin. A small amount of PLP is also present in the 

PNS (de Monasterio-Schrader et al. 2012). Various functions, such as the 

determination of intermembrane spacing, cellular signalling, ion exchange, and 

membrane adhesion, have been suggested for PLP, and based on genetic knock-

out studies, the lack of PLP somehow impairs axonal transport (Edgar et al. 2004, 

Fulton et al. 2010, Greer & Lees 2002). MOBP is a proline-rich cytoplasmic 

protein, which is expressed in several alternatively spliced isoforms (McCallion et 
al. 1999, Yamamoto et al. 1994). Its exact function is not currently known, and 

inactivation of the MOBP gene resulted in slightly increased axonal diameter 

(Sadahiro et al. 2000). Claudin-11 is another tetraspan membrane protein found in 

compact myelin. It is a component of tight junctions within myelin (Bronstein et 
al. 1996, Morita et al. 1999). 

More proteins are present in the non-compact regions of myelin. CNPase is a 

cytoplasmic peripheral membrane protein that forms approximately 4% and 0.5% 

of total myelin protein in the CNS and PNS, respectively (de Monasterio-

Schrader et al. 2012). Myelin-oligodendrocyte glycoprotein (MOG) is CNS-

specific, and makes up approximately 1% of CNS myelin protein (de Monasterio-

Schrader et al. 2012). Full-length MOG contains an extracellular domain, a 

transmembrane helix, and a C-terminal region embedded in the membrane, but at 

least 15 different isoforms are produced by alternative splicing (Delarasse et al. 
2006, Pham-Dinh et al. 1993). MOG is mainly localised to the outermost 

membrane of the myelin sheath (Brunner et al. 1989). The phenotype of MOG-

deficient mice was not clearly distinct from the wild-type (WT) animal, and the 

physiological function of MOG is unknown (Delarasse et al. 2003). Myelin-

associated glycoprotein (MAG) is a single-pass transmembrane protein present in 

both the CNS and PNS and localised to the non-compact regions of myelin, 

especially to the periaxonal membrane, with the extracellular domain of the 

protein located in the periaxonal space (Erb et al. 2006, Sternberger et al. 1979). 

The intracellular part of MAG varies between long and short isoforms that are 

differentially expressed during development, and the extracellular part is 

composed of five glycosylated immunoglobulin-like domains (Lai et al. 1987, 

Quarles 2007). MAG is involved in signalling between an axon and the myelin 

sheath (Domeniconi et al. 2002). Structural abnormalities are found in the 
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periaxonal region of the myelin sheath of MAG-deficient mice (Li et al. 1994, 

Montag et al. 1994). 

A handful of proteins are abundantly present in PNS myelin, but are not 

found in the CNS. Myelin protein zero (P0) is the major protein in PNS myelin 

and makes up around one fifth of all PNS myelin protein (de Monasterio-Schrader 
et al. 2012). P0 is present in the CNS myelin of fishes, but was replaced by PLP 

during the evolution of terrestrial vertebrates, and the two proteins are both 

present in the CNS myelin of amphibians (Yoshida & Colman 1996). These two 

proteins probably share some functions, but replacing PLP with P0 in the mouse 

CNS resulted in axonal degeneration and increased mortality, similar but stronger 

than the PLP knock-out phenotype, although the introduction of P0 into 

oligodendrocytes expressing normal PLP had no effect (Yin et al. 2006). P0 is a 

transmembrane protein that has an extracellular glycosylated immunoglobulin-

like domain, and a highly basic intracellular domain (Lemke et al. 1988). Another 

tetraspan membrane protein, peripheral myelin protein-22 (PMP22) is present in 

the compact PNS myelin and interacts with P0 (Hasse et al. 2004, Pareek et al. 
1993). It also regulates Schwann cell proliferation (Sancho et al. 2001). Periaxin 

is a PNS myelin protein expressed as two isoforms, one is large and the other tiny, 

which are expressed differentially in PNS myelin (Dytrych et al. 1998). A lack of 

periaxin causes a demyelinating neuropathy and PNS nerve damage (Gillespie et 
al. 2000). The myelin P2 protein is a cytoplasmic fatty acid binding protein 

present in the compact regions of PNS myelin, where it probably acts in synergy 

with MBP in stabilising the membrane structure (Eylar et al. 1980, Knoll et al. 
2010, Suresh et al. 2010).  

2.1.6 Myelin dysfunction 

Due to the intimate functional integration of myelin in mature vertebrate nervous 

system, dysfunction of myelin is often seriously debilitating. Myelin-related 

disorders can be divided into dysmyelinating, hypomyelinating, and 

demyelinating (Baumann & Pham-Dinh 2001). Dysmyelination means that 

myelin is formed, but is somehow defective, hypomyelination relates to an 

inadequate number or a thinness of myelin internodes, and demyelination means 

breakdown of myelin (Baumann & Pham-Dinh 2001). Some prevalent myelin-

related disorders are briefly described below 

Multiple sclerosis (MS) is an autoimmune disease, in which an immune 

reaction towards self-antigens in myelin causes progressive demyelination and 
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neurodegeneration (reviewed by Nylander & Hafler 2012). The disease is 

progressive, and symptoms usually follow a cyclic pattern of relapses and 

remissions and begin in early adulthood (Noseworthy et al. 2000). The prevalence 

of MS varies between different regions of the world, ranging from a few to a few 

hundred cases per 100000 inhabitants (Rosati 2001). The immune system is 

mostly excluded from the CNS by the blood-brain barrier, but in MS, 

lymphocytes are thought to make their way into the cerebrospinal fluid. While 

there, the lymphocytes increase the permeability of the blood-brain barrier to 

other immune system components and initiate a pathological immune cascade 

targeting myelin components (Kebir et al. 2007, Nylander & Hafler 2012, 

Sospedra & Martin 2005). Several myelin proteins and lipids function as 

autoantigens in MS. Most prominent autoantigens are MBP, PLP, and MOG, 

probably due to their abundance (MBP, PLP) or accessibility (MOG) (Nylander & 

Hafler 2012, Sospedra & Martin 2005). Another autoimmune myelin disease, 

Guillain-Barré syndrome is an acute PNS neuropathy with a prevalence of 1–2 in 

100000 people, in which the immune system attacks the PNS myelin or axons 

(reviewed by Yuki & Hartung 2012). 

Leukodystrophies are hereditary disorders that affect white matter. Their 

classification has changed over time, along with the progress in diagnostics and 

genetics, and the number of genes found to be defective in various 

leukodystrophies is rather large. Symptoms are related to the decrease in the 

speed of axonal conduction due to de- or hypomyelination, and commonly present 

themselves as motor and cognitive deficits (reviews by Boespflug-Tanguy et al. 
2008, Kohlschütter et al. 2010). 

Charcot-Marie-Tooth disease (CMT) is a group of hereditary conditions 

targeting the PNS, with a relatively common prevalence of one in 2500 people. 

CMT is genetically heterogeneous with 30 causative genes currently identified, 

including the abundant PNS myelin proteins PMP22, P0, and periaxin. CMT is 

divided into subtypes depending on whether it is autosomal or X-linked, whether 

it is recessive or dominant, or whether the pathology is mainly demyelinating or 

axonal. CMT symptoms are characterised by muscle wasting, weakness, and 

sensory loss (Berger et al. 2002, Reilly et al. 2011). 

CNS function is obviously connected with cognitive functions, and myelin 

degradation in MS is known to lead to cognitive decline (Heesen et al. 2010, 

Kujala et al. 1997). Alterations in heavily myelinated white matter regions in the 

brain have also been linked to various forms of mental illness (reviewed by Fields 

2008). Neuronal connections are extensively modified by myelination during 
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development and as a response to learning (Hagmann et al. 2010, Scholz et al. 
2009). The coordination of neuronal impulses that is achieved by these 

modifications would be disrupted if the myelin sheath would behave abnormally. 

On the other hand, axonal activity is intimately linked to myelin physiology, and 

disruptions originating from neurons could be observed as myelin alterations. 

Whatever the origin, expression of myelin-related genes has been shown to be 

altered in schizophrenia, bipolar disorder, as well as major depressive disorder, 

and alterations in white matter structure have been reported in relation to a large 

number of psychiatric and neurological conditions, including such diverse issues 

as autism, kleptomania, and anorexia (Aston et al. 2005, Fields 2008, Hakak et al. 
2001, Tkachev et al. 2003).  

2.2 2H phosphoesterase superfamily 

Around a decade ago, several proteins (not counting ribonucleases (RNase)) had 

been described that possess enzymatic activities towards 2′,3′-cyclic phosphate 

containing nucleotides (Fig. 2A,B) (Arn & Abelson 1996, Ballestero et al. 1997, 

Drummond et al. 1962, Genschik et al. 1997, Nasr & Filipowicz 2000, Phizicky 
et al. 1986, Tyc et al. 1987). These proteins were found to contain two conserved 

His-x-Thr/Ser-x (x is a hydrophobic residue) amino acid motifs that are required 

for the activity (Nasr & Filipowicz 2000).  

The first structure of a protein from this group, Arabidopsis thaliana cyclic 

phosphodiesterase (CPDase), revealed an enzyme, which folds into a single 

compact domain with two similar lobes. The active site His-x-Thr/Ser-x motifs 

are located in a water-filled cavity between the two lobes, facing each other at an 

acute angle (Hofmann et al. 2000). A database search revealed several previously 

unknown families of proteins that contain such sequence motifs, scattered across 

all organisms. This group of proteins was classified as the 2H phosphoesterase 

superfamily (Mazumder et al. 2002). Proteins in this superfamily are currently 

classified into four clades, plus a handful of more divergent members. The 

different clades, families, and proteins of which structures have been deposited to 

the Protein Data Bank (PDB) are summarised in Table 1. The structures of 

published 2H phosphoesterase proteins are displayed in Figure 3. There is very 

little sequence similarity between the subfamilies, except for the active site motifs 

(Mazumder et al. 2002). CNPase is a divergent member of the 2H superfamily, 

and studying the other enzymes in the family should provide some intuition on 
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CNPase. For this purpose, the 2H phosphoesterase superfamily proteins are 

briefly reviewed below. 

 

Fig. 2. Reactions known to be catalysed by the 2H phosphoesterase superfamily. A. 

Hydrolysis of 2′,3′-cyclic nucleotides to 2′-nucleotides. B. Hydrolysis of 2′,3′-cyclic end 

containing oligonucleotides to 2′-phosphate-containing oligonucleotides. C. 

Reversible 2′-5′-ligation of two oligonucleotide fragments. D. Hydrolysis of a 2′-5′-

linked oligoadenylate. E. Hydrolysis of ADP-ribose 1″,2″-cyclic phosphate to ADP-

ribose 1″-phosphate. 

2.2.1 Archaeo-bacterial 2′-5′ RNA ligase-like clade 

The archaeo-bacterial 2′-5′ RNA ligase (LigT)-like clade of the 2H 

phosphoesterase superfamily is determined by similarity to the E. coli LigT (Fig. 

3A) (Abelson et al. 1998, Arn & Abelson 1996). The members of this clade are 

present in nearly all archaeal genomes and more sporadically in bacteria 

(Mazumder et al. 2002). These enzymes hydrolyse 2′,3′-cyclic phosphate ends in 

oligonucleotides, and join the produced 2′-phosphonucleotide end to a 5′-
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hydroxyl end of another oligonucleotide to join two RNA halves through an 

atypical 2′-5′-linkage (Fig. 2B,C) (Arn & Abelson 1996, Kanai et al. 2009). The 

reaction in archaea, unlike in E. coli, requires GTP, but the nucleotide is not 

hydrolysed during the reaction. Ligations catalysed by LigT are reversible (Kanai 
et al. 2009). 

Table 1. Clades, families, and published structures of the 2H phosphoesterase protein 

superfamily. 

Clade 

Family 

Structures PDB entry 

code 

Reference 

Archaeo-bacterial LigT-like 

Archaeal 2′,5′ RNA 

ligases 

 

Bacterial 2′,5′ RNA 

ligases 

Fungal tRNA ligases 

 

T.thermophilus 2′,5′ RNA ligase 

P.furiosus 2′,5′ RNA ligase 

P.horikoshii 2′,5′ RNA ligase 

 

1iuh  

2fyh 

1vgj, 1vdx 

 

 

(Kato et al. 2003) 

(Kanai et al. 2009) 

(Gao et al. 2006, Rehse 

& Tahirov 2005) 

Eukaryotic-viral LigT-like 

Eukaryotic LigT-like 

Viral LigT-like 

Drosophila melanogaster 

CG16790-like 

 

Central domain of human AKAP18 

 

2vfy, 2vfl, 

2vfk 

 

(Gold et al. 2008) 

YjcG-like 

B.subtilis YjcG-like 

TULA family 2H domains 

mll4975-like 

 

B.subtilis YjcG 

 

2d4g 

 

(Li et al. 2008) 

Mlr3352-like 

mlr3352-like 

 

Hypothetical protein ATU0111 

 

2fsq 

 

(unpublished) 

More divergent members 

CNPases 

 

RICHes 

plant CPDases 

yeast CPDase 

plant tRNA ligases 

Various others 

 

Human CNPase C-terminal domain 

Rat CNPase C-terminal domain 

Goldfish RICH C-terminal domain 

A.thaliana CPDase 

 

1woj 

2ilx 

2i3e 

1fsi 

 

(Sakamoto et al. 2005) 

(Kozlov et al. 2007) 

(Kozlov et al. 2007) 

(Hofmann et al. 2000) 
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Fig. 3. Structures of 2H phosphoesterase superfamily proteins. A. Four structures of 

archaeal 2′-5′ RNA ligases from Pyrococcus horikoshii (1vgj – brown, 1vdx – orange), 

Thermus thermophilus (1iuh – pink), and Pyrococcus furiosus (2fyh – red) (Gao et al. 

2006, Kanai et al. 2009, Kato et al. 2003, Rehse & Tahirov 2005). B. The structure of the 

AKAP18 central domain in the presence of both adenosine (2vfk – purple) and 

cytosine 5′-monophosphate (2vfl – grey), and without ligand (2vfy – cyan) (Gold et al. 

2008). C. The structure of YjcG (2d4g – lime) (Li et al. 2008). D. An unpublished 

structure of a hypothetical protein ATU0111 from Agrobacterium tumefaciens (2fsq – 

yellow) is the closest homologue to mlr3352 in PDB. E. The C-terminal domain of 

human (1woj – light green) and rat CNPase (2ilx – brown), and the C-terminal domain 

of goldfish regeneration-induced CNPase homologue (RICH) (2i3e – blue) (Kozlov et 

al. 2007, Sakamoto et al. 2005). F. Arabidopsis thaliana CPDase (Hofmann et al. 2000). 
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LigT function is not currently completely understood. It is not essential for E. 
coli survival, and it is more consistently present in archaea than in bacteria (Arn 

& Abelson 1996, Mazumder et al. 2002). LigT could be involved in RNA splicing 

reactions, but the purpose of the unusual 2′-5′-linkage is not clear, although it 

could provide stability against common endonucleases. 

One type of 2′-5′-linked oligonucleotides is known. The 2′-5′-linked 

oligoadenylates (2′-5′-OA) are short polymers that in animals are formed from 

ATP by oligoadenylate synthetase, and are part of the immune system (Fig. 2D). 

Oligoadenylate synthetases are induced by interferons and activated by double-

stranded RNA, and the produced 2′-5′-OAs activate RNase L, which then 

degrades especially the double-stranded RNA of viruses, but also other cellular 

RNA (reviewed by Hovanessian & Justesen 2007). 2′-5′-OAs have also been 

detected in E. coli (Pandey & Rath 2004, Trujillo et al. 1987). A 2′-5′ RNA ligase 

with a similar sequence was recently detected in plant chloroplasts, and a 

divergent member of this group is the protein 57B of the T4 bacteriophage (Miller 
et al. 2003, Molina-Serrano et al. 2012). Additionally, viroids, which are plant 

pathogens composed of RNA strands of a few hundred nucleotides, ligate their 

RNA through a 2′-5′-linkage (Côté & Perreault 1997, Côté et al. 2001, viroids 

reviewed by Tsagris et al. 2008). 

Multifunctional fungal transfer RNA (tRNA) ligases also contain a 2H 

domain, which is most closely related to the archaeo-bacterial LigT-like group 

(Mazumder et al. 2002, Phizicky et al. 1986). These ligases contain three 

domains, and unlike LigT, they utilise the PNK and nucleotidyltransferase 

activities to produce common 3′-5′-ligations during tRNA splicing (Phizicky et al. 
1986, Wang & Shuman 2005). RNA ligases with similar functions, but wider 

substrate specificity, have been found in plants. The plant ligases clearly contain 

two 2H motifs and seem to have similar domain structures to the yeast protein, 

but no sequence similarity to any of the 2H superfamily clades has been found 

(Englert & Beier 2005). 

Two pathways exist for the ligation of spliced tRNA halves from which an 

intron has been removed (reviewed by Popow et al. 2012). Endonucleolytic 

removal of an intron results in 5′ and 3′ halves of tRNA, that contain a 2′,3′-cyclic 

phosphate and a 5′-hydroxyl group, respectively, in the terminal nucleotide 

(Peebles et al. 1983). The first step in the pathway utilised by yeast and plant 

multifunctional enzymes is to hydrolyse the cyclic phosphate, and produce 2′-

phosphate and 3′-hydroxyl groups at the end of the 5′-half of the molecule. A 

phosphate from ATP is then added to the 5′-hydroxyl group of the 3′-half by the 
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PNK domain. Finally, the 5′-phosphate and 3′-hydroxyl group are ligated by the 

adenylated nucleotidyltransferase domain, and the 2′-phosphate is removed by a 

phosphotransferase (Englert & Beier 2005, Phizicky et al. 1986). In the pathway 

present in animals and archaea, the initial state after endonucleolysis is the same, 

but the cyclic phosphate is hydrolysed to 3′-phosphate, which is then ligated to 

the 5′-phosphate via a guanylated ligase intermediate (Chakravarty & Shuman 

2012, Chakravarty et al. 2012, Laski et al. 1983, Zofallova et al. 2000). In 

humans, this ligation is achieved by a protein complex (Popow et al. 2011). 

2.2.2 Eukaryotic-viral 2′-5′ RNA ligase-like clade 

The eukaryotic-viral LigT-like clade is formed by eukaryotic LigT-like, RNA 

virus LigT-like and Drosophila melanogaster CG16790-like families (Mazumder 
et al. 2002). Known human proteins in the eukaryotic LigT-like family are the 

activating signal cointegrator 1 complex subunit 1 (ASCC1), the protein kinase A 

anchoring protein 18 (AKAP18), and the leukocyte receptor cluster member 9. 

These are all components of multi-protein complexes. AKAPs are known to 

function as scaffolding for signalling proteins, such as protein kinase A (reviewed 

by Wong & Scott 2004). The crystallised central domain of AKAP 18 δ-isoform 

did not bind 2′,3′-cyclic (or 3′,5′-cyclic) nucleotides, and this was suggested to 

indicate that AKAP18 does not share the catalytic activity of other members of 

the 2H superfamily (Fig. 3B) (Gold et al. 2008). ASCC1 also contains an RNA-

binding K-homology domain that is required for its interaction with, and the 

function of, the activating signal cointegrator 1 complex (Jung et al. 2002).  

The viral proteins in this clade form two families, rotavirus-like and 

coronavirus-like (Mazumder et al. 2002). The rotaviral protein VP3 has only a 

minor structural role in the capsid, but it performs the crucial capping of 

transcribed viral RNA during viral proliferation (Chen et al. 1999, Trask et al. 
2012). Of the coronavirus-like family, the residues of the 2H motif of murine 

coronavirus non-structural protein 2 were found to be important for the 

replication of the virus in the liver, but not in the brain (Roth-Cross et al. 2009). 

These residues are probably responsible for the capability of the protein to 

degrade 2′-5′-OAs, inhibit the activation of host cell defence enzyme RNase L in 

infected cells, and thus prevent the degradation of viral RNA (Fig. 2D) (Zhao et 
al. 2012). 

The Drosophila melanogaster CG16790-like family is a part of the 

eukaryotic-viral LigT-like clade (Mazumder et al. 2002). Database searches 
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identify CG16790 as a member of an uncharacterised protein family, UPF0406. A 

human protein in the same family, identified as the open reading frame 57 of 

chromosome 16 (C16orf57), has recently received attention after mutations in the 

gene were found to be linked to a rare hereditary disease (Colombo et al. 2012, 

Volpi et al. 2010, Walne et al. 2010). A knock-out of the C16orf57 gene in cell 

culture slightly increased the prevalence of apoptosis (Walne et al. 2010). 

2.2.3 YjcG-like and mlr3352-like clades 

The YjcG-like protein clade contains proteins related to the Bacillus subtilis YjcG 

protein (Fig. 3C) (Mazumder et al. 2002). Most proteins in this group are 

bacterial, but the two human proteins of the T-cell ubiquitin ligand (TULA) 

family also contain a 2H homologous region (Mazumder et al. 2002, Tsygankov 

2009). These proteins are thought to have a regulatory function, and contain a 

ubiquitin-associated domain, an SH3 domain and a C-terminal histidine 

phosphatase domain, as well as the motifs for a 2H phosphoesterase domain 

(reviewed by Tsygankov 2013). Whether the structural fold and function of the 

2H superfamily are conserved has not been reported. 

Members of the mll4975 family of the YjcG-like clade co-occur in operons 

implicated in phosphonate metabolism (Mazumder et al. 2002). Phosphonates 

contain a carbon-phosphorus bond and can be utilised as a phosphorus source by 

gram-negative bacteria in phosphate starvation conditions. The product of the 

cleavage pathway of the C-P bond is a 1′,2′-cyclic 5′-ribose, which seems a like a 

plausible candidate to be a 2H superfamily protein substrate, with the caveat that 

the pathway was determined using E. coli proteins, and no protein homologous to 

the mll4975 family is found in E. coli (Kamat et al. 2011, Mazumder et al. 2002). 

The mlr3352 clade of the 2H phosphoesterase superfamily contains bacterial 

and viral proteins homologous to the mlr3352 protein from Mezorhizobium loti 
(Mazumder et al. 2002). One structure of this group of proteins is found in the 

PDB (Fig. 3D). 

2.2.4 Divergent forms of the 2H superfamily 

Several proteins in the 2H phosphoesterase superfamily have diverged so far that 

amino acid sequence homology cannot be determined (Mazumder et al. 2002). 

These more divergent forms tend to be the more thoroughly characterised ones. 

The cyclic phosphodiesterases from plants and yeast participate in the tRNA 
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splicing reaction (Fig. 3F) (Culver et al. 1994, Genschik et al. 1997, Hofmann et 
al. 2000, Nasr & Filipowicz 2000, Tyc et al. 1987). As described above, yeast and 

plant tRNA splicing produces a 3′-5′-ligated splice site in tRNA, which contains 

an additional 2′-phosphate (Konarska et al. 1982). This phosphate is removed by 

a phosphotransferase to a nicotinamide adenine dinucleotide molecule, producing 

adenosine diphosphate (ADP) ribose 1″,2″-cyclic phosphate and nicotinamide 

(McCraith & Phizicky 1991). Yeast and plant CPDases hydrolyse ADP-ribose 

1″,2″-cyclic phosphate to ADP-ribose 1″-phosphate, but are also capable of 

hydrolysing 2′,3′-cyclic nucleotides to 2′-nucleotides (Fig. 2A,E) (Genschik et al. 
1997, Nasr & Filipowicz 2000). ADP-ribose 1″-phosphate can be degraded by 

ADP-ribose 1″-monophosphatase to ADP-ribose, and further by ADP-ribose 

pyrophosphatase to ribose-5-phosphate and adenosine monophosphate (AMP), 

which can then be recycled within nucleotide metabolism (Gabelli et al. 2001, 

Kumaran et al. 2005). 

Since its first discovery over 50 years ago (Drummond et al. 1962), CNPase 

of vertebrate myelin has been extensively characterised (Fig. 3E). Briefly, the C-

terminal domain of CNPase is one of the divergent members of the 2H 

superfamily and contains enzymatic hydrolysis activity towards 2′,3′-cyclic 

(oligo-)nucleotides (Fig. 2A,B) (Drummond et al. 1962, Mazumder et al. 2002). 

The N-terminus of CNPase contains sequence similarity to PNK domains in yeast 

tRNA ligase and PNK of T4 bacteriophage, but its actual function is not known 

(Koonin & Gorbalenya 1990). 

RICH is a close homologue of CNPase found in the regenerating optic nerve 

axons of goldfish and zebrafish (Fig. 3E) (Ballestero et al. 1995, Ballestero et al. 
1999). RICH contains a C-terminal domain highly homologous to the C-terminal 

domain of myelin CNPase in sequence, structure, and function (Ballestero et al. 
1995, Ballestero et al. 1997, Kozlov et al. 2007, Pathi et al. 2012). RICH seems 

to be the only source of CNPase activity in goldfish and zebrafish nervous tissue, 

indicating that no myelin-specific CNPase is present (Ballestero et al. 1997, 

Ballestero et al. 1999). 

2.3 2′,3′-cyclic nucleotide 3′-phosphodiesterase 

The human CNPase gene consists of 8500 base pairs in chromosome 17, and 

contains 4 exons and 3 introns. Two messenger RNAs (mRNA) are produced 

from the gene through alternative splicing, and these are translated into two 

CNPase isoforms (Douglas et al. 1992, Monoh et al. 1993). The mRNA with the 
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longer coding sequence can be translated into both isoforms (O'Neill et al. 1997). 

The human CNPase protein contains 401 or 421 amino acids for isoforms 1 and 2, 

respectively (Gerhard et al. 2004, Kurihara et al. 1988). The two isoforms are 

identical, except for an additional 20 amino acids in the N terminus of isoform 2 

(Gravel et al. 1994, Kurihara et al. 1990). This extension functions as a 

mitochondrial targeting signal. Protein kinase C regulates the mitochondrial 

targeting, so that phosphorylated serines in the CNPase N terminus prevent 

protein importing. The targeting signal is cleaved during import into 

mitochondria, resulting in a protein identical to isoform 1 (Lee et al. 2006). 

The CNPase polypeptide can be divided into two domains. The N-terminal 

and C-terminal domains contain approximately 2/5 and 3/5 of the protein, 

respectively (Koonin & Gorbalenya 1990, Lee et al. 2001). The 

phosphodiesterase activity is localised to the C-terminal domain, to the two His-x-

Thr-x motifs that identify CNPase as a member of the 2H phosphoesterase 

superfamily (Lee et al. 2001, Mazumder et al. 2002). Structural characterisation 

of the C-terminal domain has further confirmed the superfamily association and 

provided data for initial assumptions of the enzymatic mechanism (Kozlov et al. 
2003, Kozlov et al. 2007, Sakamoto et al. 2005). 

The CNPase N-terminal domain has not been structurally characterised, but 

the structure of the homologous PNK domain of T4 bacteriophage provides some 

indications on its fold (Galburt et al. 2002, Wang et al. 2002, Zhu et al. 2007). 

The main feature of the CNPase PNK homology domain is the P-loop 

(phosphate-binding loop or Walker A-motif), determined by the consensus 

sequence GxxxxGKT/S. This loop is present in many nucleotide-binding proteins 

(Walker et al. 1982). 

The C terminus of CNPase contains a CTII-motif that is post-translationally 

modified with a lipid anchor (Braun et al. 1991, De Angelis & Braun 1996b). The 

prenylated protein is additionally carboxymethylated under some conditions (Cox 
et al. 1994). A study using a lipidated peptide, representing the CNPase C-

terminal tail, suggested that the C terminus adopts a helical arrangement and 

forms a hydrophobic surface. Both properties were amplified by the lipid tail 

(Esposito et al. 2008). However, another study using a different lipid found that 

the tail adopts a mostly random coil structure (Myllykoski et al. 2012). CNPase 

has also been found to be palmitoylated with a thioester linkage (Agrawal et al. 
1990). There exists some evidence that palmitoylation is relevant for the sorting 

of proteins transported into myelin within oligodendrocytes (Schneider et al. 
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2005). The CNPase isoform 2 is post-translationally phosphorylated at serines 9 

and 22 in cell culture conditions (O'Neill & Braun 2000). 

2.3.1 Expression 

The phosphodiesterase activity of CNPase towards 2′,3′-cyclic nucleotides was 

first detected in several dog tissues, with the highest activities in the CNS, PNS 

and spleen, and only trace activity elsewhere (Drummond et al. 1962). This 

activity was later found to be enriched in the white matter regions of the brain and 

in subcellular fractions containing myelin (Kurihara & Tsukada 1967, Olafson et 
al. 1969). Within myelin, CNPase is localised to the inner and outer margins of 

the myelin sheath, to the paranodal loops, and to the oligodendrocytic cytoplasm, 

but it is absent from compact myelin. The amount of immunoreactive CNPase 

correlates positively with the thickness of the myelin sheath in the CNS (Braun et 
al. 1988, Trapp et al. 1988). 

In contrast to the CNS, a study focusing on the PNS revealed lower levels of 

immunoreactive CNPase in thick myelin surrounding larger axons and more 

variation in the level of CNPase in sheaths surrounding thinly myelinated axons 

(Toma et al. 2007). When the nerve was damaged by crushing, CNPase 

distribution became more diffuse and returned back to normal along with axonal 

healing, following a similar pattern as seen in peripheral nerves during 

development (Toma et al. 2006, Toma et al. 2007). CNPase expression was also 

found outside myelinating cells, in the Schwann cells of Remak fibres, and also in 

SGCs after axonal injury (Toma et al. 2007). 

OEC is a peculiar type of glial cell that envelopes axons of olfactory neurons. 

In an interesting observation of inter-species variation, CNPase was found to be 

present in olfactory ensheathing cells in dogs, but not in rats. CNPase was stably 

expressed in dog OECs from birth until adulthood, at similar levels as in Schwann 

cells (Omar et al. 2011). CNPase was also expressed in cultured mouse, but not 

rat, OECs (Pixley 1996, Radtke et al. 2011). 

Wu and colleagues (2006) found CNPase expressed in prenatal and early 

postnatal microglia in rat brain. CNPase expression in microglia peaks at birth 

and degrades gradually until it is undetectable two weeks after birth. 

Disappearance of CNPase is thought to be related to the transformation of 

microglia from the more mobile, amoeboid type to the ramified type during 

development. 



 39

Based on the above results, it seems that although CNPase is abundantly 

present in myelin, it is not strictly specific to myelin-forming cells, but is 

expressed by other glial cells as well. CNPase is also found outside the nervous 

system, although the levels are drastically lower. Highest CNPase activity outside 

the nervous system is found in the spleen, thymus, and the adrenal gland, while 

all tissues contain some activity. The lowest activities are found in skeletal muscle 

and erythrocytes (Drummond et al. 1962, Weissbarth et al. 1981). On the other 

hand, highest CNPase mRNA levels outside the nervous system were detected in 

the thymus, testes, lung and heart (Scherer et al. 1994). 

A proteomics analysis detected CNPase in melanosomes of pigmented 

melanoma cells grown in culture (Basrur et al. 2003). The melanosome is a 

melanin-containing organelle, responsible for the colour in the skin, hair, and eye 

and for the protection from ultraviolet radiation (Schiaffino 2010). CNPase was 

also detected in neuromelanin granules in the neurons of midbrain substantia 
nigra, but this analysis also detected MBP and PLP, suggesting a possible myelin 

contamination (Tribl et al. 2005).  

Using the developing chick as a model organism, Kurihara and Tsukada 

(1968) found that CNPase activity increases sharply during the chick incubation 

period, and gradually levels off after hatching. Temporal differences in the 

appearance of CNPase activity were found between different parts of the 

developing chick nervous system, apparently corresponding with differences in 

myelination (Kurihara & Tsukada 1968). Similar results were obtained using rats, 

where a rapid increase in CNPase activity coincides with a period of active 

myelination, both of which occur at different times for different brain regions 

(Olafson et al. 1969, Sprinkle et al. 1978). A large increase in CNPase mRNA is 

also seen during this period, although a low level of CNPase mRNA is present in 

oligodendrocyte precursors in the prenatal rat brain before other myelin-specific 

proteins (Scherer et al. 1994). The expression of some myelin proteins, including 

CNPase, was reported also in NG2 glia (Ye et al. 2003). A cell culture-based 

study claimed that CNPase in oligodendrocyte precursor cells regulates 

oligodendrocyte maturation and myelin formation by reducing the expression of 

myelin genes (Gobert et al. 2009). 

CNPase has been found in almost all myelinated vertebrate nervous systems 

that have been analysed. The level of CNPase activity in Xenopus laevis brain is 

several times higher than in the rat brain, while the activity in turtle, skate, and 

dogfish nervous tissues was reported to be approximately 10-, 100-, and 1000-

fold lower, respectively, than the activity in the dog CNS (Drummond et al. 1971, 
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Trapp et al. 1980). Waehneldt (1990) reported that the CNPase activity in total 

brain homogenates and myelin, of all fishes he assessed, was significantly lower 

than the activity in terrestrial animals. Based on these data, it seems that the 

amount of CNPase within the nervous system increased during the evolution of 

tetrapods from fishes, but is lower in reptiles, birds, and mammals than in 

amphibians. The goldfish and zebrafish CNPase homologue, RICH, is responsible 

for all detectable CNPase activity in the optic nerve of these fish (Ballestero et al. 
1999). RICH expression is induced during several weeks of regeneration of the 

fish optic nerve (Ballestero et al. 1997). Perhaps CNPase in other fish is induced 

in a similar manner and, thus, undetectable or very low in brain homogenates of 

healthy animals. Among invertebrates, CNPase is present in lancelet (Englert et 
al. 2010), but CNPase activity was not found in species such as crab, squid, 

octopus, prawn, or starfish (Drummond et al. 1971), and a CNPase sequence has 

not been detected in ascidian, fruit fly, or nematode (Gould et al. 2005). CNPase 

localisation in lancelet that does not have myelin is not known. 

2.3.2 Lack and excess 

CNPase makes up a large part of total protein within the non-compact regions of 

myelin, and although its function is not completely understood, this alone implies 

that the lack of CNPase would result in serious problems for the animal. Mice 

with a genetic knock-out of the CNPase gene were created by Lappe-Siefke and 

collaborators (2003), and have been very useful in determining the importance of 

CNPase. These mice develop severe symptoms, such as ataxia and convulsions, 

after 3 months of age, and most homozygous mice die between 6 and 12 months 

of age. Histological investigations revealed a reduction in the overall brain size 

and specifically the size of white matter regions. Intact and seemingly normal 

myelin sheaths were found to surround axons, but the axons themselves often 

suffered severe swellings that increase with age. Microglial activation was also 

detected, implying an immunological response to the injuries (Lappe-Siefke et al. 
2003). 

Immunostaining of proteins normally localised to myelin paranodes and 

axonal nodes of Ranvier revealed defective paranodal structures, mislocalisation 

of paranodal contactin-associated protein, and disrupted clustering of axonal 

voltage-gated sodium channels in CNPase knock-out mice. These defects were 

present already in 3-month-old mice, and increased with age (Rasband et al. 
2005). 
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Another study of CNPase knock-out mice found axonal degeneration, 

although rarely and only on smaller axons, already a few days after the initiation 

of myelination. Here, the paranodal disruptions emerged around the age of 4 

months, but defects in the structure of the inner layer of myelin were found in 

animals of all ages. The inner layer volume was increased, and it was found to 

contain microtubules, mitochondria, and autophagic vacuoles. Redundant myelin 

sheaths that were either disorganised or forming around glial cell bodies were also 

detected in these mice (Edgar et al. 2009). A combined knock-out of both CNPase 

and PLP genes led to a more severe phenotype than either separately, resulting in 

death at around 3 months of age. Mice that had PLP and one allele of CNPase 

knocked out displayed notable axonal degeneration that was not seen in CNPase 

heterozygotes that express PLP normally (Edgar et al. 2009). In another study, a 

combined knock-out of the CNPase and fibroblast growth factor 2 genes resulted 

in a subset of the mutant mice becoming hyperactive (Kaga et al. 2006). 

Overexpression of the human CNPase gene in mice led to a decrease in the 

overall amount of myelin by 25%. Vacuoles that contained both CNPase and PLP 

were seen emerging from myelin internodes in these mice. In addition to the 

vacuoles, the ultrastructure of compact myelin was disrupted, and process 

formation was greatly enhanced in cultured oligodendrocytes derived from 

CNPase overexpressing animals (Gravel et al. 1996). In these mice, CNPase was 

mislocalised to compact myelin, and the amount of MBP in compact myelin was 

reduced (Yin et al. 1997).  

Several recent studies have correlated the behaviour of CNPase-deficient 

mice with reports of genetic CNPase abnormalities in human psychiatric 

disorders. CNPase, along with a number of other myelin proteins, is 

downregulated in depression (Aston et al. 2005, Sibille et al. 2009). CNPase 

knock-out mice, on the other hand, display progressively decreasing emotionality 

and lower fear expression than WT mice suggesting increased resilience (Edgar et 
al. 2011). 

CNPase expression is also decreased in people suffering from chronic 

schizophrenia (Hakak et al. 2001). A single nucleotide polymorphism (SNP) in 

the CNPase gene, which does not alter the amino acid sequence, but reduces the 

expression level, was found to be linked to schizophrenia (Peirce et al. 2006). 

However, the association between CNPase and schizophrenia has been contested 

by several separate studies (Che et al. 2009, Iwamoto et al. 2008, Tang et al. 
2007, Usui et al. 2006, Voineskos et al. 2008). Another study also found 

decreased expression of CNPase mRNA as a result of the same SNP, and yet 
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another study confirmed the decrease of CNPase (and other myelin proteins) in 

schizophrenia patients (Barley et al. 2009, Mitkus et al. 2008). 

Knocking out one CNPase allele in mice decreases the protein expression to 

approximately half of WT. This decrease alone does not change the number of 

mice that reach an age of 13 months (Lappe-Siefke et al. 2003). The reduction of 

CNPase expression in heterozygous mice did increase age-dependent axonal 

degeneration, brain inflammation, and astrogliosis in older mice (Hagemeyer et 
al. 2012). CNPase mRNA and protein levels were decreased even in WT mice at 

two years of age, and the effect was more pronounced in aging heterozygous 

mice. Lower levels of CNPase in these mice had no effect on motor functions, but 

correlated with depressed, anxious, socially impaired, and catatonic behaviour. In 

humans, the presence of the SNP responsible for decreased CNPase expression 

was found to increase the chance of the patient suffering from catatonia-

depression syndrome. In such patients, increased axonal degeneration in the 

frontal part of corpus callosum was also detected (Hagemeyer et al. 2012).  

In contrast to aging mice that have less CNPase, aging rhesus monkeys 

accumulate ubiquitinated CNPase, possibly due to a malfunction of a protein 

degradation pathway in old animals (Hinman et al. 2008). Approximately 40% of 

CNPase in rat brain oligodendrocytes is associated with lipid rafts, while in 

rhesus monkeys, the CNPase associated with rafts seems to be ubiquitinated and 

partially degraded (Hinman et al. 2008, Kim & Pfeiffer 1999). 

2.3.3 Enzyme activity and substrates 

CNPase catalyses the hydrolysis of 2′,3′-cyclic phosphates to 2′-phosphates in 

nucleotides and polynucleotides (Fig. 2A,B) (Drummond et al. 1962, Olafson et 
al. 1969, Sogin 1976). It does not hydrolyse 3′,5′-cyclic nucleotides, such as the 

second messenger 3′,5′-cyclic AMP, or internucleotide bonds, like RNases do. 

Purine nucleotides are preferred as substrates compared to pyrimidines. CNPase 

is most active at around pH 6, and metal cofactors are not necessary for the 

reaction. The activity can be inhibited by various adenosine nucleotides, 

polyadenylate (poly-A), polyuridylate (poly-U), heparin, orthophosphate, copper, 

manganese and mercury (Drummond et al. 1962, Hugli et al. 1973, Kozlov et al. 
2003, Sprinkle et al. 1987, Wells & Sprinkle 1981). 

Using adenine phosphorothioates as substrates, CNPase was found to have 

preference for the SP-diastereomer, while the RP-diastereomer was apparently not 

hydrolysed. This preference is opposite to that of RNase A and RNase T1 that 
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prefer to catalyse the hydrolysis of the RP-diastereomer (Eckstein 1968, Heaton 

& Eckstein 1996). 

CNPase phosphodiesterase activity resides in its C-terminal domain. 

Mutation of the catalytic domain cysteine residues resulted in only slightly 

increased Km values, while mutating the active-site histidine residues to 

phenylalanine or leucine abolished the CNPase activity (Lee et al. 2001). 

Mutating the active-site threonine residues to alanine both increased Km and 

decreased kcat, and the same effect was observed when Gly324 was mutated to 

alanine (Kozlov et al. 2003). 

A CNPase catalytic mechanism was proposed by Sakamoto and colleagues 

(2005), based on the catalytic mechanism suggested for A. thaliana CPDase 

(Hofmann et al. 2000), which resembles the mechanism of RNase A (Raines 

1998). In this mechanism, the histidine of the second (in sequence) His-x-Thr-x 

motif (His309 in mouse CNPase) is activated by the carbonyl group of a nearby 

arginine (Arg307 in mouse CNPase). This histidine then deprotonates and 

activates a water molecule. The deprotonated water molecule performs a 

nucleophilic attack on the phosphorus of the cyclic phosphate, forming a transient 

pentavalent intermediate. The 3′-oxygen is protonated by the histidine of the first 

His-x-Thr-x motif (His230 in mouse CNPase), and the product is released. 

The abundance of CNPase in myelin and the apparent lack of 2′,3′-cyclic 

substrates have confounded researchers for decades. One mechanism for the 

production of 2′,3′-cyclic ended nucleotides in vivo is the degradation of RNA by 

RNases, such as RNase A (reviewed by Raines 1998). RNase A catalyses the 

degradation of RNA, and produces 3′-phosphonucleotides, but the catalysis 

proceeds in two steps. First, the faster step of the cleavage is a 

transphosphorylation that severs the internucleotide phosphate from the 5′-oxygen 

of the following nucleotide, and produces a 2′,3′-cyclic phosphate end containing 

(oligo)nucleotide. The second step of the reaction is the hydrolysis of this cyclic 

phosphate to produce a 3′-phosphate. In conditions where the RNA substrate is in 

excess, RNase A produces and releases the cyclic intermediates until the substrate 

for transphosphorylation is depleted (Thompson et al. 1994). This mechanism 

could produce substrates for CNPase under conditions where large amounts of 

RNA are degraded. 

Endonucleases that function in RNA splicing reactions also produce 2′,3′-

cyclic ends to polynucleotides (Peebles et al. 1983). CNPase has a similar domain 

structure as the yeast and plant RNA ligases, as it contains two of the three 

domains found in them, and it can replace the function of the phosphodiesterase 
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domain of the yeast RNA ligase (Koonin & Gorbalenya 1990, Schwer et al. 
2008). This has led to speculations about CNPase being involved in vivo in RNA 

splicing reactions, but direct evidence for such activity has not been reported, and 

CNPase is not thought to be localised in the nucleus where splicing occurs. 

Ren and colleagues (2009) recently detected 2′,3′-cyclic AMP (2′,3′-cAMP) 

in the perfusate of an intact mouse kidney.  2′,3′-cAMP secretion from the kidney 

was increased in conditions that stimulate mRNA degradation. When exogenous 

2′,3′-cAMP was passed through the kidneys, it was hydrolysed to 2′-AMP and 3′-

AMP, and the monophosphates were further degraded to adenosine and inosine. 

Mimicking conditions of energy depletion, by treating the kidneys with metabolic 

inhibitors, resulted in an increase in 2′,3′-cAMP secretion, indicating that it is the 

result of mRNA degradation. The abundance of adenine nucleotides is possibly 

due to the poly-A tails of mRNA (Jackson et al. 2009). 

In a follow-up study, Verrier and colleagues (2012) utilised a similar 

detection system for the brain. They found that the addition of 2′,3′-cAMP to a 

mouse brain perfusate increased the levels of 2′-AMP and 3′-AMP, while the 

addition of 3′,5′-cyclic AMP increased only 5′-AMP. All these nucleotides 

increased the adenosine levels in the brain perfusate. When 2′,3′-cAMP was 

added to a brain perfusate of CNPase-deficient mice, the turnover of 2′,3′-cAMP 

and the 2′-AMP output were lower than in WT controls, but the 3′-AMP output 

was higher (Verrier et al. 2012). This suggests an in vivo role for CNPase in brain 

nucleotide metabolism. A cortical impact increased the 2′-AMP levels in the brain 

interstitium of WT mice, and the 2′,3′-cAMP levels in CNPase knock-out mice. 

The levels of adenosine and inosine were also increased after cortical impact, but 

less so in CNPase knock-out mice. Finally, 2′,3′-cAMP concentration was 

significantly increased in the cerebrospinal fluid of human patients suffering from 

severe head trauma within the first 12 hours after injury, and the level of 2′,3′-

cAMP correlated with the levels of 2′-AMP, 3′-AMP, adenosine, and inosine 

(Verrier et al. 2012). These results suggest that CNPase has a role in nucleotide 

catabolism to adenosine, especially after brain injury. 

2.3.4 Interaction with cytoskeleton and cell membranes 

CNPase is known to interact with both the actin and tubulin cytoskeletons and 

with cell membranes. CNPase interaction with tubulin was discovered when it 

was found to bind microtubules in a microtubule-associated protein-like manner 

(Laezza et al. 1997). The last 13 C-terminal residues of CNPase are homologous 
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to microtubule-associated protein 2, and two residues, Lys379 and Gly380 have 

been found to promote tubulin polymerisation. CNPase that lacks these residues 

does not promote polymerisation, while it still binds tubulin. CNPase prefers to 

bind tubulin heterodimers instead of microtubules. Tubulin binds to the CNPase 

C-terminal domain, but not to the N-terminal domain. CNPase and tubulin are co-

localised in cells, and the two proteins can be co-immunoprecipitated from rat 

brain. A truncation of the CNPase C-terminal tubulin-polymerising residues 

clearly alters the localisation of both CNPase and microtubules in cultured cells. 

In cells, CNPase functions as a membrane anchor for microtubules, but the two 

proteins also interact in the cytoplasm. 2′,3′-cAMP seems to increase the affinity 

of the CNPase-tubulin complex to membranes (Bifulco et al. 2002, Lee et al. 
2005). 

The interaction of CNPase with actin is not as well characterised. A fraction 

of CNPase was found to be insoluble after detergent extraction of cultured cells, 

and this CNPase was solubilised by disrupting the actin cytoskeleton. CNPase 

could also be co-immunoprecipitated with γ-actin (De Angelis & Braun 1996a). 

Exogenously expressed CNPase was later found to induce a reorganisation of the 

actin cytoskeleton in cultured cells (Lee et al. 2005). 

As already mentioned, the C-terminal Cys-Thr-Ile-Ile sequence of CNPase is 

post-translationally modified by either farnesyl or geranylgeranyl isoprene 

groups. Mutating the cysteine in this motif prevents CNPase membrane 

association (De Angelis & Braun 1994). Additionally, around 40% of CNPase 

extracted from myelin was found in the detergent-insoluble fraction. This CNPase 

was solubilised by saponin treatment, indicating that it was bound to cholesterol-

rich regions on the cell membrane (Kim & Pfeiffer 1999). 

Introducing CNPase capable of membrane association into eukaryotic cell 

lines was seen to alter the morphology of these cells so that they produced more 

filopodial processes, into which CNPase was localised (De Angelis & Braun 

1994). Oligodendrocytes derived from mice overexpressing CNPase display a 

radically increased ability for process formation, and viral-induced 

overexpression of CNPase in COS7 cells causes drastic morphological changes 

that are dependent on CNPase prenylation (Gravel et al. 1996, Lee et al. 2005). 

An interplay between CNPase, the cytoskeleton, and cellular membranes alters 

cell morphology in culture, and probably also in vivo. This could well be a major 

reason for myelin containing such a large amount of CNPase. 
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2.3.5 Mitochondrial localisation 

The longer isoform 2 of CNPase is conditionally imported into mitochondria, and 

possibly attached to the outer leaflet of the inner membrane. It has been suggested 

that most, if not all, CNPase outside the nervous system is localised to 

mitochondria (Lee et al. 2006, McFerran & Burgoyne 1997, Scherer et al. 1994). 

Within mitochondria, CNPase and its substrates have been linked to the function 

of the mitochondrial permeability transition pore (PTP) (Azarashvili et al. 2009). 

Mitochondria and the endoplasmic reticulum are the main intracellular 

calcium storage sites that take up calcium from the cytosol and release it as 

necessary. Excessive influx of calcium into mitochondria causes mitochondrial 

PTP to essentially form a hole in the mitochondrial inner membrane. This 

dissipates the mitochondrial membrane potential, halts oxidative phosphorylation, 

and releases calcium and other matrix contents below the molecular weight (MW) 

of 1500 Da into the cytoplasm. A transient PTP opening has a physiological role, 

but a prolonged opening is thought to result in cell death through apoptosis or 

necrosis (reviews by Rasola & Bernardi 2007, Vianello et al. 2012). 

Azarashvili and colleagues (2009) reported that the calcium release from the 

matrix, which follows an excessive calcium influx into rat brain mitochondria, 

was accelerated and its rate was enhanced in the presence of 2′,3′-cAMP. ATP 

addition restored the functionality of mitochondria more slowly when the cyclic 

nucleotide was present. A similar, but a reduced, effect was seen with 2′,3′-cyclic 

nicotinamide adenine dinucleotide phosphate (NADP+), while 2′,3′-cyclic 

guanosine or cytosine monophosphates did not produce a significant effect. In 

liver mitochondria, 2′,3′-cyclic NADP+ had a larger effect than 2′,3′-cAMP. It was 

also reported that CNPase activity decreased after permeability transition. 

According to this study, CNPase was localised to both the inner and outer 

mitochondrial membranes, and when CNPase expression was reduced to one fifth 

of normal, the calcium threshold for the permeability transition was also 

decreased (Azarashvili et al. 2009). 

2.3.6 Nucleic acid binding and polynucleotide kinase activity 

RNA interaction is one suggested function for CNPase in vivo. Recently, Gravel 

and colleagues (2009) described how in vitro translated CNPase bound to RNA 

homopolymers, regardless of whether the 2H superfamily active site residues 

were present or not. Preferred binding was to polyguanylate (poly-G) or poly-U 
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nucleotides, but association with the poly-A tail of mRNA was also detected, 

when CNPase was expressed in COS7 cells. The addition of 2 µM or a higher 

concentration of CNPase, with or without intact catalytic residues, to a cell-free 

expression system repressed luciferase mRNA translation and was thought to 

have a detrimental effect on translation initiation. The authors also identified 

RNA aptamers that were capable of blocking the CNPase interaction with poly-G 

and to reverse the translation inhibition by CNPase. CNPase and tubulin were co-

purified in a poly-G and poly-U pull-down assay (Gravel et al. 2009). 

Previously, interaction between a six-residue RNA fragment and the rat 

CNPase C-terminal domain was shown to cause chemical shift perturbations in 

His204, His230, Thr232, Cys236, Asp237, Gly276, Ala308, Thr311, Val321, and 

Gly324 (Kozlov et al. 2003). Most of these residues are at or near the active site, 

but His204 lies at the other end of the protein. 

The CNPase N-terminal domain contains sequence similarity to PNKs and 

has been thought to function as one (Koonin & Gorbalenya 1990). Evidence 

regarding this activity is scarce and conflicted, however. In a single article, bovine 

and human CNPase were reported to join the radiolabeled γ-phosphate of ATP to 

a poly-A fragment and yeast tRNA that had been treated with alkaline 

phosphatase (Sprinkle et al. 1987). On the other hand, rat CNPase was able to 

rescue a yeast strain with an inactivating mutation in the phosphodiesterase 

domain of tRNA ligase, but not a strain with a mutation in the kinase domain 

(Schwer et al. 2008). An invertebrate CNPase from lancelet could rescue both 

activities (Englert et al. 2010). Slow purine triphosphatase activity was detected 

in rat CNPase and was attributed to the N-terminal domain because of its 

homology to phosphofructokinases. This activity was 10-fold higher in the 

presence of calcium than in the presence of magnesium, and the preferred 

substrate was guanosine triphosphate instead of ATP (Stingo et al. 2007). 

2.3.7 Other interaction partners 

CNPase has been found to interact with several other proteins in addition to the 

cytoskeletal components. CaM is a ubiquitous calcium sensing protein. Its 

conformation changes as it binds calcium, and this change generally enables CaM 

to bind a large number of interacting proteins (reviewed by Grabarek 2005). In 

two proteomics studies that looked for CaM interaction partners in mouse and rat 

brain, an interaction between CNPase and CaM was detected (Berggård et al. 
2006, Zhang et al. 2006). Mouse brain CNPase was also found to interact with 
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two other EF-hand proteins, secretagogin and calbindin D28K (Berggård et al. 
2006). The interactions were not further analysed. 

A study based primarily on protein microarrays attempted to discover 

proteins that interact with an N-terminal intracellular fragment of neurite 

outgrowth inhibitor A (Nogo-A). An interaction between Nogo-A and CNPase 

was detected in a microarray assay and validated with other methods (Sumiyoshi 
et al. 2010). The same group also got a positive result for CNPase in a microarray 

study that detected prion protein binding proteins, but because CNPase was not 

thought to be related to neuronal function, this interaction was not further 

validated (Satoh et al. 2009). 

Recently, Wilson and colleagues (2012) published a study in which they 

report the inhibition of human immunodeficiency virus (HIV) particle assembly 

by CNPase. Post-translational prenylation of CNPase was essential for the 

inhibition, and curiously, mouse CNPase did not have the antiviral effect, 

although CNPase from human, macaque, grivet, cow, and sheep did. The antiviral 

effect of CNPase seems to be due to its interaction at the cell membrane with the 

HIV protein Gag, and the resulting inhibition of Gag polymerisation, which is a 

necessary step in the budding of the virus particle (Wilson et al. 2012). 
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3 Aims of the study 

The first goal was to characterise the phosphodiesterase activity mechanism of 

CNPase. To know how exactly CNPase catalyses the hydrolysis reaction, 

structural and functional methods were utilised. The 3-dimensional molecular 

structure of CNPase and its mutant variants were determined in the presence of 

substrate and product molecules, and this information, together with the analysis 

of the enzyme kinetics, was used to determine and refine the catalytic mechanism. 

The structure of the C-terminal domain of CNPase was also compared with 

homologous structures of the 2H phosphoesterase superfamily members, and 

these results were combined with other data to shed light on the catalytic 

mechanism. 

Another goal was to determine the structure of full-length CNPase with the 

N-terminal domain included, and to determine the function of the conserved N-

terminal domain. CNPase had previously been reported to interact with the 

ubiquitous calcium-sensing protein calmodulin (CaM) (Berggård et al. 2006, 

Zhang et al. 2006) and with ribonucleic acid (RNA) (Gravel et al. 2009). These 

interactions, and the effect of CaM for CNPase function, were characterised. 

Using another angle towards CNPase function, the CNPase protein sequences 

from different animal species were compared, and the resulting data were 

combined with the literature that describes the levels of CNPase activity in 

various vertebrate and invertebrate animals. This synthesis, along with our other 

data was used to put CNPase into the larger context of myelin and nervous system 

evolution. 
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4 Materials and methods 

The materials and methods that were used in this study are briefly described here. 

More thorough descriptions are available in the published articles, which are 

indicated in the headings with Roman numerals.  

4.1 Cloning (I, II, IV) 

18 entry clones were prepared using a two-phase polymerase chain reaction 

(PCR) protocol. The first PCR was used to select the size of the construct and add 

a tobacco etch virus (TEV) protease cleavage site to the N terminus of the 

encoded protein sequence. A second PCR was then used to add attB cloning sites 

to both termini of the product. Gateway cloning, based on homologous 

recombination, was then used to clone these sequences to the donor vector 

pDONR 221, to produce entry clones (Busso et al. 2005). The entry clone inserts 

were further subcloned into the destination vectors pTH27 or pHMGWA to 

produce expression clones expressing a hexahistidine tag and both hexahistidine 

and maltose-binding protein (MaBP) tags, respectively (Busso et al. 2005, 

Hammarström et al. 2006). All clones were verified by sequencing. Mutations 

that transform the active site histidines 230 and 309 to serines and Val321 to 

alanine, were prepared using appropriate primers and the pTH27 expression clone 

for the C-terminal domain as a template. 

4.2 Protein expression and purification (I-IV) 

Protein expression cultures in auto-induction medium were initiated from a 

saturated overnight culture and allowed to grow either for 24 h at 37 °C or for 48 

h at 18 °C. The auto-induction medium contains phosphate buffer to stabilise the 

culture pH and glucose, glycerol, and lactose as carbon sources. Lactose induces 

recombinant protein expression after glucose has been depleted from the medium 

(Studier 2005). The purification of all produced proteins was done essentially in 

the same manner. Cells were lysed with lysozyme and sonication, and the lysates 

were clarified by centrifugation. The hexahistidine-tagged recombinant protein 

was captured from the clarified lysate using nickel-affinity chromatography and 

eluted from the nickel matrix with imidazole. After the first purification step, the 

protein was subjected to TEV protease cleavage during an overnight dialysis 

against a low-imidazole buffer. The dialysed and cleaved protein was again 
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passed through the nickel column to remove TEV protease and any nickel-binding 

contaminants. Finally, the protein was purified using size exclusion 

chromatography. The initial purification step for MaBP-tagged proteins was 

performed using an amylose resin, from which the protein was eluted with 

maltose. 

4.3 Biochemical and biophysical characterisations (I, III, IV) 

The thermal shift assay was adapted from the article by Ericsson and colleagues 

(2006). Briefly, different conditions with varying salt concentrations and pH were 

prepared on a 96-well plate, into which the protein and the SYPRO orange 

(Invitrogen) fluorescent dye were added. The plate was then heated gradually in a 

real-time PCR machine, while the fluorescence produced by the dye was 

monitored. SYPRO orange fluorescence is increased when it binds to the 

hydrophobic regions revealed in an unfolding protein. The melting temperature 

was determined as the temperature where the change in fluorescence from the 

previous temperature was the highest. 

To assay the CNPase enzymatic activity, the method devised by Sogin (1976) 

was used. In this method, the hydrolysis of 2′,3′-cyclic NADP+ to (2′-)NADP+ 

catalysed by CNPase is coupled to the NADP+-dependent dehydrogenation of 

glucose-6-phosphate to 6-phosphogluconolactone by glucose-6-phosphate 

dehydrogenase. The absorbance of NADPH produced by the dehydrogenase is 

measured. To determine the effect of CaM for CNPase activity, a constant 

concentration of CNPase and 2′,3′-cyclic NADP+ was supplemented by calcium 

and a gradient of CaM to determine possible changes in activity. 

Synchrotron radiation circular dichroism (SRCD) was used to determine the 

folding of various CNPase domains. SRCD uses the same principle as 

conventional circular dichroism, in which circularly polarised ultraviolet light is 

used to determine the secondary structure of the protein, but the light source is 

much more brilliant, allowing more accurate measurements even at lower 

wavelengths. SRCD data were collected at ASTRID in Århus. Secondary 

structure deconvolutions for the different domains were carried out using the 

Dichroweb server (Whitmore & Wallace 2008). 
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4.4 Crystallography (II, IV) 

The concentrated C-terminal domain of CNPase and its mutant variants were 

crystallised in closely related conditions (II, Table 1; IV, Supplementary table 2). 

All crystallisation conditions were within the pH range 3–5, and contained 

sodium salts of citrate, acetate, or formate as the buffering agent. Most crystals 

were grown in the presence of 23–30% of medium-MW polyethylene glycol 

(PEG). The sulphate complex crystals were crystallised with a high concentration 

of ammonium sulphate and a small amount of low-MW PEG. Additional glycerol 

or low-MW PEG was added for cryo-protection. X-ray diffraction data were 

collected at DESY/EMBL in Hamburg, at BESSY in Berlin, and at MAX-Lab in 

Lund. Data were processed with XDS (Kabsch 2010). Phases were determined 

using molecular replacement, first using the structure of the human CNPase C-

terminal domain (Sakamoto et al. 2005), and later, with earlier models of the 

mouse protein. Programs of the PHENIX suite were used for phasing and 

refinement (Adams et al. 2010). Coot was used for manual rebuilding of the 

models (Emsley et al. 2010). 

4.5 Small-angle X-ray scattering (II, IV) 

Three dilutions of full-length CNPase were measured at the synchrotron small-

angle X-ray scattering (SAXS) beamline I911-4 of MAX-Lab (Lund, Sweden). 

The scattering intensities were radially averaged and normalised, and the 

separately measured intensities produced by the solvent buffer were subtracted. 

The scattering intensity at zero scattering angle was extrapolated. The intensities 

at different concentrations were compared, and the data collected with the highest 

concentration were used in further analysis. The radius of gyration was 

determined from the scattering intensities, and a Fourier transform of the 

intensities was used to obtain the distribution of distances between the scattering 

atoms of the molecule, and the resulting maximum dimension of the molecule. 

The C-terminal domain was measured at the P12 EMBL BioSAXS beamline 

(Hamburg, Germany). A freshly prepared sample of monomeric bovine serum 

albumin was used as a MW standard. The BioXTAS RAW and ATSAS software 

packages were used for data processing, analysis, and structure modelling 

(Nielsen et al. 2009, Petoukhov et al. 2012). A homology model of the CNPase 

N-terminal domain, based on the crystal structure of T4 PNK, was obtained using 

the Phyre2 server (Kelley & Sternberg 2009, Zhu et al. 2007). This model and the 
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crystal structure of the C-terminal domain were used as inputs for the CORAL 

software (Petoukhov et al. 2012), carrying out rigid-body modelling coupled to 

loop building for the full-length protein. Ab initio models were prepared for the 

full-length protein and the C-terminal domain using GASBOR (Svergun et al. 
2001) or DAMMIN (Svergun 1999), without using any previous structural 

information. 

4.6 Nucleic acid interaction (II, III) 

Poly-A was coupled to activated agarose beads using a standard protocol. CNPase 

was mixed with the poly-A-coupled agarose beads, the beads were washed, and 

the washed beads were analysed using sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE). The amount of CNPase detected bound to the 

beads was assumed to correlate with the poly-A binding property of the protein. 

The poly-A interaction test for full-length CNPase was also performed in the 

presence of CaM, to see if it has an effect on the binding. 

4.7 Calmodulin interaction (III) 

Purified full-length CNPase and its sub-domains were subjected to CaM affinity 

chromatography. The samples were applied onto a small column of CaM-coupled 

agarose in the presence of calcium. The matrix was first washed with a calcium-

containing buffer and next with a calcium-chelating buffer. The amount of 

CNPase in the eluted fractions was determined by SDS-PAGE. 

A sample from human post mortem brain white matter was homogenised in 

the presence of detergent and a high concentration of ammonium acetate, as 

described by Suda and Tsukada (1980). The clarified homogenate was treated 

similarly with the CaM affinity matrix as the purified recombinant CNPase. In 

addition to SDS-PAGE, western blotting was used to detect CNPase in the eluted 

fractions. Mouse monoclonal anti-CNPase antibody (Sigma) and horseradish 

peroxidase-conjugated anti-mouse IgG antibody (Thermo Scientific) were used in 

blotting. 

Tryptophan fluorescence of CNPase was determined in the presence and 

absence of CaM. Usefully, CaM does not have any tryptophan residues, so it does 

not interfere with the signal from CNPase. Fluorescence emission was measured 

between wavelengths 310 and 450 nm using the Fluorolog 3-22 instrument (JY 

Horiba) with the excitation wavelength 295 nm. Surface plasmon resonance and 



 55

isothermal titration calorimetry were used to determine the dissociation constants 

for the interaction between CNPase and CaM. In the surface plasmon resonance 

experiment, a Biacore T100 instrument (GE Healthcare) and a CM5 sensor chip 

were used. CaM was immobilised to the chip, and the binding of full-length 

CNPase to this surface was analysed. The CaM target database was used to 

predict the probable CaM interaction sites in the homology model (Yap et al. 
2000). 

4.8 Sequence analysis (IV) 

Database searches were used to identify proteins homologous to the human 

CNPase across all metazoan species. Selected sequences were aligned, and the 

sequence conservation was analysed. The list of complete proteomes at the time 

of the sequence search was used as a basis for detecting the animals that do not 

possess a homologous protein in the sequence databases. 
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5 Results 

In this section, the results in the articles included in the thesis are summarised. A 

more detailed description of the results is available in the original articles. The 

articles are referred to by Roman numerals. CNPase amino acid residue 

numbering follows that used for the mouse CNPase isoform 1. 

5.1 Preparation of expression clones, and determination of the 
expression and purification conditions (I, II, IV) 

18 deoxyribonucleic acid (DNA) constructs of different length were prepared 

with PCR, using the complementary DNA of mouse CNPase as a template. Eight 

of the constructs are of the full-length protein, four of the N-terminal domain, and 

six of the C-terminal domain, each of slightly variable length (I, Fig. 1). The 

Gateway system was used in cloning, enabling an easy transfer of inserts between 

expression vectors, if necessary. All constructs contained a TEV protease 

cleavage site N-terminal to the CNPase sequence. The constructs were cloned into 

expression vectors that produce an N-terminal hexahistidine tag. Additionally, one 

construct for the CNPase N-terminal domain was cloned into an expression 

vector, which inserts both hexahistidine and MaBP tags to the N terminus. 

Mutations to a number of residues in the active site vicinity were also generated, 

and a selected subset of the mutants will be discussed here. 

Expression conditions were successfully determined and optimised for 

several constructs, by systematically testing different expression media, different 

expression and induction temperatures, and different concentrations of inducing 

reagent. Large amounts of soluble protein corresponding to the C-terminal 

domain were easily expressed in E. coli, and no differences in expression level 

were seen with the point-mutated proteins. The full-length protein and the N-

terminal domain were expressed at lower temperatures, because this increased the 

yield of soluble protein. When the N-terminal domain was expressed with MaBP, 

the amount of protein initially soluble increased dramatically. The auto-induction 

expression system described by Studier (2005) was used with all constructs. 

The presence of the C-terminal 22-amino-acid tail of CNPase seems to make 

a significant difference for the purification of the protein. The CNPase C-terminal 

domain that contains the tail formed dimers under some conditions (I, Fig. 2), 

probably due to the reactive cysteine residue in the tail sequence, since these 

dimers disappear with the addition of a reducing agent. In the context of the full-
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length protein, the inclusion of the C-terminal tail resulted in a monomeric and 

well-behaving protein (IV, Supplementary fig. 4), while in the absence of the tail, 

the full-length protein formed a mixture of monomeric and self-associated forms 

(II, Fig. 6), and this self-association cannot be controlled by reducing agents. The 

full-length proteins with and without the C-terminal tail also behaved differently 

in interaction assays (see below). The N-terminal domain alone seems to form a 

dimer. 

5.2 Biochemical and biophysical characterisation (I, III, IV) 

A thermal shift assay was used to determine the stability of CNPase in various 

conditions, such as different pH values and salt concentrations. This was done to 

determine conditions that improve CNPase stability during purification and 

crystallisation. The C-terminal domain was most stable at pH 5.5 (I, Fig. 3). 

Increasing the concentration of sodium chloride and ammonium sulphate further 

increased the stability of the C-terminal domain. Clear results could not be 

obtained for the N-terminal domain in this assay. Initial observations from the 

thermal shift assay and circular dichroism suggest that it is not sensitive to 

thermal denaturation (data not shown). Thermal stability of the full-length protein 

is essentially identical to that of the C-terminal domain. 

CNPase is an enzyme that catalyses the hydrolysis of 2′,3′-cyclic 

phosphonucleotides to produce 2′-phosphonucleotides. The presence of the N-

terminal domain had no significant influence on the enzymatic activity in vitro (I, 

Table 1). The Km values range from 190 to 540 µM, and kcat values are between 

120 and 620 reactions per second. Mutating the active-site histidines practically 

abolished activity, while mutating Val321 to alanine slightly elevated Km, but did 

not influence kcat. 

The folding of CNPase was assessed by SRCD (I, Fig. 4). The spectra 

indicate that all domains are folded and contain both α-helical and β-sheet 

structure. The N-terminal domain seems to have less helical structures than the C-

terminal domain (I, Table 2). 

5.3 Structures of ligand complexes (II, IV) 

The crystal structures of the C-terminal domain of WT CNPase were determined 

with different active-site ligands, including 2′-AMP, NADP+, and 

phosphorothioate nucleotide analogues of 2′-AMP. Crystal structures of mutated 
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CNPase variants were determined in the presence of the substrate 2′,3′-cAMP and 

both diastereomers of 2′,3′-cAMP phosphorothioates. 

 

Fig. 4. The crystal structure of the catalytic domain of mouse CNPase (PDB entry 

2yoz). A. The overall structure of the CNPase catalytic domain. Secondary structure 

elements are presented in rainbow colours from the N-terminus (red) to the C-

terminus (violet). α-helix 7 and β-strands 2 and 5 are labelled. B. A detailed view of the 

CNPase active site. The ligand is not displayed, and the α7-β5 loop is in the open 

conformation. Side chains of the residues participating in the enzymatic reaction or 

enveloping the active site are displayed and labelled. The four ordered water 

molecules at the bottom of the active site are also displayed. 

The overall structure of the CNPase C-terminal domain can be divided into two 

lobes (Fig. 4; II, Fig. 1). The small lobe contains both termini of the domain, four 

strands, three short helices, and a flexible loop. The large lobe contains six 

antiparallel strands, two long and two short helices, and three long loops.  The 

active site contains the two His-x-Thr-x motifs at the bottom of a narrow cleft 

between the two lobes (Fig. 4; II, Fig. 2; IV, Fig. 1). This cleft is enveloped by 

Pro320, Val321, Arg307, Phe235, Leu167, and Tyr168. Four ordered water 

molecules form the bottom of the active site cleft. Interaction between the β-

strands β2 and β5, on which the His-x-Thr-x motifs lie, is mediated by these 

water molecules. The catalytic motifs and conserved waters display a local 
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pseudo-twofold symmetry, but the residues surrounding the active site do not 

reflect this and break the symmetry. 

The H309S mutant was co-crystallised with 2′,3′-cAMP (IV, Fig. 1). The 

adenine base of the substrate is stacked between Phe235 and Val321, while the 

ribose mainly interacts with Tyr168. The two free oxygens of the cyclic phosphate 

interact with Thr232 and Thr311, and with two of the active site waters. The 3′-

oxygen, bound to the 3′-carbon and the cyclic phosphate, is coordinated by 

His230, which protonates it during the catalytic reaction. A water molecule is seen 

occupying the position where the Nε2 atom of His309 would be, if it were not 

mutated. This water, another water hydrogen-bonded to Arg307, the amide groups 

of Thr323 and Gly324 of helix α7, and the carbonyl group of Pro320 coordinate a 

water molecule, which is located 3.7 Å from the substrate phosphorus. This water 

is thought to perform the nucleophilic attack during catalysis. This structure is 

consistent with the previously suggested reaction mechanism of CNPase, and the 

reaction is unable to proceed because His309 side chain is not present. 

Several structures of the CNPase C-terminal domain complexed with product 

nucleotides were determined. Two structures contain 2′-AMP complexed with 

both the WT protein and the V321A mutant, and two structures contain NADP+ 

complexed with WT CNPase and the H230S mutant. All of the crystallisation 

setups initially contained the corresponding cyclic substrate, but the respective 

products were seen in the electron density, even though the H230S mutant was 

inactive in activity assays. Compared to the WT - 2′-AMP complex (II, Fig. 2), 

the complex with the V321A mutant (IV, Fig 2) contains the flexible loop at the 

N-terminus of helix α7 in an open conformation, allowing for more space for the 

phosphate group of the product.  

The 2′-AMP moieties of both NADP+-containing models adopt a similar 

position to that in the WT - 2′-AMP complex (II, Fig. 2). The nicotinamide-half of 

the ligand in the WT – NADP+ complex was disordered and not visible in the 

electron density. The crystal that contained the H230S – NADP+ complex, on the 

other hand, was twinned, and although some density can be seen for the 

nicotinamide end, it seems to occupy different conformations in the two 

molecules of the asymmetric unit. However, additional modelling of an RNA 

dinucleotide binding mode could be done based on the NADP+ structure (IV, Fig. 

4). 

To gain further insight into the catalytic cycle and stereospecificity of 

CNPase, two phosphorothioate analogues of 2′,3′-cAMP were used. In these 

analogues, one of the cyclic phosphate oxygen atoms is replaced by sulphur. It 
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has been shown previously that the SP-diastereomer of 2′,3′-cyclic adenine 

phosphorothioate is a functional substrate for CNPase, but CNPase does not 

hydrolyse the RP-diastereomer (Heaton & Eckstein 1996). The WT and mutant 

C-terminal domains of CNPase were co-crystallised with both isomers. In both 

WT and V321A CNPase crystals, both phosphorothioate isomers are in the 

product 2′-form. However, the cyclic SP-diastereomer could be trapped in a 

H309S crystal and the cyclic RP-diastereomer in a H230S crystal (IV, Fig. 3). 

The cyclic phosphorothioates occupy similar positions as the 2′,3′-cAMP. 

However, when either of the active site histidines is mutated, the cyclic phosphate 

is located closer to the histidine that was not mutated. The distance, related to this 

movement, between the phosphorus atoms of the overlaid phosphorothioate 

structures is 1.3 Å. Hence, in addition to a direct function in catalysis, the 

histidine residues seem to fine-tune the substrate position for catalysis.  

The product phosphorothioate analogues occupy nearly identical positions in 

the different structures. The phosphate in the 2′-AMP complex is located slightly 

closer to His309 and Arg307. In most phosphorothioate product analogue 

complexes, the β5-α7 loop at the N-terminal end of helix α7 is in an open 

conformation, resulting in more space for product binding. As an exception to 

this, one of the complexes presents a different binding mode, where the loop is 

closed and one of the conserved waters at the bottom of the active site is missing. 

In this same structure, another product analogue molecule is seen forming a 

crystal contact and interacting with His204 far from the active site.  

In CNPase crystallised in concentrated ammonium sulphate, two sulphate 

molecules are located in the vicinity of the catalytic site (II, Fig. 2). The active-

site sulphate mimics the substrate phosphate group and interacts with conserved 

residues of the His-x-Thr-x motifs and the two central water molecules in the 

catalytic site through hydrogen-bonds. The second sulphate stabilises the loop 

region between helix α6 and strand β5. In some of the structures, a chloride ion is 

located at the second sulphate position, and it might represent a more general 

negative-ion binding site. Two structures were also determined with citrate in the 

active site (II, Fig. 2). The primary interaction of the citrate with the active site 

comes from the central carboxyl group, which is hydrogen-bonded to His230 and 

Thr232. 
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5.4 Comparison with other 2H superfamily structures (II) 

The largest differences between the mouse and human CNPase C-terminal 

domain structures are in the α6-β5 loop (Fig. 3; II, Fig. 3) (Sakamoto et al. 2005). 

This is also the region of least sequence conservation between the two species. 

The nuclear magnetic resonance (NMR) structure of rat CNPase (Kozlov et al. 
2007) also shows most differences in the loop regions, compared to the crystal 

structure of the mouse CNPase. The NMR structure of the goldfish RICH C-

terminal domain (Kozlov et al. 2007) is also very similar to the mammalian 

CNPases. 

In the more distant 2H superfamily members, the essential active site residues 

are located in the same positions, and the catalytic cleft is similar. The main 

difference between CNPase/RICH and other 2H phosphoesterases is that the long 

helix α7 is only present in CNPase/RICH (Fig. 3). The N-terminus of helix α7 

borders the CNPase active site, interacts closely with the substrate and the 

nucleophilic water, and blocks the entrance of large molecules from this direction 

(II, Fig. 3). Without helix α7, the other 2H phosphoesterases have room for larger 

substrates. Another major difference is the presence of a covering region formed 

by a beta hairpin segment, on the opposite side of the active site in non-CNPase 

structures. Together, these comparisons indicate that the CNPase active site is 

more open towards the direction of His230, while the other superfamily members 

are more open towards the His309 direction. The crystal structure of the 2H 

superfamily domain of AKAP18 has been determined with bound 5′-cytosine and 

adenine monophosphates (Gold et al. 2008). These nucleotides bind in a different 

manner in AKAP18 than the active-site ligands in CNPase, reflecting the 

constraints of the active site, while the phosphate groups are still similarly bound 

to the His-x-Thr-x motifs in both proteins. 

5.5 Small-angle X-ray scattering (II, IV) 

Full-length CNPase without the C-terminal tail was always purified as a mixture 

of different oligomeric states, and because of this, only poor-quality SAXS data 

could be collected from it. Full-length CNPase with the tail intact was purified as 

a homogeneous monomer and used to determine the solution structure using 

SAXS (IV, Fig. 5). Based on synchrotron SAXS data, the full-length CNPase 

monomer is an elongated molecule with a maximum dimension of 9.3 nm and a 

radius of gyration of 2.7 nm. The MW determined from the extrapolated intensity 
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at zero scattering angle was 44.2 kDa, very close to that calculated from the 

sequence (44.8 kDa), further proving a monomeric state. The SAXS data of the 

C-terminal domain show that the protein adopts a similar overall structure in 

solution as in the crystal (II, Fig. 4). 

Molecular modelling of the full-length CNPase was done based on the SAXS 

data. Modelling was done with and without previous structural information, and 

both procedures resulted in elongated structures, where relatively little contact 

exists between the two domains. The models indicate that the CNPase active site 

is not covered by the N-terminal domain, but is accessible in solution. In this 

arrangement, the C-terminal membrane-anchoring tail would be located in the 

central part of the molecule, effectively bringing also the active site close to the 

lipid bilayer surface. 

5.6 Interaction with ribonucleic acid (II) 

Full-length CNPase without the C-terminal tail was found to co-purify with RNA 

(II, Fig. 5). The affinity of CNPase towards poly-A was tested with a pull-down 

experiment. The N-terminal domain bound to the polynucleotide, while little 

binding was observed for the C-terminal domain. A cluster of aromatic residues is 

found on the surface of the catalytic domain leading towards the N-terminal 

domain, and positively charged residues are present at the edge of this aromatic 

surface. The surface of the small lobe may provide a binding site for RNA in the 

vicinity of the active site, although the N-terminal domain may still be required 

for high-affinity binding. 

5.7 Interaction with calmodulin (III) 

Two proteomics studies have identified CNPase as a CaM-interacting protein 

(Berggård et al. 2006, Zhang et al. 2006). This interaction was further 

characterised here in the context of CNPase structure and function. Using 

different constructs, it was shown that CaM interacts with the N-terminal, but not 

with the C-terminal domain (III, Fig. 1). The C-terminal tail of the full-length 

protein, which improves the behaviour of the protein in vitro, also prevented the 

interaction with CaM. However, CNPase from post mortem brain white matter 

bound to CaM, suggesting that the tail does not prevent the interaction in vivo. 

The CaM-CNPase binding was dependent on Ca2+, and the introduction of a Ca2+ 

chelating reagent dissociated the proteins. In addition to the pull-down studies, 



 64

the interaction between the two proteins was verified using tryptophan 

fluorescence spectroscopy, where the addition of CaM caused a shift in the peak 

wavelength of intrinsic CNPase fluorescence (III, Fig. 2). According to surface 

plasmon resonance, the dissociation constant between full-length CNPase and 

CaM is 100 nM. 

An effect by CaM binding on CNPase catalytic activity or poly-A binding is 

something that would have been expected. Nevertheless, introducing different 

concentrations of CaM into the enzymatic reaction did not consistently influence 

the hydrolysis of 2′,3′-cyclic NADP+, and the amount of full-length CNPase that 

attached to poly-A was not clearly altered in the presence of CaM (III, Fig. 3).  

5.8 Sequence conservation (IV) 

The conservation of CNPase in available protein sequences of metazoan species 

was studied (IV, Supplementary fig. 5,6). CNPase was present in all complete 

tetrapod proteomes except for platypus. CNPase or RICH (but never both) were 

found in all fish proteomes. Homologous sequences were also found in six 

invertebrate proteomes: lancelet, acorn worm, sea urchin, water flea, liver fluke, 

and blood fluke. No homologous sequences for the full-length protein were found 

in arthropods except for the water flea, nematodes, or tunicates. 

The 2H phosphoesterase motifs are conserved throughout the sequences, and 

the P-loop residues are fully conserved, except when the N-terminal domain is 

missing, such as in the CNPase homologue of the water flea and RICH. The 

isoprenylated cysteine in the CNPase C terminus is conserved in all vertebrates, 

except for coelacanth that has a phenylalanine substitution. The two C-terminal 

tail residues that promote microtubule polymerisation are conserved until 

amphibians, which have a proline residue in between the two, and are not present 

beyond that. 
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6 Discussion 

CNPase is a protein abundant in tetrapod nervous system myelin. It contains a 

specific catalytic activity that produces 2′-phosphonucleotides from 2′,3′-cyclic 

nucleotides (Drummond et al. 1962). During the past 50 years since it was 

discovered, this activity has been one of the more enigmatic aspects of the 

protein. Recent results on the presence and possible function of CNPase 

substrates are interesting, but the picture is still far from clear (Azarashvili et al. 
2009, Verrier et al. 2012). Here, the structure of the CNPase active site before and 

after the catalytic reaction was analysed to produce a detailed picture of the 

catalytic mechanism. 

CNPase is not, however, merely an enzyme. The high local concentration 

within certain myelin regions (de Monasterio-Schrader et al. 2012), together with 

the observations of myelin structure in experimental animals with artificially 

decreased and increased amounts of CNPase, suggests that it also performs a 

structural role within myelin (Edgar et al. 2009, Gravel et al. 1996, Lappe-Siefke 
et al. 2003). CNPase is known to interact with the cytoskeleton and cell 

membranes, but its role during myelin formation and in the maintenance of 

mature myelin is not understood. The thickness of a myelin sheath that an axon is 

enveloped with is related to the activity of the axon in question, with more active 

axons receiving thicker sheaths (Wake et al. 2011). Lack of CNPase results in 

defective myelin, especially around smaller axons, and the affected axons start to 

degenerate already soon after the initiation of myelination (Edgar et al. 2009). 

CNPase overexpression, or expression in cells where it is not normally present, 

results in aberrant process formation (Gravel et al. 1996). It can be envisaged that 

CNPase makes the cell membrane more amenable for process formation by 

cytoskeletal proteins, and that this is important especially for the correct 

myelination of the weakly active small-diameter axons. The lack of CNPase also 

disturbs the structure of the paranodal regions and the inner layer of myelin, 

suggesting that CNPase is involved in maintaining the myelin structure in mature 

animals (Edgar et al. 2009, Rasband et al. 2005). These regions probably need to 

be very rigid because the axonal activity constantly alters ion levels in the 

intermembrane space and, thus, exposes the inner regions of myelin to constant 

changes in osmotic pressure. 

If CNPase has some kind of a structural role during or after myelination, how 

is it regulated? One of the major cellular messengers, calcium, is known to play a 

prominent role also during myelination. Here it was shown that the ubiquitous 
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calcium-sensing protein calmodulin interacts with the poorly characterised N-

terminal domain of CNPase in a calcium-dependent manner. This interaction may 

well be physiologically relevant, since both proteins are found in the same 

subcellular locations in high local concentrations. 

CNPase has been suggested to interact with RNA and to regulate protein 

translation and oligodendrocyte differentiation (Gobert et al. 2009, Gravel et al. 
2009). CNPase also belongs to the 2H phosphoesterase enzyme superfamily, in 

which several of the characterised members interact with RNA in various ways. 

The significance of the CNPase-RNA interaction in vivo is currently unclear. 

6.1 Phosphodiesterase domain structure and activity 

The enzymatic phosphodiesterase activity of CNPase was studied using a 

structural biology approach. The catalytic C-terminal domain of CNPase was co-

crystallised in the presence of substrate and product molecules. No structural 

information has previously been available for nucleotide complexes of CNPase or 

RICH. The structural models of ligand complexes agree with, confirm, and fine-

tune the mechanism for the catalytic activity that has been suggested earlier 

(Hofmann et al. 2000, Sakamoto et al. 2005). The mechanism is similar to the 

hydrolysis reaction catalysed by RNase A. RNase A first cleaves the 

internucleotide 3′,5′-phosphodiester bond and produces 2′,3′-cyclic phosphate and 

5′-hydroxyl ends. It then hydrolyses the cyclic phosphate to produce a 3′-

phosphate (Raines 1998). CNPase does not degrade 3′,5′ internucleotide bonds 

(Drummond et al. 1962). However, no reports have been published on whether or 

not CNPase degrades 2′,5′ internucleotide bonds, while several members of the 

2H superfamily have this activity (Kanai et al. 2009, Zhao et al. 2012). 

In the CNPase C-terminal domain, the N terminus of helix α7 borders the 

active site. According to the results of this study, the β5-α7 loop at the N terminus 

of this helix participates in the catalytic mechanism and interacts directly with the 

substrate, product, and the nucleophilic water molecule. This helix is not present 

in any of the homologous structures of the 2H phosphoesterase superfamily 

proteins (Fig. 3), and it probably dictates the size and structure of functional 

substrates for the enzyme. The loop at the terminus of the helix is also intimately 

involved in the reaction mechanism, suggesting that the mechanism proceeds 

differently in the other 2H phosphoesterase superfamily proteins. 

A CNPase substrate, 2′,3′-cAMP, has recently been detected in kidney 

perfusates and in the brain (Ren et al. 2009, Verrier et al. 2012). Its levels in the 
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brain were increased after head trauma, probably resulting from the degradation 

of cellular RNA, when brain cells are stressed, damaged, or destroyed. The 

products of the 2′,3′-cAMP degradation pathway are adenosine and inosine, 

which function as neuroprotective agents and can protect neurons during stressful 

conditions (reviewed by Stone et al. 2007). CNPase is not the only source of the 

2′,3′-cyclic nucleotide-degrading activity, but adenosine and inosine are produced 

more slowly in mice with the CNPase gene knocked out (Verrier et al. 2012).  

2′-5′-OAs are produced by an interferon-induced oligoadenylate synthetase as 

a response to certain types of RNA (reviewed by Hovanessian & Justesen 2007). 

They are known to be degraded by non-specific 2′-phosphodiesterases (Kubota et 
al. 2004). When the non-structural protein 2 of mouse coronavirus, a 2H 

superfamily member, which degrades 2′-5′-OAs to evade the host cell defence 

mechanism, was inactivated by mutagenesis, viral infection was attenuated in the 

liver but not in the brain (Zhao et al. 2012). This result suggests that another 

enzyme, such as CNPase, present in the brain might prevent the antiviral 

response. However, helix α7 of CNPase could prevent 2′-5′-OA from entering the 

CNPase active site. Recently, an enzyme was reported from a primitive marine 

sponge, which produces 2′,3′-cyclic phosphate-containing nucleotides from 2′-5′-

OAs (Lopp et al. 2012). A similar enzyme has not been detected in mammals, but 

if one exists, it could in principle function in concert with CNPase. Considering 

this problem from another point of view, preventing the function of host cell 

antiviral response might not seem productive, but 2′-5′-OA-induced RNase L can 

also degrade host RNA, and perhaps CNPase can turn this response off in a 

controlled manner. CNPase was recently reported to be able to prevent the 

assimilation of the HIV virion, and CNPase is also present in immune system 

organs such as thymus and spleen (Weissbarth et al. 1981, Wilson et al. 2012). To 

conclude, the physiological role of the CNPase phosphodiesterase activity is not 

currently completely understood, but it seems to have a role in mitigating the 

damage caused by injury to the nervous system. 

6.2 N-terminal domain 

The CNPase N-terminal domain is much less characterised than the C-terminal 

domain. The N-terminal domain is homologous to PNK domains in other 

proteins, but the presence of a PNK-like activity has not been determined 

conclusively (Koonin & Gorbalenya 1990, Schwer et al. 2008, Sprinkle et al. 
1987, Stingo et al. 2007). The solution structure of full-length CNPase was 
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determined here using SAXS, with the N-terminal domain included. The protein 

adopts an elongated form, where the two domains do not interact extensively. 

CNPase function is thought to be connected to RNA, as the protein interacts 

directly with certain RNA forms and inhibits translation in an artificial setting 

(Gravel et al. 2009). According to the results of the current study, RNA binding is 

mostly achieved by the N-terminal domain. Together with the full-length CNPase 

structure, this observation leads to the possibility that the role of the N-terminal 

domain is to bind or direct a molecule of RNA that contains a 2′,3′-cyclic 

phosphate end towards the active site, where the cyclic phosphate is then 

hydrolysed. Such an activity could be needed, for example, during RNA splicing. 

The problem with splicing, however, is that CNPase is not thought to reside in the 

nucleus. On the other hand, if the function is related to mitochondrial CNPase and 

splicing there, the lack of CNPase would be expected to produce a more obvious 

mitochondrial phenotype in affected mice. It is also possible that CNPase 

interacts with some form of regulatory RNA, since these are known to be 

important during oligodendrocyte and Schwann cell development (Dugas et al. 
2010, Lau et al. 2008, Pereira et al. 2010). Some of the myelin proteins are also 

translated in the processes of the myelinating cell, and the mRNA that is 

trafficked there could interact with CNPase (reviewed by Smith 2004). 

Based on high-throughput proteomics experiments, CNPase was earlier 

reported to interact with CaM (Berggård et al. 2006, Zhang et al. 2006), and here 

the interaction was mapped to the N-terminal domain. Calcium is an important 

regulator of cellular metabolism and CaM is a ubiquitous sensor protein that 

regulates the function of several enzymes. Surprisingly, CaM did not influence 

either the catalytic activity or RNA binding of CNPase. Our collaborators 

analysed the interaction of CNPase and CaM in different cell culture models (III, 

Fig. 4,5). CNPase was found to co-localise with CaM in Schwann cells, 

especially before and during myelination, in a model where endogenous Schwann 

cells myelinate explanted neurons from mouse dorsal root ganglion. After 

myelination had finished, the co-localisation was decreased. In another cell 

culture study with rat oligodendrocyte precursor cells, adding CaM inhibitors to 

the culture resulted in an increase in the co-localisation of CNPase and tubulin. It 

is unclear whether this is a direct interaction or if the co-localisation is an artefact 

due to increased amount of tubulin in the cytosol upon CaM inhibition. Calcium 

destabilises purified microtubules in vitro, and CaM is known to both stabilise 

and destabilise microtubules (Fisher et al. 1996). The influence of CaM on the 

interaction between CNPase and cytoskeletal elements is a promising direction 
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for future research. Calcium was also reported to accelerate the purine 

triphosphatase activity of CNPase (Stingo et al. 2007). The effects of CaM on this 

and the related PNK activity should also be studied further. 

The CNPase N terminus mediates homodimerisation in vitro. The N-terminal 

domain alone is consistently in the dimer form in solution, while the C-terminal 

domain is generally present as a monomer. In vitro, the full-length protein, 

without the C-terminal tail, is a mixture of monomeric and dimeric forms. The C-

terminal tail seems to prevent dimerisation and the full-length CNPase with the 

tail is consistently a monomer. The tail also prevents CNPase-CaM interaction, 

but CaM, on the other hand, does not prevent dimerisation but might actually 

promote it (III, Fig. 1). T4 PNK is known to form a homotetramer, where both the 

PNK domain and the phosphatase domain interact with the same domain in 

another molecule (Wang et al. 2002). Whether the dimerisation between the PNK 

domains is relevant for the PNK activity of the viral enzyme, or CNPase, is not 

clear. If the CNPase C-terminal tail is in vivo attached to the cell membrane via 

the lipid modification, it seems unlikely that it would then influence either the 

CNPase dimerisation or the CaM interaction. 

6.3 Evolutionary insight into the function of 2′,3′-cyclic nucleotide 
3′-phosphodiesterase 

A CNPase or a RICH protein sequence is present in all vertebrates and several 

invertebrates. The lack of protein sequence data from the more primitive animal 

groups limits the analysis, but it seems that a CNPase sequence is present in all 

bilaterian animals, except for specific subgroups: arthropods, nematodes, and 

tunicates. This indicates that although CNPase has been around for a long time, 

several groups of species have lost it during evolution, either as unnecessary 

altogether, or by replacing it with another protein. Regarding CNPase function, 

the invertebrate CNPases are fairly divergent compared to vertebrates. The 

sequences lack the C-terminal tail which influences both tubulin polymerisation 

and CNPase isoprenylation for membrane attachment. The only clue of 

invertebrate CNPase function is the reported PNK activity possessed by the 

lancelet protein, and based on this, these proteins may have a role in RNA 

processing (Englert et al. 2010). 

All fishes have reportedly low CNPase activities in the nervous system, with 

the exception of fishes with RICH during the optic nerve regeneration (Ballestero 
et al. 1997, Waehneldt 1990). An interesting hypothesis is that all fish CNPases, 
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and possibly also the invertebrate CNPases, function in a regeneration-induced 

manner, but this requires experimental verification. Increased CNPase staining 

was also detected in rat PNS glial cells after injury (Toma et al. 2007). All fishes, 

except coelacanth, contain the C-terminal cysteine, which is isoprenylated in 

CNPase, suggesting that they interact with membranes. The residues that induce 

tubulin polymerisation are missing, but the lack of these residues in mammals 

does not prevent the interaction between CNPase and tubulin, and zebrafish RICH 

has recently been reported to interact with tubulin (Lee et al. 2005, Pathi et al. 
2012). Tetrapod CNPase sequences do not contain large variations and probably 

function in a more or less similar manner. A notable exception is the platypus, 

which does not have the protein at all. The platypus genome contains similarities 

to both reptiles and mammals, but the apparent lack of CNPase, which is present 

in both of these groups, is surprising (Warren et al. 2008). 
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7 Conclusions 

CNPase is an enzyme that is abundantly present in certain subcellular locations 

within the myelin sheath that envelops neuronal axons in the nervous system. It is 

homologous to proteins in the 2H phosphoesterase superfamily, and shares the 

2′,3′-cyclic nucleotide phosphodiesterase activity with several of them. In 

addition to the enzyme activity, CNPase interacts with cytoskeletal proteins, cell 

membranes, nucleotides, and various other proteins. It is one of the earliest 

myelin-related proteins to be expressed, and significant alterations in the 

expression levels cause perturbations in myelin structure. 

The aim of this study was to characterise the mechanism of CNPase catalytic 

activity at the molecular level, the structure of the full-length CNPase with the N-

terminal domain included, to elucidate the interaction between CNPase and 

calcium-sensor CaM, and the effects of the CaM interaction on CNPase function. 

Several different-sized expression constructs of mouse CNPase were 

prepared, expressed and purified. Thermal stability of full-length protein and the 

separate domains was characterised, and the enzymatic phosphodiesterase activity 

of the recombinant CNPase was determined. The CNPase C-terminal domain was 

crystallised, and the crystal structure of the WT protein, or of mutant variants, 

was determined in the presence of various active site ligands, including substrates 

for and products of the catalytic activity. These structures were used to analyse 

the reaction mechanism and ligand binding of CNPase. Based on these results, 

CNPase follows the reaction mechanism suggested earlier for other 2H 

superfamily proteins. The main novel finding regarding the activity is the role of 

the α7 helix and the loop at its N terminus during the reaction. This helix is not 

present in the other 2H superfamily proteins. 

The solution structure of full-length CNPase was determined using SAXS 

and SRCD, and was found to correspond to an elongated molecule, where the two 

domains are stacked on top of each other. The CNPase interactions with RNA and 

CaM were further characterised here. CNPase N-terminal domain interacts with 

RNA more readily than the C-terminal domain, suggesting a possible 

physiological role for this uncharacterised domain. The N-terminal domain also 

interacts in a calcium-dependent fashion with CaM, but this interaction does not 

affect either the RNA binding, or the phosphodiesterase activity of CNPase. 

Evolutionary conservation of the CNPase sequence in animals was 

determined and CNPase homologues were found even as far up the tree of life as 

flatworms, indicating an earlier emergence for CNPase than what was previously 
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thought. A comparison of aligned protein sequences and the reported expression 

in various species together reveal details on both CNPase and myelin evolution. 

Future directions for CNPase research should focus on the determination of 

the atomic level structure of the CNPase N-terminal domain, the characterisation 

of the PNK activity possibly residing in this domain, and the characterisation of 

the interaction of this domain with various other proteins. On the other hand, 

further characterisation of the role of the CNPase phosphodiesterase activity in 
vivo, specifically within myelin, and the CNPase interactions with nucleotide 

substrates and nucleic acids are well worth investigating. A third interesting 

approach would be to characterise the structure and function of the molecular 

complexes involved in CNPase-cytoskeleton-membrane interactions, and to 

determine the regulatory mechanisms responsible for their control. 

Although CNPase has been studied for over half a century, there are still 

many unanswered questions. This thesis was written to gather and analyse the 

results that have accumulated during the last few years; hopefully it will have a 

positive impact on the understanding of this unique myelin enzyme. 
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