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Abstract

2H phosphoesterases catalyze reactions on nucleotide substrates and contain two conserved histidine
residues in the active site. Very limited information is currently available on the details of the active site and
substrate/product binding during the catalytic cycle of these enzymes. We performed a comprehensive X-ray
crystallographic study of mouse 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase), a membrane-
associated enzyme present at high levels in the tetrapod myelin sheath. We determined crystal structures of
the CNPase phosphodiesterase domain complexed with substrate, product, and phosphorothioate
analogues. The data provide detailed information on the CNPase reaction mechanism, including substrate
binding mode and coordination of the nucleophilic water molecule. Linked to the reaction, an open/close
motion of the β5–α7 loop is observed. The role of the N terminus of helix α7—unique for CNPase in the 2H
family—during the reaction indicates that 2H phosphoesterases differ in their respective reaction mechanisms
despite the conserved catalytic residues. Furthermore, based on small-angle X-ray scattering, we present a
model for the full-length enzyme, indicating that the two domains of CNPase form an elongated molecule.
Finally, based on our structural data and a comprehensive bioinformatics study, we discuss the conservation
of CNPase in various organisms.

© 2013 Elsevier Ltd. All rights reserved.
Introduction

The 2H phosphoesterase superfamily is charac-
terized by the enzymatic cleavage of 2′,3′-cyclic
nucleotides to 2′-nucleotides and the presence of two
conserved HxT/Sx amino acid motifs (where x
denotes a hydrophobic residue) in the active site
[1–3]. Outside the active site, sequence conservation
between different clades of the superfamily is low,
although the three-dimensional fold is similar [2,4].
Structures of some 2H superfamily proteins, includ-
ing archaeal 2'-5' RNA ligases [5–8], the human
protein kinase A anchoring protein 18 central domain
[9], Bacillus subtilis YjcG [10], and a hypothetical
protein ATU0111 from Agrobacterium tumefaciens
atter © 2013 Elsevier Ltd. All rights reserve
[Protein Data Bank (PDB) ID 2fsq], have been
reported. Also, structures of plant cyclic phosphodi-
esterases (CPDases), as well as catalytic 2H
domains from mammalian 2′,3′-cyclic nucleotide
3′-phosphodiesterase (CNPase) and the regenera-
tion-induced CNPase homologue (RICH) from fish,
have been determined [4,11–14]. All the structures
present two lobes, between which the active site is
located. The 2H superfamily was initially discovered
based on the 3′-phosphodiesterase activity of ho-
mologous enzymes toward 2′,3′-cyclic nucleotides.
Of all the 2H phosphoesterases identified by primary
sequence analysis, only myelin CNPase [15], RICH
[16], yeast CPDase [3], yeast tRNA ligase [17], plant
CPDase [18], and the Pyrococcus furiosus and
d. J. Mol. Biol. (2013) 425, 4307–4322
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Escherichia coli 2'-5' RNA ligases [6] have been
characterized to contain this activity, while protein
kinase A anchoring protein 18 lacks it [9].
CNPase is expressed at very high levels in the

non-compact regions of central nervous system
myelin [19,20]. The myelin sheath is a lipid-rich,
multilayered membrane structure that enables the
rapid transmission of electrical impulses in verte-
brate axons. The C-terminal catalytic 2H phosphoes-
terase domain of CNPase hydrolyzes 2′,3′-cyclic
nucleotides to 2′-nucleotides, and the active site can
accommodate polynucleotide substrates extended
toward the 5′-end, such as spliced tRNA halves
[15,21] or 2′,3′-cyclic NADP+ (2′,3′-cNADP+) [22].
The CNPase N-terminal domain is homologous to
polynucleotide kinases (PNKs) [23], although the
sequence similarity is low. CNPase interacts with the
cytoskeleton and cell membranes [24–28], RNA [29],
and calmodulin [30]. A genetic knockout of CNPase
results in axonal degeneration, incorrect local
structures in myelin, and an increase in 2′,3′-cyclic
AMP (2′,3′-cAMP) in the brain after injury [31–34].
The overall reaction catalyzed by CNPase is

depicted in Fig. 1. Based on structural data, mutation
studies, and the well-known catalytic mechanism of
RNase A [35], a mechanism for the CNPase
phosphodiesterase activity has been suggested
[4,11,14]. Briefly, His309 activates a water molecule,
which then nucleophilically attacks the cyclic phos-
phate and forms a pentavalent intermediate. The
3′-oxygen is protonated by His230, and the 2′-phos-
pho product is released. Several active-site residues
and conserved water molecules are important for the
reaction, and hydrogen bonds to the HxTx motifs and
conserved water molecules coordinate the ligand
throughout the reaction [4]. The catalytic residues of
the two HxTx motifs and four water molecules
between them arrange in a 2-fold pseudosymmetry.
Thus, the reason for CNPase stereospecificity,
involving the coordination and correct orientation of
both the substrate and the nucleophilic water
molecule, must therefore lie in the active-site vicinity.
Earlier, we reported the structure of the mouse

CNPase catalytic domain complexed with the
reaction product 2′-AMP [4], but no structural data
of a 2H superfamily protein complexed with sub-
Fig. 1. The overall reaction catalyzed by CNPase.
Through a nucleophilic attack carried out by an activated
water molecule, a 2′,3′-cyclic nucleotide is converted into a
2′-nucleotide.
strate exist. Here, we report the first such structure,
in which a 2′,3′-cAMP molecule and the nucleophilic
water are trapped in the active site of an inactive
CNPase mutant. The data are complemented by
product complexes and the use of phosphorothioate
analogues of both substrate and product. We also
constructed a model of mouse full-length CNPase in
solution and analyzed the sequence conservation of
CNPase in currently available animal protein se-
quences. Our results allow us to visualize details of
the binding of substrate and product into the active
site and to propose a structure-based mechanism of
the CNPase enzymatic reaction.
Results

Active-site mutant variants of mouse CNPase

Our earlier work provided the crystal structure of
the mouse CNPase catalytic domain, including a
complex with the reaction product 2′-AMP [4]. The
main components of the CNPase active site include
the two HxTx motifs on β strands β2 and β5, between
which lie four water molecules, forming the bottom of
the active site. A number of additional residues in the
vicinity are involved in binding the ribose and base
moieties of the substrate. These interactions must be
crucial to the stereospecificity since the core active
site is 2-fold pseudosymmetric. A fifth water mole-
cule acts as the nucleophile. The earlier liganded
CNPase catalytic domain structures were very
difficult to obtain and had low ligand occupancies
[4]. Hence, we used mutated variants of mouse
CNPase to obtain high-occupancy complexes of the
CNPase catalytic domain with ligands, including the
reaction substrate, bound to the active site. Instru-
mental for success was the use of acetate or formate
buffers instead of citrate, which apparently binds to
the active site tightly, preventing ligand co-
crystallization and soaking (unpublished results).
For the purpose of obtaining liganded structures of

the CNPase catalytic domain, we prepared mutant
variants of the active-site histidines and Val321.
While His309 activates the nucleophilic water
molecule and His230 protonates the leaving 3′-OH
group, Val321 stacks against the substrate adenine
ring. The enzymatic activities of wild-type andmutant
CNPase catalytic domains were determined using
2′,3′-cNADP+ as substrate (Table 1). The mutation
V321A did not affect kcat significantly but doubled
Km, indicating a functional active site but slightly
compromised substrate binding. The mutation of the
active-site histidines 230 and 309 to either glutamine
or serine essentially abolished activity in the assay,
as expected.
The correct folding of all the mutant CNPase

catalytic domains in solution was confirmed to be



Table 1. Activity and thermal stability of the CNPase
catalytic domain variants

kcat (s
−1) KM (μM)

kcat/KM

(s−1 μM−1) Tm (°C)

Wild type 940 ± 38 553 ± 46 1.70 58.0
H230Q 24 ± 15 1055 ± 1130 0.02 55.0
H309Q — — — 52.7
H230S 14 ± 14 1305 ± 2004 0.01 56.0
H309S 21 ± 16 1192 ± 1468 0.02 57.3
H230Q/H309Q — — — 49.7
V321A 732 ± 33 1045 ± 77 0.70 59.5

For all the active-site histidine mutants, the measured activities
were so low that either the constants could not be calculated or
their associated errors are very high.
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indistinguishable from the wild-type protein by both
synchrotron radiation circular dichroism spectrosco-
py (SRCD) and small-angle X-ray scattering (SAXS)
(Supplementary Fig. 1). Thermal stability assays
(Table 1) indicated that mutations of His230 and
His309 lowered stability, especially the mutations to
glutamine. The V321A variant, on the other hand,
presented slightly increased thermal stability.

The first substrate complex for the 2H family

In order to obtain crystal structures of different steps
in the catalytic cycle, we crystallized mutant variants
of the catalytic domain of mouse CNPase in the
presence of 2′,3′-cAMP, 2′,3′-cNADP+, or 2′,3′-cAMP
phosphorothioate analogues (Table 2 and Supple-
mentary Fig. 2). The 2′,3′-cAMP substrate was
co-crystallized with the CNPase H309S mutant, and
the electron density clearly shows a well-defined
substrate molecule in the active site of the mutant
enzyme (Fig. 2 and Supplementary Fig. 2). Thus, for
the first time, we have here been able to trap a
substrate complex of an enzyme in the 2H family.
The substrate is tightly bound in a groove contain-

ing the active site. The interactions of the substrate
with the active site include those made by the
phosphate group, the ribose sugar, and the adenine
base. The base is stacked between Phe235 (at the C
terminus of strand β2) and Val321 (at the N terminus
of helix α7), which forms CH-π hydrogen bonds to
the aromatic rings. The main interaction of the ribose
moiety with the protein is also a CH-π-type interac-
tion between the CH group at ribose C-4 and the side
chain of Tyr168. Three of the four oxygen atoms of
the cyclic phosphate moiety interact with the
catalytic residues. The two free oxygen atoms form
hydrogen bonds with the two threonine residues and
two central water molecules of the active site, and
the O3′ atom is coordinated by His230. This
observation highlights the roles of Thr232 and
Thr311, plus the conserved water structure, in
positioning the substrate for catalysis.
The nucleophilic water molecule is also present in

the structure, and its distance from the phosphorus
atom of the substrate is 3.7 Å (Fig. 2b). This water
molecule is coordinated under the closed β5–α7
loop by the backbone NH groups of Thr323 and
Gly324 at the N terminus of helix α7, the carbonyl
group of Pro320, the extra water molecule replacing
the side chain of His309, and another water
molecule further H-bonded to Arg307.
A molecule takes the place of the His309 side

chain in theH309Smutant structure, beingH-bonded
to the mutated Ser309, as well as to the substrate;
hence, hydrogen bonding contacts for the substrate
in the active site are preserved, although activity is
lost. In fact, this water superimposes with the Nε2

atom of His309 in wild-type CNPase, which is likely to
coordinate the substrate in the same way. In this
respect, it is surprising that none of the His-Gln
mutants could be crystallized with bound nucleotide
ligands (unpublished results).

Binding mode of the reaction product

As described above, the substrate was visible in
the inactive H309S mutant; however, the enzymat-
ically active V321A variant crystallized in the
presence of 2′,3′-cAMP contains the reaction prod-
uct 2′-AMP (Fig. 3a). We previously determined the
structure of wild-type CNPase bound to the product
at 2.4 Å resolution [4]. The new structure of the
V321A mutant-2′-AMP complex is of much higher
resolution and has a high occupancy of the product,
making it more suitable for detailed analyses.
The product sits in the active site with its 3′-OH

group H-bonded to His230, and the 2′-phosphate
extended toward His309 and Pro320. The oxygen
atoms of the product interact with the active-site
water molecules and the HxTx motifs. In contrast to
the substrate complex, the flexible region 319–321 in
loop β5–α7 is in an open conformation. Surprisingly,
the 2′-phosphate of the product interacts directly with
the N terminus of helix α7 as a result of this
conformational change, possibly taking advantage
of the positive helix dipole, which is hidden when the
loop is closed. The amide group of Ala321 also
coordinates the phosphate, and the carbonyl of
Pro320 has rotated away. A superposition of the
substrate and product complexes indicates that it is
mainly the phosphate group, which moves during the
reaction, while a binding pocket for the product is
created by the opening of the β5–α7 loop (Fig. 3b
and c and Supplementary Fig. 3).

Phosphorothioate complexes

To get an even better insight into the active-site
events during the catalytic cycle, we used two
phosphorothioate analogues of 2′,3′-cAMP, the Sp
and Rp epimers of 2′,3′-cyclic adenosine monopho-
sphorothioate (AMPS), as mimics of the substrate
and product. In these analogues, one of the cyclic



Table 2. Crystallographic data processing and refinement statistics

Dataset

Mutation None None H309S H309S H230S H230S V321A V321A V321A

Active-site
ligand

2′-AMPS
(was Sp)

2′-AMPS
(was Rp)

2′,3′-Sp-
cAMPS

2′,3′-cAMP NADP+ 2′,3′-Rp-
cAMPS

2′-AMP 2′-AMPS
(was Sp)

2′-AMPS
(was Rp)

PDB entry 2yoz 2yp0 2ypc 2ype 3zbr 2yph 2yq9 3zbs 3zbz

Data collection and processing
Beamline EMBL/

DESY X11
EMBL/

DESY X11
EMBL/

DESY P14
EMBL/

DESY X11
MAX-Lab
I911-2

MAX-Lab
I911-2

MAX-Lab
I911-2

MAX-Lab
I911-2

MAX-Lab
I911-2

Wavelength (Å) 0.815 0.815 1.223 0.815 1.041 1.041 1.041 1.041 1.041
Unit cell parameters
a (Å) 38.40 39.83 40.28 40.80 42.10 40.63 41.55 41.36 41.25
b (Å) 47.88 47.74 47.49 47.13 47.10 47.53 46.79 46.88 46.99
c (Å) 51.15 50.93 53.76 53.78 111.17 107.55 107.36 107.23 107.38
α (°) 90 90 90 90 90 90 90 90 90
β (°) 94.45 97.86 94.89 94.28 90.26 90 90 90 90
γ (°) 90 90 90 90 90 90 90 90 90
Space group P21 P21 P21 P21 P21 P212121 P212121 P212121 P212121
Resolution

range (Å) *
19.1–2.1

(2.15–2.10)
19.4–2.3

(2.36–2.30)
40.1–1.89
(1.94–1.89)

10.0–1.9
(1.95–1.90)

30–2.3
(2.36–2.30)

39–2.1
(2.15–2.10)

30–1.9
(1.95–1.90)

30–2.45
(2.51–2.45)

30–2.1
(2.15–2.10)

Observed/
unique
reflections

39,109/
10,896

43,123/
8391

58,311/
15,833

66,817/
16,037

66,246/
19,310

72,881/
12,366

82,177/
16,784

53,246/
8049

59,100/
12,529

Rsym (%) 8.5 (52.1) 12.6 (68.9) 3.8 (27.6) 9.8 (101.3) 9.2 (114.4) 9.1 (84.5) 6.9 (67.4) 13.7 (97.6) 12.9 (87.4)
〈I/σI〉 11.7 (2.0) 10.9 (2.5) 25.4 (4.3) 13.5 (1.5) 10.8 (1.3) 13.4 (2.0) 15.3 (2.5) 13.2 (2.2) 9.9 (1.9)
Completeness

(%)
99.4 (98.6) 98.1 (99.8) 97.4 (82.4) 98.8 (98.5) 98.6 (91.2) 96.7 (92.1) 97.9 (93.6) 99.1 (97.6) 97.8 (93.0)

Redundancy 3.5 (2.7) 5.1 (5.1) 3.7 (3.0) 4.2 (3.8) 3.4 (3.0) 5.9 (4.8) 4.9 (4.3) 6.6 (6.0) 4.7 (4.1)

Refinement
Rcryst (%) 17.5 21.1 16.5 16.7 22.0 23.0 18.7 18.4 20.8
Rfree (%) 22.2 26.9 21.3 20.7 26.1 28.9 23.6 24.2 26.5
Wilson B

factor (Å2)
28.2 28.0 20.8 22.9 44.3 29.9 23.8 31.6 24.3

Average total
B-factor (Å2)

33.9 29.9 29.2 29.3 43.5 59.9 38.5 35.1 36.7

Average ligand
B-factor (Å2)

39.9 39.7 (active
site); 31.5
(crystal
contact)

18.6 18.8 55.2 84.2 26.6 31.2 36.3

Ligand
occupancy

1.00 1.00 0.70 1.00 1.00 0.81 1.00 1.00 1.00

r.m.s.d. bond
length (Å)

0.004 0.003 0.008 0.002 0.003 0.002 0.010 0.002 0.002

r.m.s.d. bond
angle (°)

0.8 0.7 1.0 0.7 1.0 0.5 1.2 0.6 0.6

Missing
residues

158–160,
206–212

158–162,
208–213

158–162,
336–337

158–161,
336–338

A: 158–160,
210–212;

B: 158–160,
210–213,
294–296

158–162,
209–212

158–161,
209–212

158–162,
209–212,
293–295

158–162,
209–213,
293–295

MolProbity analysis
Clashscore 7.0 10.9 7.0 5.8 15.6 5.0 6.9 4.2 5.7
Ramachandran
favored (%)

97.1 96.1 97.7 97.7 94.0 98.1 98.1 98.6 97.6

Ramachandran
disallowed (%)

0.5 0.0 0.0 0.5 0.2 0.0 0.5 0.0 0.0

Rotamer
outliers (%)

1.2 0.6 0.6 0.0 1.7 0.6 1.7 0.6 0.6
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phosphate oxygen atoms is replaced by a sulfur.
Previously, it has been shown that the Sp epimer of
2′,3′-cAMPS is a functional substrate for CNPase,
while the Rp epimer is not [36]. We used both
wild-type CNPase and selected mutants to deter-
mine crystal structures of CNPase in the presence of
the two phosphorothioate epimers. In both wild-type
and V321A CNPase crystals, both forms of
2′,3′-cAMPS had reacted to form a product,
2′-AMPS (Fig. 4), indicating at least a low level of
activity also toward the Rp epimer. However, with the
use of inactive CNPase, the cyclic Sp epimer could
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Fig. 2. The CNPase–substrate complex. (a) Overall structure of the CNPase catalytic 2H domain (residues 159–378).
The substrate (magenta) is shown in the active site, and helix α7 (dark green), strands β2 and β5 harboring the HxTxmotifs
(orange), and the β5–α7 loop (bright green) are also highlighted. (b) A stereo view of the binding mode of 2′,3′-cAMP into
the CNPase active site. Coordination of the phosphate group is indicated by yellow broken lines, and that of the catalytic
water 5 is indicated by orange lines. The nucleophilic attack is shown in green. Numbering of the water molecules 1–5
corresponds to the earlier convention [4,14], while water 6 represents the one replacing the side chain of His309 in the
H309S structure.

(a) (b)

(c)

Fig. 3. Comparison between the substrate and product complexes. (a) Binding mode of the reaction product 2′-AMP.
Interactions to the HxTx motifs and water molecules are shown in yellow, and interactions to the α7 helix and the β5–α7
loop are shown in orange. (b) Superposition of the substrate (H309S mutant; gray) and product (V321A mutant; yellow/
pink) complexes; stereo view. Note the formation of the phosphate-binding pocket upon a conformational change in the
β5–α7 loop, including the rotation of the peptide group between Pro320 and residue 321. An animation of this effect is seen
in Supplementary Movies 1 and 2. Electrostatic potentials for the two conformations are shown in Supplementary Fig. 3. (c)
Electron density maps for the open (left) and closed (right) conformations of the β5–α7 loop. Shown are simulated
annealing omit Fo − Fc maps at a contour level of 3 σ. The other conformation of the loop is shown in light pink for
comparison, and the carbonyl oxygen of Pro320 is indicated (arrows).
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Fig. 4. Complexes of CNPase with phosphorothioate compounds. (a) A stereo view of the binding modes of
2′,3′-cAMPS isomers (H309S with Sp-2′,3′-cAMPS, blue; H230S with Rp-2′,3′-cAMPS, green). Both mutations induce the
presence of an additional water molecule (waters 6 and 7). The nucleophilic water 5 is missing from the Rp isomer
complex, indicating a non-productive mode of binding. (b) Binding modes of the product 2′-AMPS in crystals of wild-type
and V321A CNPase. Both isomers of 2′,3′-cAMPS have been converted into product in the crystals of these active
CNPase variants. Yellow, wild-type protein crystallized with Sp-2′,3′-cAMPS; green, wild-type protein crystallized with
Rp-2′,3′-cAMPS; blue, V321A crystallized with Sp-2′,3′-cAMPS; pink, V321A crystallized with Rp-2′,3′-cAMPS. In all of the
shown structures, except for the wild-type protein with the Rp isomer, the β5–α7 loop is open and water 2 is present.
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subsequently be trapped in H309S crystals and the
cyclic Rp epimer in the H230S mutant (Fig. 4).
Al l cycl ic l igands, both 2 ′ ,3 ′-cAMP and

2′,3′-cAMPS, occupy fairly similar positions. Howev-
er, when one of the active-site histidines is mutated,
a movement of the cyclic phosphate is seen toward
the non-mutated histidine (Fig. 4). This indicates a
role for the His residues in the fine-tuning of the
substrate position for catalysis, in addition to direct
functions in catalysis. The β5–α7 loop in all these
complexes is closed.
The product analogues, 2′-AMPS, occupy nearly

identical positions in the different structures (Fig. 4b).
In the 2′-AMP complex (Fig. 3), the phosphate is
located slightly closer to His309 and Arg307, and the
difference may be a steric effect due to the O-S
replacement in the phosphorothioates. The electron
density suggests that the phosphorothioate group
rotates and takes all three possible conformations in
the crystal (Supplementary Fig. 4). In the 2′-AMPS
complexes, loop β5–α7 is again in the open confor-
mation, resulting in more space for product binding.
As an exception to the above, one of the

2′-AMPS complexes presents a different binding
mode, where the loop is closed and one of the
conserved water molecules at the active site
bottom is missing (Fig. 4b). This indicates that the
product can also bind to the closed conformation,
although the quality of the electron density for the
product ligand suggests only weak binding. This
could represent a state, where the product is
leaving the CNPase active site. In this same
structure, also another molecule of 2′-AMPS is
seen in a crystal contact, away from the active site
(data not shown).
Complex with NADP+

Earlier, we reported the structure of wild-type
CNPase bound to NADP+, but the analysis was
limited due to the low occupancy of the ligand.
Hence, we aimed at obtaining a high-occupancy
complex with NADP+ or 2′,3′-cNADP+, which is also
used in CNPase enzyme activity assays as the
substrate. A complex structure was obtained from a
crystal of the H230S mutant co-crystallized with
2′,3′-cNADP+. This crystal form was twinned, with
two independent monomers in the asymmetric unit.
Although the crystallization was performed with

the inactive H230S mutant and the substrate
2′,3′-cNADP+, the reaction product NADP+ was
well defined in the active site (Fig. 5). The β5–α7
loop in the NADP+ complex is in the open
conformation, in line with the presence of the
reaction product. The most likely explanation for
the presence of the product is that the timescales of
the enzymatic catalysis and crystallization are
different and/or that the affinity of the substrate and
product to the active site of the mutant protein in the
crystal state may favor the product. The 2′-AMP
fragment of NADP+ binds essentially as 2′-AMP in
the V321A mutant, and the pyrophosphate group is
well defined in electron density. The nicotinamide
rings were poorly defined in difference electron
density prior to inclusion of the ligand molecule in
map calculation; however, the final electron density
maps show the conformation of this moiety (Supple-
mentary Fig. 2i and j). We attribute this behavior to
the fact that the crystals were twinned. In each of the
two monomers of the asymmetric unit, the nicotin-
amide/ribose unit apparently is in a slightly different



(a)
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Y376

P226

P320

F235

Fig. 5. Dinucleotide binding mode. (a) Binding of
NADP+ in chain A of the asymmetric unit. Several
interacting residues are shown. (b) Comparison of the
NADP+ complex to docked dinucleotides indicates a
potential binding groove for longer oligonucleotides. The
two conformations of NADP+ in the crystal are shown as
sticks (white/yellow), and the docked nucleotides adenyly-
l-3′,5′-uridine-2′-monophosphate (cyan) and adenyly-
l-3′,5′-adenine-2′-monophosphate (green) are shown as
thin bonds.
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conformation; however, it has a tendency to bind
between a loop containing Pro226 and Tyr376 close
to the C terminus of the phosphodiesterase domain
(Fig. 5). This groove could represent the continuation
of a binding site for further nucleotide units in an RNA
substrate. Furthermore, the N-terminal domain, likely
to be responsible for high-affinity RNA binding [4], is
localized in this direction in the full-length protein.
Although NADP+ is a dinucleotide, it is not a

perfect analogue for an RNA oligonucleotide. Hence,
we also carried out docking of dinucleotide com-
pounds, adenylyl-3′,5′-uridine-2′-monophosphate
and adenylyl-3′,5′-adenine-2′-monophosphate, as
well as their 2′,3′-cyclic derivatives, representing
substrate and product into the respective CNPase
active-site conformations. This experiment indicated
that, while the reactive groups were placed into the
active site, the second nucleotide bound to the same
groove as NADP+ (Fig. 5b).

Conformation of full-length CNPase in solution

Full-length CNPase isoform 1, including the N- and
C-terminal domains as well as the C-terminal tail, was
purified in a homogeneous monomeric form (Supple-
mentary Fig. 5). In our earlier work, using a slightly
shorter construct without the 22-residue C-terminal
tail, purified CNPase always contained a mixture of
different oligomeric states [4]. SRCD was used to
confirm the folding state of CNPase, and the results
indicate a similar secondary structure content for the
catalytic domain and full-length CNPase and, hence,
also for theN-terminal domain (Supplementary Fig. 1).
Based on synchrotron SAXS data (Fig. 6 and
Supplementary Table 3), the full-length CNPase
monomer is an elongated molecule with a maximum
dimension of 8.8 nm and a radius of gyration of
2.6 nm. The determined molecular mass based on
comparing the CNPase forward scattering intensity
I(0) to that of bovine serum albumin was 42.7 kDa,
very close to the expected molar mass of a monomer
(44.8 kDa), confirming the monomeric state of full-
length CNPase in solution. A method not relying on a
bovine serumalbumin standard also gave amolecular
weight consistent with a monomer. Furthermore, the
estimated Porod volume (Supplementary Table 3) is
well in line with the presence of monomeric CNPase.
Molecular modeling of full-length CNPase was

carried out based on the SAXS data. Models were
prepared both ab initio, without any additional
structural information, and by taking advantage of
the crystal structure of the CNPase catalytic domain
and a homology model of the N-terminal domain,
carrying out rigid-body refinement and building
missing loops. Both kinds of procedures resulted in
very similar elongated models of full-length CNPase,
where only a small area of close contact exists
between the two domains (Fig. 6). All models also
gave very good fits to the raw data (Supplementary
Table 3). The models indicate that the CNPase
active site is accessible in the context of the
full-length protein in solution, not being covered by
the N-terminal domain; the latter case would result in
a more globular particle. In this arrangement of the
two CNPase domains, the C-terminal membrane-
anchoring tail must be located in the central part of
the molecule, effectively bringing also the active site
close to the lipid bilayer surface.

Sequence analysis of CNPase homologues

More than 10 years ago, a sequence analysis of
the 2H family was presented [2]. Due to the
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Fig. 6. Three-dimensional model of full-length CNPase from SAXS data. (a) SAXS scattering curve. The raw data (black
dots) are overlaid with fits of the ab initioGASBOR (blue) and DAMMIF (green) and rigid-body CORAL (black) and BUNCH
(red) models. The inset shows the Guinier plot. (b) Distance distribution of full-length CNPase. (c) Chain-like ab initiomodel
built by GASBOR (cyan), superimposed on an averaged dummy atom model (green), based on 10 independent runs of
DAMMIF. The two views are related by a rotation of 90° about the y-axis. (d) Full-length CNPase model made using
CORAL. The N-terminal domain is colored cyan. The C-terminal domain is orange. The N- and C-terminal tails are colored
gray. During modeling, in addition to the two rigid-body domains, 30 N-terminal and 22 C-terminal residues were built, as
well as a short linker of 4 residues between the domains. (e) Electrostatic potential coloring of the BUNCHmodel surface at
two orientations, related by a 90° rotation about the x-axis. The coloring is from −10 (red) to +10 (blue) in units produced by
ABPS. The CNPase active site and the location of the P-loop/ATP-binding site are located by thick and thin arrows,
respectively. A broken arrow indicates the site is behind the molecule in this orientation.
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significant increase of sequence data, we studied
the conservation of the CNPase family in currently
available protein sequences of metazoan species
(Supplementary Figs. 6 and 7). CNPase is present in
all complete tetrapod genomes (33), except in
platypus, and CNPase or RICH is present in all
complete fish genomes (9). Additionally, we
detected CNPase sequences in six invertebrates.
CNPase is apparently not present in most arthro-
pods, nematodes, urochordates, or platypus. A
schematic view of the domain organization in the
CNPase/RICH family in different organisms is shown
in Fig. 7.
The HxS/Tx motifs of the catalytic phosphodies-

terase domain are conserved throughout species.
The P-loop of the N-terminal domain is also present
in all sequences, except the RICH proteins and the
water flea CNPase, both of which only have
homology to the C-terminal domain of human
CNPase. The P-loop consensus residues are fully
conserved, indicating functional significance of this
putative ATP-binding site. Stretches of high conser-
vation are also found at the beginning of the
C-terminal domain (strand β1), around the second
HxTx motif (strand β5), and in helix α7.
The C-terminal tail of CNPase contains a CTII motif,
carrying the conserved (except for coelacanth that has
a Phe substitution) cysteine, which is isoprenylated,
and Lys379 and Gly380 that promote microtubule
polymerization [26,28]. This C-terminal tail is missing
in invertebrates, inwhich the position of theC terminus
corresponds to the CNPase residue Tyr377.
Some sequences in the database contain exten-

sions at the N terminus before the point correspond-
ing to the start of the CNPase 1 isoform. These may
represent isoforms produced by alternative splicing,
or artifacts. Both amphibians and all non-tetrapods
lack homology to the mitochondrial targeting se-
quence of the CNPase 2 isoform [37]. The RICH
proteins do not have a PNK-like domain; instead,
they possess an N-terminal acidic domain rich in
Pro, Glu, Val, Lys, and Ala. This kind of an amino
acid composition is suggestive of a disordered
structure, and secondary structure predictions con-
firm this view (unpublished results). Interestingly,
salmon CNPase has the acidic domain, PNK
domain, and 2H domain, combining the features of
both CNPase and RICH. Schistosoma CNPase, on
the other hand, has a coiled-coil domain of 80–90
residues at its N terminus.



Fig. 7. Domain organization of CNPase/RICH in different organisms. Details and amino acid sequence alignments can
be found in Supplementary Materials.
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Conservation of ligand-binding residues

Based on the CNPase crystal structures and
sequence alignments, conserved features in ligand
binding can be observed. Both HxTx motifs are
always present, except that the latter threonine is
substituted by serine in sea urchin. Tyr168, which
interacts with the ribose ring, is conserved in most
species but is replaced by phenylalanine in bat,
most fishes, acorn worm, and sea urchin. Pro225
and Pro226, lining the extended ligand-binding
cleft, are conserved within mammals. Tyr376 on
the opposite side of this cleft is conserved in most
species, including mammals, birds, and amphib-
ians. Phe235, stacking against the base of the
substrate, is conserved in mammals and most other
species but changed to tyrosine in birds and some
invertebrates. Val321, which binds to the other face
of the base through CH-π hydrogen bonds, is
mostly conserved but substituted by methionine in
naked mole rat, by glutamine in Atlantic salmon,
and by alanine in Schistosoma. The residue
corresponding to Pro320 is either Pro or Ala in all
sequences, except for frogs and the naked mole
rat.
Discussion

The catalytic cycle of CNPase

We report here the first substrate-containing
structure of a 2H phosphoesterase family enzyme
and present a comprehensive crystallographic anal-
ysis of the CNPase catalytic cycle, including the
detailed positioning of the substrate and the reactive
water molecule. The position of the cyclic nucleotide
in the active site is consistent with the earlier
predicted reaction mechanism [4,14]. Based on our
current data, we are able to propose a much more
detailed mechanism for catalysis by CNPase
(Fig. 8).
Prior to catalysis, the active-site histidine residues

are in the correct protonation state for catalysis:
His230 is protonated and His309 is deprotonated. As
the optimum pH for the CNPase catalytic activity is 6
[38], it is likely that His230 has a pKa of over 6 and
His309 has pKa b 6.
In the first step of the reaction, a 2′,3′-cyclic

nucleotide substrate enters the active site. No
large-scale conformational changes in the active



Fig. 8. The current view of the CNPase reaction mechanism. The two catalytic histidine residues and the nucleophilic
water molecule are highlighted in bold. Hydrogen bonds, as seen in the crystal structures, are shown as broken lines. Note
how the phosphate group changes its environment during the reaction, interacting with the amide groups of the N terminus
of helix α7 and the β5–α7 loop in the product complex.
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site or its vicinity are suggested by comparisons of
liganded and unliganded CNPase structures. The
reactive cyclic phosphate group of the substrate is
accurately oriented by both of the HxTx motifs and
two water molecules (waters 2 and 3) at the bottom
of the active site. The nucleophilic water molecule is
coordinated by hydrogen bonds to an optimal
position and orientation for catalysis. The interacting
moieties include the side chain of His309, the
backbone carbonyl of Pro320, the backbone amide
of Gly324 in the N terminus of helix α7, and a nearby
water molecule. The hydrogen bond to Gly324 is
in-line with the direction of nucleophilic attack.
The reaction is initiated by the abstraction of a

proton from the nucleophilic water molecule by the
side chain of His309. The activated water molecule
then attacks the cyclic phosphate group, most likely
resulting in a pentavalent intermediate. It can be
predicted that most of the hydrogen bonds between
the active site and the substrate are preserved
during this step. It is possible that the Pro320
carbonyl group follows the nucleophilic attack and
starts its rotation during this step.
In the second step of the CNPase reaction, the

pentavalent intermediate is broken, and a 2′-phos-
pho group is formed. His230 acts as a general acid
and donates a proton to the 3′-oxygen. During this
step, the phosphate group moves significantly, and
some of the original hydrogen bonding contacts are
lost, for example, to water 3. At the same time, the
peptide carbonyl between Pro320 and Val321
rotates away and the backbone amide of Val321 is
exposed for interaction with the reaction product.
The 2′-phospho group also forms direct hydrogen
bonds to the backbone amides of Thr323 and
Gly324 at the N terminus of helix α7.
It is likely that the open conformation of the β5–α7

loop is strained, and product release is linked to its
return to the closed conformation. This is also
suggested by one of our structures, where a leaving
product molecule is bound with a low occupancy and
the loop is closed.
Before a new catalytic cycle can take place, the
active site must be regenerated. For CNPase, this
mainly involves the reversal of the protonation states
of the active-site histidine side chains. This can be
achieved through interactions with water and buffer
molecules; in the unliganded state, both His230 and
His309 interact directly with solvent in the relatively
open active-site cavity. It is likely that the regener-
ation of the active site is impaired far away from the
CNPase pH optimum.

Further insights from active-site ligand
complexes

CNPase has stereospecificity toward 2′,3′-cAMPS
analogues, with only the Sp epimer being a good
substrate [36]. Our crystal structures with both the
Sp and Rp epimers indicate subtle differences in the
cyclic ligand conformation; while the Sp epimer is
very similar to 2′,3′-cAMP, the Rp epimer complex
structure is missing the nucleophilic water molecule.
Hence, the inability of CNPase to efficiently react
upon Rp-2′,3′-cAMPS could, indeed, be due to a
non-productive binding mode. On the other hand, the
observation of the product 2′-AMPS in the crystals
grown in the presence of active CNPase and the Rp
epimer suggests at least a low level of activity toward
Rp-2′,3′-cAMPS.
The product NADP+ was observed in active site of

the inactive mutant H230S crystals, grown in the
presence of the substrate 2′,3′-cNADP+. This may
indicate that, firstly, His230 is not absolutely required
for the first step of the reaction and that, secondly, the
water molecule replacing the side chain of His230 in
the mutant is able to donate a proton to the leaving
group in the absence of His230. On the other hand,
the water molecule replacing the side chain of His309
in the crystal structure is unable to start catalysis, as
shown by the fact that this mutant could be used to
obtain the structure of a substrate complex.
The binding mode of NADP+ in the active site hints

at a continuation of a binding site for oligonucleotide

image of Fig.�8
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substrates, extending from the active-site groove
toward the N-terminal domain (Figs. 5 and 6e).
Docking experiments also showed binding of di-
nucleotides into this groove. It can be envisaged that
an oligonucleotide would bind along an aromatic
surface, lined by a strong positive electrostatic
potential, toward the N-terminal domain, which has
been shown to efficiently bind RNA [4]. Kinetic
parameters for CNPase toward 2′,3′-cAMP and
2′,3′-cNADP+ were reported to be essentially iden-
tical [22], indicating that the kinetics are mainly
determined by the nucleotide moiety in the active
site; however, for longer substrates, the situation
may be different. High-resolution structural data for
full-length CNPase or a close homologue, preferably
in complex with RNA, will be required to fully
understand this process.

The β5–α7 loop and helix α7

Depending on the ligand present in the active site,
two distinct conformations for the β5–α7 loop can be
observed; in the substrate complexes, it is always
closed, and in the product complexes, it is open,
except for one structure with low product occupancy.
The movement of the β5–α7 loop during catalysis, as
well as the generation of a binding cavity for the
2′-phosphate group, is visualized in Supplementary
Movies 1 and 2. Linked to the movement is also the
conformation of Cys314, which turns away from the
active site upon loop opening, contributing to the
formation of a large binding pocket for the 2′-phos-
phate of the product. It is likely that the β5–α7 loop
plays a key role both in coordinating the reactive
species before and after catalysis and in releasing
the product. Originally, its role was thought to reside
mainly in holding the substrate nucleobase in place,
but our data indicate that it also specifically co-
ordinates the reactive species during the entire
CNPase catalytic cycle.
When the β5–α7 loop opens and binds the product

(2′-AMP, 2′-AMPS, or NADP+), direct hydrogen
bonds are formed between backbone amides from
Val321, Thr323, and Gly324 and the product. NMR
titrations with active-site ligands, including phos-
phate and 2′-AMP and 3′-AMP, as well as A6 RNA,
previously showed the largest chemical shift pertur-
bations for Thr232, Thr311, and Gly324 [12]. Thr323
and Gly324 are fully conserved in all CNPase
homologue sequences we studied here (Supple-
mentary Figs. 6 and 7), and the mutation of Gly324 to
alanine largely abolished CNPase activity [12].
Hence, we believe that the presence of the correctly
positioned N terminus of loop α7 and the flexibility of
the β5–α7 loop are important for positioning the
reactive groups for catalysis and for product release.
Helix α7 of CNPase, while being highly conserved

within CNPases, is absent from other 2H superfamily
proteins with a known structure [4]. Given the
importance of this helix, and especially its N-terminal
loop, for the catalytic mechanism of CNPase and its
conservation during CNPase evolution, the α7 helix
presents a profound difference in CNPase structure–
function relationships compared with the other 2H
superfamily enzymes. Hence, it appears that non-
CNPase members of the 2H family must have
different mechanisms for substrate recognition and
binding, as well as for organizing the presence of a
nucleophilic group.

Structure of full-length CNPase

We further modeled the three-dimensional solution
structure of full-length CNPase at low resolution. The
model, based on synchrotron SAXS data and both
ab initio and homology modeling, indicates that the
PNK-like and the 2H phosphoesterase domains form
an elongated assembly. This arrangement retains an
open active site in the catalytic domain, with no
apparent need for large-scale conformational
changes prior to substrate binding. Earlier compar-
isons of full-length CNPase and its catalytic domain
have shown that although the Km values for the
substrate are similar, the isolated catalytic domain is
approximately two times faster in catalysis than the
full-length protein [39,40]. It is likely that the
N-terminal domain is involved in the binding of larger
substrates, namely RNA molecules, the termini of
which then would locate to the active site for
catalysis. The electrostatic surface of the full-length
CNPasemodel suggests the presence of a positively
charged patch leading to the active site (Fig. 6e).
The roles of the conserved P-loop or the binding of
other ligands, such as calmodulin [30], in the
regulation of RNA substrate binding and/or catalysis
still remain to be determined. It is highly likely that
homologous enzymes from the 2H family have
similar domain arrangements between the PNK-like
and phosphodiesterase domains. Indeed, in our
recent experiments, we have seen similar molecular
shapes for CNPase homologues (unpublished
results).

CNPase as a member of the 2H superfamily

The 2H superfamily is divided into four major
clades based on primary sequence (archaeobacter-
ial LigT-like, eukaryotic-viral LigT-like, YjcG-like, and
mlr3352 clades), and several enzymes, including
CNPase, belong to no clades [2]. The archaeobac-
terial LigT-like clade is similar to E. coli 2'-5' RNA
ligase, and members are found in archaea, bacteria,
and chloroplasts [2,41,42]. These enzymes hydro-
lyze 2′,3′-cyclic phosphate in (oligo)nucleotides and
join the produced 2′-phosphate to a 5′-hydroxyl
group of another (oligo)nucleotide to form atypical
2′,5′-linkages [6,41]. Such activity has not been
reported for CNPase, and it may have been lost



4318 Reaction Mechanism of CNPase
upon the emergence of helix α7, which effectively
blocks access to the active site from one direction,
being also the direction of nucleophilic attack. In
CNPase, the N terminus of helix α7 coordinates the
nucleophilic water, while in some other 2H phos-
phoesterases, the absence of this helix allows the
entrance of a larger nucleophile, such as an RNA
molecule, into the active site.
Fungal tRNA ligases use PNK, CPDase, and RNA

ligase activities to produce common 3′,5′-ligations
during tRNA splicing [17,43]. Rat CNPase can
rescue yeast with an inactive tRNA ligase 2H
domain, but not yeast with an inactive PNK domain
[21]. On the other hand, lancelet CNPase can rescue
the PNK-inactive mutants [44]. The CNPase
PNK-like domain is fairly conserved, especially
within mammals. This implies that it may fulfill
some conserved function, although it may have
lost PNK activity during evolution. This function
could be related to RNA binding [4,29,30] or even a
defense mechanism against viral vectors [45].
Proteins in other major clades of the 2H super-

family have not been reported to possess CNPase
activity. The murine coronavirus non-structural pro-
tein 2a (MHV-ns2) can, like the prokaryotic LigT-
homologues, degrade 2′,5′-linked oligoadenylates
formed by host cells during viral infection [46].
Mutating the catalytic histidine residues in this
protein led to an attenuation of viral infection in the
liver, but not in the brain [47]. Plant and yeast
CPDases participate in tRNA splicing by degrading
the side product ADP-ribose 1″,2″-cyclic phosphate
to ADP-ribose 1″-phosphate [3,11,48]. They are also
capable of degrading 2′,3′-cyclic phosphates to
2′-phosphates but also lack helix α7, reflecting
wider substrate specificity and differences in reac-
tion mechanism.
It has been assumed that CNPase emerged along

with myelin in early vertebrates due to the lack of
activity in invertebrate species such as molluscs,
arthropods, and starfish [49] and a lack of homolo-
gous sequences in sequenced invertebrates [50].
However, the properties of lancelet CNPase [44] and
our analysis of currently available metazoan se-
quences here suggest an earlier origin for the
protein. CNPase is present in high amounts in
oligodendrocytes and myelin of the mammalian
nervous system, and CNPase activity is also present
during development in chicken [51] and Xenopus
nervous systems [52]. On the other hand, RICH,
found in some actinopterygian fish, lacks the
PNK-like domain of CNPase. A CNPase sequence
with PNK-like and 2H domains is present in the
sarcopterygian fish Coelacanth, which is more
closely related to the ancestor of land-dwelling
tetrapods [53]. Although no CNPase sequence
from chondrichtyes is available, CNPase activity
has been found in sharks and rays [49,54]. The
presence of CNPase homologues in flatworms
indicates its presence in a common bilaterian
ancestor and the deuterostoma lineage.

Concluding remarks

We have presented a detailed structural view of
the CNPase catalytic cycle and visualized a sub-
strate complex containing 2′,3′-cAMP and the
nucleophilic water molecule. The data from different
active-site ligand complexes point toward an impor-
tant role for the β5–α7 loop during the catalytic cycle,
coordinating the reactive moieties and going through
a distinct conformational change during catalysis.
The large differences seen between 2H family
members in the vicinity of the active site, especially
concerning helix α7 and the adjacent β5–α7 loop,
must result in different catalytic details in other 2H
family members. While the physiological function of
CNPase still remains enigmatic, the elucidation of
the catalytic mechanism and our low-resolution
model of full-length CNPase are important steps
toward understanding the physiological function of
this highly concentrated membrane-bound enzyme
in the myelin sheath.
Materials and Methods

Mutagenesis, protein expression, and
purification

Mutations were prepared using the QuikChange II
site-directed mutagenesis kit (Agilent Technologies) and
the primers listed in Supplementary Table 1. The template
for the mutations was mouse CNPase catalytic domain
cDNA, encoding residues 159–378 (numbering according
to the CNPase 1 splice isoform), cloned into the pTH27
expression vector [40,55]. The presence of mutations was
confirmed by DNA sequencing and mass spectrometric
analysis of the purified protein. Mutated and wild-type
CNPase catalytic domains were expressed and purified
exactly as described before [4,40]. Briefly, His-tagged
CNPase was expressed in E. coli using autoinduction [56]
and purified with metal affinity, His-tag cleavage, and
size-exclusion chromatography. Soluble expression and
purification properties of all mutants were similar to the
wild-type protein (data not shown).
Full-lengthmouse CNPase 1 isoform was also expressed

and purified to homogeneity with the same protocol [40]. In
metal affinity purification, a HisTrap Fast Flow column (GE
Healthcare) was used, which had been equilibrated with
washing buffer [50 mMHepes (pH 7.0), 500 mMNaCl, 10%
glycerol, 20 mM imidazole, and 1 mM tris(2-carboxyethyl)
phosphine (TCEP)]. After protein binding and washing, we
eluted pure protein with washing buffer containing 400 mM
imidazole. Thereafter, tobacco etch virus protease was
added, and cleavage was carried out simultaneously with
dialysis into 50 mM Hepes (pH 7.0), 500 mM NaCl, 10%
glycerol, and 1 mM TCEP. Size-exclusion chromatography
was then carried out in 20 mM Hepes (pH 7.5), 300 mM
NaCl, 1% glycerol, and 1 mM TCEP.
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The presence of mutations was confirmed by DNA
sequencing and by mass spectrometry of purified proteins.
Peptide fingerprinting was carried out using in-gel trypsin
digestion and matrix-assisted laser desorption/ionization/
time-of-flight mass spectrometry, and accurate molecular
mass determination was performed by liquid chromato-
graphy-coupled electrospray ionization/time-of-flight mass
spectrometry.
Kinetics and stability assays

Enzymatic activity of the mutants was assayed as
previously described [22,30]. The substrate 2′,3′-cNADP+

was purchased from Sigma-Aldrich. We used 5 ng of
CNPase and 0.02–2 mM 2′,3′-cNADP+ in the reactions.
The effect of mutations on protein stability was

determined using the thermal shift assay [40]. Briefly,
5 μg of protein was mixed with 1× SYPRO Orange
(Invitrogen) in a buffer containing 20 mM 2-[bis(2-hydrox-
yethyl)amino]-2-(hydroxymethyl)propane-1,3-diol
(pH 5.5), 0.3 M NaCl, 1% glycerol, and 1 mM TCEP.
Measurements were performed using an Applied Bio-
sciences 7500 Real-Time PCR instrument in 50-μl
volumes in 96-well plates, and the plate was heated from
21 °C to 90 °C, at 1 °C/min, while fluorescence was
recorded. The excitation and emission wavelengths were
490 and 575 nm, respectively.

Crystal structure determination

Previously, we described crystallization conditions for
wild-type CNPase that contained citrate buffer and
medium-sized polyethylene glycol [4]. Although we
reported some successes in soaking CNPase nucleotide
ligands into these crystals, most structures solved using
these crystals have citrate in the active site. In the current
study, when citrate was replaced by formate or acetate,
crystals generally grew only in the presence of nucleo-
tides, and the nucleotides were usually present in the
active site in the refined structures. 2′,3′-Cyclic phosphor-
othioates were purchased from BIOLOG Life Science
Institute (Bremen, Germany), and 2′,3′-cAMP, from Sig-
ma-Aldrich. Crystallization and cryoprotection conditions
are displayed in Supplementary Table 2. Crystals were
briefly soaked in the cryoprotectant and flash-cooled in
liquid nitrogen. Data were collected at 100 K on the I911-2
beamline at MAX-Lab (Lund, Sweden) and on the X11,
X12, and P14 beamlines at EMBL (European Molecular
Biology Laboratory)/DESY (Deutsches Elektronen-
Synchrotron) (Hamburg, Germany). Data were processed
and scaled using XDS [57]. Phases were determined by
molecular replacement with a previous model (PDB entry
2xmi [4]), using Phaser [58]. phenix.refine was used for
crystallographic refinement, and phenix.elbow was used
for the generation of ligand restraints [59]. Manual
rebuilding was performed using Coot [60], and structural
figures were created using CCP4mg [61], UCSF Chimera
[62], APBS [63], and PyMOL‡. MolProbity was used in
structure validation [64]. The ligand omit electron density
maps were calculated by setting the ligand occupancy to
zero and carrying out three rounds of simulated annealing
refinement in phenix.refine. The exception was the NADP+

complex of the H230S mutant; since the crystal form was
twinned, the density before adding in the ligand was taken
as the omit map.

Small-angle X-ray scattering

Full-length CNPase was concentrated to 4–6 mg/ml in
a buffer containing 10 or 50 mM Hepes (pH 7.5), 0.2 M
NaCl, and 1 mM TCEP. Several dilutions of CNPase
were measured at the synchrotron beamline I911-4 of
MAX-Lab (Lund, Sweden), while a very small amount of
aggregation was detectable in most samples, one
sample, at 4.5 mg/ml in 50 mM buffer, showed no signs
of aggregation and was used for further analyses. A
freshly prepared sample of monomeric bovine serum
albumin was used as a molecular weight standard.
Molecular weights were also determined without a
standard protein from the SAXS data alone, using the
SAXS MoW procedure [65]. The raw data were pro-
cessed with BioXTAS RAW [66], and the ATSAS
package [67] was used for further analyses and structure
modeling. Specifically, distance distribution functions
were generated by GNOM [68], and the programs
DAMMIF, GASBOR, BUNCH, and CORAL were used
for ab initio and rigid-body modeling [67,69,70]. Ten
independent DAMMIF models were further averaged
using DAMAVER [71]. A homology model for the CNPase
N-terminal domain, based on the crystal structure of T4
PNK [72], was obtained using the sequence of the
CNPase N-terminal domain at the Phyre2 server [73].
Phyre2 uses a combination of sequence profile alignment
and secondary structure prediction to find suitable
models for homology modeling. This model and the
crystal structure for the C-terminal domain were used as
inputs for rigid-body modeling coupled to loop building in
BUNCH and CORAL. SAXS data for the catalytic domain
and mutants thereof {in 20 mM 2-[bis(2-hydroxyethyl)
amino]-2-(hydroxymethyl)propane-1,3-diol (pH 5.5),
300 mM NaCl, 10% glycerol, and 1 mM TCEP} were
similarly collected at the European Synchrotron Radiation
Facility (Grenoble, France) on the ID14-3 BioSAXS
beamline.
Synchrotron radiation circular dichroism
spectroscopy

SRCD was used to analyze possible changes in the
folding state of the mutant variants, compared to the
wild-type catalytic domain. SRCD data were collected in
10 mM sodium phosphate buffer (pH 7.0) on the CD1
beamline at the ASTRID storage ring (ISA, Aarhus,
Denmark). SRCD data were also collected on a sample
of full-length CNPase, on the UV-CD12 beamline at ANKA
(KIT, Karlsruhe, Germany). Spectral deconvolution to
estimate secondary structure contents was performed at
Dichroweb [74], using the CDSSTR [75] algorithm and the
SP175 reference database [76].
Molecular docking

Docking studies of dinucleotide ligands to CNPase were
performed with AutoDock Vina [77]. The original ligands,
the substrate or the product, and water molecules in the
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PDB files of H309S and V321A CNPases were removed;
however, crucial water molecules in the binding site were
kept. Ser309 and Ala321 of each mutant structure were
exchanged to His (H309H) and Val (V321V), respectively,
to mimic the wild-type structure. The ligand structures were
obtained from the PDB and modified using Avogadro, if
necessary [78]. The input files for proteins and ligands,
PDBQT molecular structure file formats, were prepared
with AutoDock Tools. The side chains of a few residues in
the binding pocket were treated as flexible. The grid box
was centered on the binding pocket of the protein, and the
sizes were set to 22 Å × 28 Å × 24 Å for H309S and
H309H and 24 Å × 22 Å × 18 Å for V321A and V321V
CNPase structures. The analysis of the results was carried
out using PyMOL, and the final results were chosen based
on binding modes.

Sequence analysis

Sequences homologous to human CNPase (P09543)
were searched from the UniProt and National Center for
Biotechnology Information protein databases [79,80]. A list
of sequences selected for alignment is displayed in
Supplementary Table 4. Sequence alignments were
prepared using MAFFT [81] and Jalview [82].

Accession numbers

The crystal structure data were deposited at the PDB
with accession codes 2yoz, 2yp0, 2ypc, 2ype, 3zbr, 2yph,
2yq9, 3zbs, and 3zbz.
Supplementary data to this article can be found online at
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