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The gene At2g17340 of Arabidopsis thaliana encodes a protein with
PDB Reference: At2g17340, 1xfi, r1xfisf. molecular weight 40.8 kDa (residues 1-367). The function of this
protein in A. thaliana is not yet established. At2g17340 is a member of
the conserved domain family Pfam01937.11, represented by DUF89
protein, without an experimentally established function (Bateman et
al., 2004). Several established eukaryotic pantothenate kinases
contain this conserved domain. At2g17340, as well as other members
of the Pfam01937.11 family, shows homology to the carboxy-terminal
portion of eukaryotic pantothenate kinases. Pantothenate kinases
(EC 2.7.1.33) catalyze the first step in the biosynthetic pathway
leading to coenzyme A, an essential prosthetic group of a number of
enzymes including the acyl-carrier protein components, citrate lyases
and others (Begley et al., 2001). Interestingly, bacterial and eukaryotic
pantothenate kinases share neither a sequence nor a fold-family
relationship. Therefore, the bacterial pantothenate kinases have
recently become interesting drug targets (Daugherty et al., 2002). The
first inhibitors have already been identified for staphylococcal
pantothenate kinase (Gerdes et al., 2002). Recently, a number of
mutations in human pantothenate kinase 2 were linked to the onset of
Hallervorden—Spatz syndrome, a neurodegenerative disorder asso-
ciated with iron accumulation in the basal ganglia (Zhou et al., 2001).
Here, we report the three-dimensional structure of At2gl17340
protein at 1.7 A determined by the multiple-wavelength anomalous
dispersion (MAD) method. The structure was determined under the
National Institutes of Health NIGMS Protein Structure Initiative.

2. Materials and methods

The A. thaliana gene At2g17340 was cloned and native and seleno-
methionine (SeMet) labeled At2g17340 proteins were expressed and
purified following the standard CESG pipeline protocol for cloning
(Thao et al., 2004), protein expression (Sreenath et al., 2005), protein
purification (Jeon et al., 2005) and overall information management
(Zolnai et al., 2003). Crystals of At2g17340 were grown by the
hanging-drop method from 10 mg ml™" protein solution in a buffer
© 2005 International Union of Crystallography (50 mM NaCl, 3 mM NaNj, 0.3 mM TCEP, 5 mM Bis-Tris pH 6.0)
All rights reserved mixed with an equal amount of well solution containing 22% PEG
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8000, 20 mM MgCl,, 100 mM N-(2-hydroxyethyl)piperazine-N'-3-
propanesulfonic acid (HEPPS) pH 8.0 at 293 K. Typically, crystals
grew as clusters of plates or needles emanating from a nucleation
center. Occasionally, crystals with minor morphological defects grew
to dimensions of about 200 x 30 x 10 pm. The selenomethionyl
crystals of At2g17340 belong to space group P1, with unit-cell
parameters a = 40.2, b = 44.0, c = 52.8 A, a=T44,B="747,y=_84.4°.
The native crystals of At2g17340 belong to the same space group,
with slightly different unit-cell parameters of a = 40.2, b = 43.3,
c =526 A, o =746, B = 74.6, y = 84.0°. Both native and seleno-
methionyl crystals were cryoprotected by soaking in a solution
containing 25% PEG 8000, 20 mM MgCl,, 100 mM HEPPS pH 8.0
supplemented with increasing concentrations of glycerol up to a final
concentration of 20%. X-ray diffraction data for native and seleno-
methionyl crystals were collected at SBC 19-BM and BioCARS 14-1D
beamlines at Argonne National Laboratory Advanced Photon
Source, respectively. The data sets of diffraction images were inte-
grated and scaled using the HK1.2000 suite (Otwinowski & Minor,
1997). The selenium substructure of SeMet-labeled At2g17340 crys-
tals was determined using HySS (Grosse-Kunstleve & Adams, 2003).
The protein structure was phased using three-wavelength MAD data
in CNS (Briinger et al., 1998). Initial phase information obtained from
CNS to 2.5 A was further improved and extended to the 1.7 A
resolution of the native data set by electron-density modification. The
automatic tracing procedure of ARP/WARP (Perrakis et al., 1999)
produced an inital model with approximately 82% of residues placed,
of which 68% had side chains assigned. The structure was completed
using alternate cycles of manual building in Xfir (McRee, 1999) and
refinement in REFMACS (Murshudov et al, 1997). All refinement
steps were monitored using an Ry, value based on 5.0% of the
independent reflections. The stereochemical quality of the final
model was assessed using PROCHECK (Laskowski et al., 1993) and
MolProbity (Lovell et al., 2003).

3. Results and discussion

The structure of At2g17340 has been solved to a resolution of 1.7 A.
Data collection, refinement and model statistics are summarized in
Tables 1 and 2. The final model describes a monomer containing
residues 6-165, 181-270 and 273-365. In addition, a magnesium ion
and 358 water molecules were built into the final structure.

The three-dimensional structure of At2g17340 is formed from two
domains doubly connected by flexible linkers. The smaller, amino-
terminal domain spans residues 37-116 and folds into a three-helix
bundle formed by long helices 1, 2 and 4 (see Fig. 1b). A short
auxiliary helix 3 connects helices 2 and 4 of the bundle. The larger,
carboxy-terminal domain spans residues 119-365. The central feature
of this domain is a mixed seven-stranded S-sheet formed by five
parallel B-strands (H, G, B, C and F) and two antiparallel strands (A
and I; see Fig. 1la). All of the strands span 5-7 residues, except for
strand A, which is shorter. On one side of the central B-sheet is a
cluster of six helices (5, 6, 7, 8, 9 and 10) of various sizes that range
from two to seven turns. The longest, seven-turn helix 5 is bent about
45° after four turns. A hydrogen-bonding pattern typical of an «-helix
is disrupted by Prol36 at that position. A two-stranded S-sheet
formed by S-strands D and E connects helix 10 with B-strand F. On
the other side of the central S-sheet are three short helices (11, 12 and
13) and a substantial portion of the At2g17340 chain that does not
adopt a regular secondary structure. The amino-terminal domain of
At2g17340 is anchored to the carboxy-terminal domain by residues
6-25, which do not adopt regular secondary structure. The most

important interaction involves the insertion of side chain of PhelO
into a hydrophobic pocket formed by residues Val216, Val315,
Phe218 and Phe332.

To classify the fold of At2g17340, a structural homology search was
conducted using the DALI and VAST servers (Holm & Sander, 1993;
Madej et al, 1995). Both the DALI and VAST servers found a
range of weak structural homologs of At2g17340. VAST identified
1181 structural neighbours of At2g17340, while DALI returned
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Figure 1

(a) A topology diagram of the At2g17340 structure. The central seven-stranded
B-sheet (red) is surrounded by an intricate arrangement of helices (cyan), a short
two-stranded B-sheet (green) on one side and a polypeptide chain adopting only
small segments of regular secondary structure (cyan, bottom) on the other side. A
three-helix bundle at the amino-terminal end of the protein forms a separate
domain (pink). The figure was generated manually using TopDraw based on a
topology analysis of the At2g17340 structure by the TOPS server (Bond, 2003;
Westhead et al., 1999). (b) A ribbon diagram of the At2g17340 structure. The
structure is labeled and colored to match the topology diagram. The yellow sphere
represents a putative Mg?* ion coordinated within the protein. The figure was
generated using PyMol (DeLano, 2002).
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Table 1
Summary of crystal parameters and data-collection statistics.

Values in parentheses are for the highest resolution shell.

Native Se peak

Space group . P1

Unit-cell parameters (A, °) a=402,b=433,¢c=526,a =746, B=746,y =840
Data-collection and phasing statistics

Energy (keV) 12.860 12.665

Wavelength (A) 0.96411 0.97896

Resolution range (/&) 34.91-1.70 (1.73-1.70) 23.60-2.05 (2.10-2.05)
No. of reflections (measured/unique) 152307/35346 80026/20249
Completeness (%) 97.0 (89.5) 974 (95.2)

Rierget 0.039 (0.277) 0.044 (0.113)
Redundancy 43 (3.9) 4.0 (3.8)

Mean I/o (1) 23.30 (5.24) 14.30 (6.41)

Mean FOM of phasing 0.7084

Se edge Se remote

12.660 12.865

0.97931 0.96374

23.62-2.05 (2.10-2.05) 23.63-2.00 (2.10-2.00)
80101/20309 84786/21810

97.4 (94.4) 97.2 (91.5)

0.023 (0.100) 0.031 (0.138)

3.9 (3.7) 39 (32)

24.45 (7.77) 17.51 (5.23)

T Ruerse = 2 2 ILi(R) — (I(h))|/>_, 3, Ii(h), where I;(h) is the intensity of an individual measurement of the reflection and (I(h)) is the mean intensity of the reflection.

298. The top homolog found by DALI is an aldehyde dehydrogenase
from Vibrio harveyi, with Z = 6.2, rm.s.d. 44 A and 6% sequence

e 773 hPank4
38%
901 At4g32180
61% 32%
367 At2g17340
383 At1g60440 87%
361 At2g17320
82%
1 367 At4g35360
( Pfam01937.11 )
(@)
B P L T L T I R P
At2gl7340 1 SESDSEMVPFPQIL.PMPIENNYRACTIPYRFPSDDPKKATPNEISWINVFA 50
At4g32180 516 LHLVPTLEVFPLLA--DPKTYEPNTIDL--====== SDQGEREYWLKVLS 555

At2gl17340 51 NSIPSFKKRA-ESDITVPDAPARAEKFAERYAGILEDLKKDPESHGGPPD 99
At4g32180 556 EHLPDLVDTAVASEGGTEDAKRRGDAFARAFSAHLARIMEEPAAYGKLGL 605

At2gl7340 100 GILLCRLREQVLRELGFRDIFKKVKDEENAKAISLFPQVVSLSDAIEDDG 149
At4g32180 606 ANLL-ELREECLREFQFVDAYRSIKQRENEASLAVLPDLLEELDSMSEE- 653

At2g17340 150 KRLENLVRGILAGNIFDLGSAQ======== LGMSFLASCQNLVPRPWVID 198
At4g32180 654 ARLLTLIEGVLAANIFDWGSRACVDLYHKGTIIEIYRMSRNKMQRPWRVD 703

At2g17340 199 DLENFQAKWIN-—=—=-- KSWKKAVIFVDNSGADIILGILPFARELLRRGA 242
At4g32180 704 DFDAFKERMLGSGGKQPHRHKRALLFVDNSGADVILGMLPLAREFLRRGT 753

At2gl7340 243 QVVLAANELPSINDITCTELTEILSQLKDENGQLLG----——==—==—== 278
At4g32180 754 EVVLVANSLPALNDVTAMELPDIVAGAAKHCDILRRAAEMGGLLVDAMVN 803

At2gl7340 279 =======- VDTSKLLIANSGNDLPVIDLSRVSQELAYLSSDADLVIVEGM 320

At4g32180 804 PGDGSKKDSTSAPLMVVENGCGSPCIDLRQVSSELAAAAKDADLVVLEGM 853

At2gl7340 321 GRGIETNLYAQFKCDSLKIGMVKHLEVAEFL-GGRLYDCVFKFNE 364

At4g32180 854 GRALHTNFNAQFQCEALKLAMVENQRLAEKLIKGNIYDCVCRYEP 898
(®)

Figure 2

(a) Sequence-homology relationship between selected proteins homologous to At2g17340 (green). Three-digit
numbers indicate the length of the given protein and the percentage values indicate the sequence identity
between aligned length of adjacent pairs of proteins. The profile—profile pairwise sequence alignments were made
using FFAS03 (Jaroszewski et al., 2000). The A. thaliana proteins At2g17320 and At4g35360 (cyan and yellow)
show a close homology to At2g17340. Furthermore, At4g32180 (blue) and At2g17340 share 32% identity.
At4g32180 is currently annotated as a pantothenate kinase and shares 38% identity with human pantothenate
kinase 4 (hPanK4, pink). Also, in its amino-terminal part At4g32180 shows a high level of homology to the A.
thaliana protein Atl1g60440 (red). No family sequence relationship between the amino-terminal and carboxy-
terminal parts of At4g32180 was found. All diagrammed proteins except Atlg60440 are members of the
Pfam01937.11 family, the extent of which is indicated by parentheses. (b) A pairwise profile-profile sequence
alignment by FFASO3 of A. thaliana sequences At2g17340 and pantothenate kinase At4g32180. Both At2g17340
and At4g32180 belong to the Pfam01937.11 protein family. The identical residues in both sequences are
highlighted in red. The residues in blue and green represent fully or very highly conserved amino acids in the
Pfam01937.11 protein family, respectively.

identity over 153 aligned C” residues (PDB code leyy; Ahvazi et al.,
2000). VAST identified a higher resolution (2.1 A compared with

25 A; PDB code lez0) structure of this
protein with a VAST score of 11.6, r.m.s.d.
31 A and 87% identity over 93 aligned
residues. The top solution from VAST was a
leucine carboxy-methyltransferase with a
VAST score of 12.3, r.m.s.d. 3.1 A and 10.5%
identity over 114 aligned residues (PDB
code 1rjd; Leulliot ef al., 2004). The analysis
of several top homologs revealed that both
prediction servers identified a series of
proteins that contain B-sheets with several
parallel B-strands in their three-dimensional
structures. The best scores were given to
proteins that also had a small number of
helices on either side of a central B-sheet in
a similar location to the search target
At2g17340. The four top homologs
identified by VAST share among each other
a structural similarity with B-strands B, C, F,
G and H as well as segments of helices 9
and 11 of At2g17340. The segments from
helices 1, 2 and 4 of At2g17340, which form
an autonomous three-helix bundle, were
spuriously matched in a range of protein
structures containing three-helix or four-
helix bundles. VAST identified 47 very
weak homologs of this domain with VAST
scores of 4.0 and less. Overall, structural
similarity analysis suggests that the
protein fold of At2g17340 is quite unique
and not previously represented in the
PDB.

As expected, the lack of a family rela-
tionship between At2g17340 and Escher-
ichia coli pantothenate kinase was also
confirmed by a comparison of the available
crystal structure of E. coli pantothenate
kinase (PDB codes lesm and 1sq5; Yun et
al., 2000; Ivey et al, 2004) with that of
At2g17340. An analysis of the fold similarity
between the two proteins by DALI gave a
score of Z = 1.6. Since scores of Z < 2 are not
consistent with a significant structural simi-
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Table 2
Summary of refinement statistics.
Resolution range (A) 49.39-1.70
Data set used in refinement Native
No. of reflections (total/test) 35346/1773
ReryscT 0.169
Rieck 0221
R.m.s.d. bonds (A) 0.017
R.m.s.d. angles (°) 1.642
Average B factor (A?) 21.98
No. of water molecules 357
No. of ions 1 Mg**
Ramachandran plot, residues in
Most favorable region (%) 90.9
Additional allowed region (%) 8.8
Generously allowed region(%) 0.3
Disallowed region (%) 0.0

T Reyst = 3 [1Fobsl = |Feate||/ 34 | Fopsl, Where Fupg and F are the observed and
calculated structure-factor amplitudes, respectively. I Rge. Was calculated as Reryg
using 5.0% of the randomly selected unique reflections that were omitted from structure
refinement.

larity, there is no structural relationship between the two proteins.

Sequence analysis of At2g17340 using the profile—profile fold-
recognition tool FFAS03 (Jaroszewski et al., 2000) confirmed that no
previous PDB entry with a family relationship to At2g17340 existed
in the PDB at the time of manuscript submission. To identify
potential biochemically important structural features of At2g17340,
we looked for patterns of evolutionary conservation within its
primary structure. Analysis by PSI-BLAST revealed that about 65
hypothetical proteins from a range of organisms share a similarity
with the sequence of At2g17340 (with threshold E < 4 x 107> after
three PSI-BLAST cycles). The identified proteins or some of their
conserved domains form a core of the Pfam01937.11 family (Bateman
et al.,2004). A multiple sequence alignment of these proteins reveals
that several fully or very highly conserved residues exist in their
sequences. These residues are shown in bold blue (fully conserved)
and green (highly conserved) letters in the aligned sequences of
At2g17340 and At4g32180, the two members of the Pfam01937.11
family from A. thaliana (see Fig. 2b).

Fig. 3 shows how fully (blue) and highly conserved (green) residues
map onto the structure of At2g17340. All fully conserved residues are
located in the vicinity of a metal site that was identified in At2g17340.
Because the crystals of At2g17340 grew from a solution containing
20 mM MgCl,, we refined the structure under an assumption that the
coordinated metal is Mg?*. (However, we did not pursue further
biochemical studies to confirm the identity of the metal.) Residues
Asp220, Asn221 and Asp256 act as monodentate ligands of the metal;
the coordination sphere is completed by three water molecules (see
Fig. 4). The amide N atom of Asn163 forms a hydrogen bond with the
carboxyl oxygen of the metal-coordinating residue Asp220. Inter-
estingly, Gly319, located on the loop adjacent to the metal-binding
site, is absolutely conserved. Upon closer inspection of the structure it
became clear that any other amino acid at this position would
interfere with the positioning of the side chain of the metal-coordi-
nating residue Asp220, thus disrupting coordination and likely
resulting in the loss of metal binding. The distance between the C*
atom of residue Gly319 and the carboxyl O atom of Asp220 in the
structure of At2g17340 is 3.5 A. Another fully conserved glycine
residue is Gly223. This residue is located at the beginning of an
a-helix on the loop that harbors the metal-coordinating Asp220 and
Asn221. Residues Asp118 and Lys124 are involved in a conserved salt
bridge. Residue Lys124 also forms a salt bridge with residue Glu261.
This residue is located near the metal-coordinating residue Asp256. It
is possible that Glu261 is involved in the stabilization of a loop
conformation required for positioning of the side chain of Asp256.

The fully conserved Pro252 may play a similar role in stabilizing this
loop. A highly conserved aromatic residue at a position equivalent to
Phel120 is observed in Pfam01937.11 proteins. This residue is cush-
ioning I1e254 and may also stabilize the loop that harbors the metal-
coordinating Asp256. The last fully conserved residue is Asp166. The
residues 166-180 were disordered in the structure of At2g17340 and
we could not define the position of Asp166. It is possible that it could
form a salt bridge with a conserved Lys343. The disordered loop 166—
180 is adjacent to the metal-binding site and it is therefore possible
that some of the residues within this loop could be involved in
substrate recognition. It is often observed that loops involved in
substrate recognition remain unstructured until a substrate is bound
(Dyson & Wright, 2005). Several other conserved residues located in
the carboxy-terminal domain of At2g17340 are likely to be involved
in stabilizing the hydrophobic core of the protein. These include
Leu328 and Leu351, which are surrounded by the hydrophobic
residues [1e197, Ile324, Tyr329, Phe350 and Val359, and Val224, which
is surrounded by the hydrophobic residues Ala215, Ile217, Phe233,
Ala234, Leu237, Leu238, Leu246 and Leu284. Also, residue Val315,
which was discussed above, is part of a hydrophobic pocket within the
carboxy-terminal domain that anchors the amino-terminus of the
At2g17340 via hydrophobic contact with Phel0. In summary, the
pattern of primary structure conservation within the Pfam01937.11
family suggests the crucial importance of the metal-binding site for
the function of proteins in this family.

Figure 3

Fully (blue) and highly conserved (green) residues of the Pfam01937.11 family
mapped onto a C” trace of the At2g17340 structure. The color coding of the
structure is consistent with that introduced in Fig. 1. The yellow sphere represents a
putative Mg”* ion coordinated within the protein. The clustering of conserved
amino acids around the metal atom and in the cleft between the amino-terminal
three-helix cluster (pink) and the carboxy-terminal domain (cyan and red) suggests
the location of the active site. The figure was generated using PyMol (DeLano,
2002).
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Figure 4

A stereo representation of the A. thaliana At2g17340 electron-density map and the final refined model (yellow sticks) in the vicinity of the metal-binding site. The centrally
positioned residue Asn221 together with Asp220 and Asp256 act as monodentate ligands for the metal (purple cross); the coordination sphere is completed by three water

molecules (red crosses). The figure was generated using PyMol (DeLano, 2002).

A limited number of proteins identified by the PSI-BLAST search
show homology to the amino-terminal domain of At2g17340. The
multiple sequence alignment of these proteins reveals several addi-
tional highly conserved residues (see Fig. 2b). Phe76 is most likely to
be involved in stabilizing the core of the three-helix bundle. This
residue is surrounded by the hydrophobic residues Leulll, Vall10,
Tyr80 and Ala56. Also, a highly conserved residue Ala60 is in the
close vicinity of Phe76. The very highly conserved Trp45 is located in
the hinge region between the amino-terminal and the carboxy-
terminal domain of At2g17340. The indole N atom of Trp45 forms a
hydrogen bond with a water molecule that is also hydrogen bonded to
a carbonyl O atom of Glu346, thus bridging the two domains of
At2g17340. Residue Arg72 is likely to be involved in the stabilization
of the loop connecting helices 1 and 2 of the three-helix bundle. The
guanidinum N atom of this residue forms a hydrogen bond with the
carbonyl O atom of Pro67.

The A. thaliana genome codes for several proteins that share
sequence similarity with At2g17340 (see Fig. 2a). Two of them are
highly homologous to At2g17340: At2g17320 is 87% identical and
At4¢35360 is 86% identical to At2g17340. At2g17340 also shows
sequence homology to A. thaliana protein At4g32180. The profile—
profile pairwise sequence alignment of these proteins obtained by
FFASO3 is presented in Fig. 2(b). The proteins share 32% identity in
the aligned region. At2g17340 is homologous to a carboxy-terminal
part of the 901 amino-acid-long At4g32180. At4g32180 is anotated as
a pantothenate kinase owing to the protein’s extensive homology to
several human pantothenate kinases. For example, At4g32180 shares
38% identity over 862 aligned residues with human pantothenate
kinase 4. Based on the similarity to these enzymes, At2g17340 is
currently annotated as ‘pantothenate kinase-like’ protein. Interest-
ingly, another protein from A. thaliana, At1g60440, shows 61%
identity to an amino-terminal part of At4g32180. Recently,
At1g60440 was shown to have pantothenate kinase activity in an in
vitro reconstitution of a biosynthetic pathway of coenzyme A in
A. thaliana (Kupke et al., 2003). (The manuscript refers to this protein
by the name AtCoaA.) However, no direct family relationship
between At2g17340 and Atlg60440 was detected by profile—profile
sequence alignment using FFAS03. Also, all mutations in human
pantothenate kinase 2 that were associated with Hallervorden—Spatz
syndrome were located within the amino-terminal portion of the
protein (Zhou et al., 2001). The in vitro reconstitution of coenzyme A

biosynthesis from A. thaliana proteins and genetic evidence from
humans indicate that it is possible that the pantothenate kinase
enzymatic activity resides exclusively in the amino-terminal portion
of these proteins. The exact role of the carboxy-terminal portion of
longer chain pantothenate kinases and thus members of the
Pfam01937.11 family that are homologous to it remains elusive.

In conclusion, the crystal structure of At2g17340 provides the first
insight into the Pfam01937.11 family of previously structurally
uncharacterized eukaryotic proteins. The pattern of evolutionary
conservation within the sequences of the proteins in this family is
consistent with the crucial role of the metal-binding site, an area that
is likely to be an active site of the protein. Also, the 1.7 A structure of
At2g17340 represents a well defined new fold in the universe of
protein conformational space.
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