The crystal structure of the AF2331
protein from Archaeoglobus fulgidus DSM
4304 forms an unusual interdigitated
dimer with a new type of o + p fold
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Abstract: The structure of AF2331, a 11-kDa orphan protein of unknown function from

Archaeoglobus fulgidus, was solved by Se-Met MAD to 2.4 A resolution. The structure consists of
an o + p fold formed by an unusual homodimer, where the two core p-sheets are interdigitated,
containing strands alternating from both subunits. The decrease in solvent-accessible surface area
upon dimerization is unusually large (3960 10\2) for a protein of its size. The percentage of the total
surface area buried in the interface (41.1%) is one of the largest observed in a nonredundant set of

homodimers in the PDB and is above the mean for nearly all other types of homo-oligomers.
AF2331 has no sequence homologs, and no structure similar to AF2331 could be found in the
PDB using the CE, TM-align, DALI, or SSM packages. The protein has been identified in Pfam
23.0 as the archetype of a new superfamily and is topologically dissimilar to all other proteins
with the “3-Layer (BBA) Sandwich” fold in CATH. Therefore, we propose that AF2331 forms a
novel o + p fold. AF2331 contains multiple negatively charged surface clusters and is located on
the same operon as the basic protein AF2330. We hypothesize that AF2331 and AF2330 may
form a charge-stabilized complex in vivo, though the role of the negatively charged surface

clusters is not clear.
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Introduction

Archaeoglobus fulgidus is a sulfur-metabolizing orga-
nism, which grows at extremely high temperatures
(between 60 and 95°C), and is evolutionarily unrelated
to other sulfate reducers.' The protein encoded by the
AF2331 gene from A. fulgidus strain DSM 4304 has
no functional annotation. Here, we report the crystal
structure of AF2331 (PDB code 2FDO) determined by
the multiwavelength anomalous dispersion (MAD)
technique®? at 2.4 A resolution. The crystal structure
of AF2331 exhibits an unusual interdigitated
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Figure 1. Stereo view of ribbon representation showing the
distribution of structure elements in AF2331 dimer. Chains
A and B are colored in blue and green, respectively. The
figure was prepared with PyMOL.°

interaction between subunits, forming a homodimer
that represents a new type of fold.

AF2331 is not significantly similar by sequence to
any other known protein, as determined by a sequence
search of the May 2009 edition of the UniProt (Swiss-
Prot + TrEMBL) Knowledgebase.* The STRING
server5~® (http://string.embl.de/) was used to obtain
functionally relevant protein interactions. We obtained
one “neighborhood” protein—protein interaction: AF2330,
which is located on the same operon in A. fulgidus,
has a sequence similar to other proteins from Arch-
aea, but all of the similar proteins are described as
hypothetical.

Results and Discussion

Homodimer structure

The molecule of AF2331 folds into an o + B structure
(Fig. 1), which consists of five B-strands, p1 (residues
2-7), B2 (residues 24—42), B3 (residues 34—42), P4
(residues 47-58), and B5 (residues 71—80), and three
o helices, a1 (residues 7-19), a2 (residues 64—70) and
o3 (residues 88-91). In the crystal structure, AF2331
forms an unusual interdigitated homodimer (Fig. 2),
composed of chains A and B, where the subunits are
related by two-fold noncrystallographic symmetry
(NCS). In the homodimer, antiparallel B-sheets are
formed, both containing strands from both chains.
The first B-sheet is interdigitated, composed of strands
B1, B2, and B5 from both chains, with the arrangement
B1A-B2B-B5A-B5B-B2A-p1B (where “B1A” represents
strand B1 of chain A, for example). The second B-sheet
is composed of strands B3 and B4 from both chains
with the arrangement B3B-B4B-p4A-B3A. These two
antiparallel B-sheets pack together, forming a hydro-
phobic core. All three o-helices from each subunit are
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packed around the core composed of the two antipar-
allel B-sheets.

The pattern of strands in the first p-sheet in the
protein can be described as ABABAB (where A and B
correspond to two different polypeptides). Such an
extensive pattern of interdigitation in a B-sheet is
rarely seen in the PDB. B-Sheets with a single interdi-
gitated strand (strand pattern ABA) occur quite fre-
quently in the PDB. B-Sheets with an ABAB pattern
can be found in at least 100 protein structures. How-
ever, only three nonredundant proteins with B-sheets
contain five interdigitated strands (PDB codes 1K3P,
1Q7L, and 1DGR), and only one other protein besides
AF2331 contains an ABABAB pB-sheet (PDB code:
2HJ1).

Dimerization interface surface area

Based on calculations by the Protein Quaternary Struc-
ture (PQS)' server, the solvent-accessible surface
area (ASA) for each monomer in the homodimer is
3960 A2 less than the ASA of the isolated monomer.
This decrease in the ASA upon dimerization is a rea-
sonable estimate of the surface area of one monomer

involved in forming the dimerization contact. We sub-
sequently refer to the decrease in ASA upon dimeriza-
“dimerization

tion as the surface area.” The

Figure 2. Topological diagram of AF2331, where B-strands
are represented by arrows and a-helices by rectangles. The
chains are colored green and blue as in Figure 1. The B
strands in dark green and blue and the B strands in light
green and blue correspond to the front and back B-sheets
in Figure 1, respectively.
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dimerization surface area of a monomer of AF2331 is
41.1% of the total surface area of the monomer (total
ASA; see “Materials and Methods”). It should be noted
that the use of interface and total ASA values for a
monomer in a homo-oligomer is a technical conceit.
While the solvation free energy of dimerization for
AF2331 was not measured experimentally, the calcu-
lated change in solvation free energy of folding upon
dimerization for AF2331 is estimated to be —74.4 kcal/
mol. Given the probably very high free energy of dime-
rization for AF2331, it seems very unlikely that a
monomer of AF2331 would be found in solution in a
folded form.

To compare this dimerization surface area to other
homodimer structures in the PDB, we used dimeriza-
tion surface areas calculated by the PQS for a set of
4710 nonredundant homodimer structures. The dimeri-
zation surface areas are plotted as a function of molecu-
lar weight on Figure 3(A). The least-squares regression
line (AASA = 0.055 x MW, R* = 0.72) is very similar
to the regression line calculated by Jones and Thorn-
ton™ for a much smaller hand-curated set of 32 homo-
dimers (AASA = 0.06 x MW, R* = 0.48). The dimeri-
zation surface areas as a function of total surface area
(total ASA) are plotted on Figure 3(B), along with the
regression line (R*> = 0.78). In both cases, the data
point representing AF2331 lay far above the corre-
sponding regression line.

Figure 3(C) shows a histogram of the percentage
of monomer ASA in the dimerization surface for each
dimer in the nonredundant set. The mean for this
distribution is 13.8% (and median 12.3%) of total
monomer surface area. AF2331, with a dimerization
surface area of 41.1% of the total monomer ASA, is
above the 9gth percentile. In fact, AF2331 has the
1oth highest percentage out of the 4710 structures in
the set (Table I).

Among 20 homodimer structures with the highest
percentages of monomer ASA in the dimerization
interface, those that form interdigitated or intertwined
B-sheets are overrepresented (for example, 1U42,
2RHo, 1ZK9, 3DIE, 3FJ5, 2FDO, 2DLB, and 1WZ3).
The intertwined PB-sheets in the dimer of the NK-«xB
transcription factor RelBDD (1ZK9) were confirmed in
vitro by crosslinking experiments.’* By differential
scanning calorimetry, the intertwined dimer of thiore-
doxin W28A was shown to be a kinetically trapped
state for the protein rather than a thermodynamically
stable one."> However, none of these dimer structures
appear to have a fold similar to that of AF2331.

Other patterns of interdigitation are observed in
some of the other homodimers shown in Table I. PDB
codes 1W5U and 1W7R are structures of the small nat-
ural antibiotics gramicidin D' and feglymycin,'®
respectively, which are peptides that form pores in
bacterial membranes via a novel double-helical struc-
ture with p-strand-like hydrogen bonding patterns.'
Several structures in Table I have interlocking o-heli-
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Figure 3. Correlation of the area of the dimerization
surface as a function of molecular weight or total surface
area for a nonredundant set of 4710 proteins predicted to
form homodimers by the Protein Quaternary Server. (A)
Area of the dimerization interface surface for each
homodimer, plotted as a function of the molecular weight
of one monomer. The solid line is the linear least-squares
regression fit, and AF2331 is shown as a filled square. (B)
Area of the dimerization interface surface for each
homodimer, plotted as a function of the total ASA for one
monomer. The solid line is the linear least-squares
regression fit, and AF2331 is shown as a filled square. (C)
Histogram of percentages of monomer ASA in the interface
surface for the nonredundant set of homodimers. 41.1% of
the total surface area of a monomer of AF2331 is contained
within its dimerization surface.
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Table I. The 20 Homodimers with the Highest Percentage of Monomer Surface Area Involved in the Dimerization

Surface in the Set of Nonredundant PDB Structures

Interface Percent total
surface surface
Rank PDB ID area (Az) area (%) Protein Organism
1 1W5U 1490 47.0 Gramicidin D Bacillus brevis
2 1U42 4583 45.9 Mutant of dimerization Mus musculus
domain of NF-kB p50 factor
3 1W7R 1165 44.4 Feglymycin Streptomyces
4 2RHo 6167 43.3 NudC domain-containing protein 2 Mus musculus
5 1ZK9 5436 43.1 Dimerization domain of NF-kB RelB Mus musculus
6 3DIE 4290 42.0 Thioredoxin W28A mutant Staphylococcus aureus
7 3FJ5 2814 42.0 C-src-SH3 domain Gallus gallus
8 2B1Y 5499 41.6 ATU1913 Agrobacterium
tumefaciens str. C58
9 2I8D 4850 41.2 COG5646 Lactobacillus casei
10 2FDO 3960 41.1 AF2331 Archaeoglobus
fulgidus DSM 4304
11 1G8E 3302 40.9 Flagellar transcriptional Escherichia coli
regulator FIhD
12 2DLB 3270 40.6 YopT Bacillus subtilis
13 20PL 6110 40.1 OsmC-like protein Geobacter sulfurreducens
14 1WKQ 4129 39.8 Guanidine deaminase Bacillus subtilis
15 1MYK 1786 39.5 Arc repressor mutant PL8 Enterobacteria phage p22
16 1KqU 2542 39.2 Pollen allergen Phl p 7 Phleum pratense
17 20TA 2768 39.1 UPFo0352 protein CPS_2611 Colwellia psycherythraea 34h
18 3GXZ 4373 39.0 Cyanovirin-n Nostoc ellipsosporum
19 2RFP 5999 38.7 Putative NTP Exiguobacterium sibiricum
pyrophosphohydrolase
20 1WZ3 3570 38.7 Plant ATG12 Arabdopsis thaliana

ces rather than B-strands, such as 1G8E, 1KqU, 20TA,
and 2RFP.

Many of these structures exhibit 3D domain swap-
ping,”” * including those with PDB codes 1U42,
2RHo, 3DIE, 3FJ5, 1WKQ, 1KoU, 3GXZ, and 1WZ3.
In some cases, the domain swap is triggered by a
mutation, such as the MLAM mutant of the dimeriza-
tion domain on NF-kB p50®° or the W28A mutant of
thioredoxin.”® Formation of the domain-swapped
dimer of c-Src tyrosine kinase SH3 domain appears to
be induced by addition of polyethylene glycol 300 to
the protein solution.**

We also compared the trends in the dimerization
surface area for homodimers to the oligomerization
surface areas for nonredundant sets of homo-trimers,
-tetramers, and so forth. The statistics for these distri-
butions are summarized in Table II. (It should be
noted that the “oligomerization surface area” was cal-
culated identically as for the dimerization surface area,
by measuring the decrease in ASA upon oligomeriza-
tion. Thus, the oligomerization surface area represents
the surface area of a monomer involved in binding to
all of the other monomers, not just the binding area
between two monomers.) The means and medians of
the percentage of total surface area increase as a func-
tion of the oligomeric state of the homo-oligomers
(Table II), though the distributions for some of the
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oligomers have too few structures for statistical signifi-
cance. The mean percent monomer ASA involved in
the oligomerization surface for n = 2, 3, 4, and 6
agrees with similar data measured for a smaller set of
homo-oligomers by Postingl et al.>* This is to be
expected, as in general a monomer must bind a
greater number of other monomers in a homo-
oligomer as the oligomeric state increases. The per-
centage of surface area involved in oligomerization for
AF2331 is above the mean for every oligomeric state
save for 11-mers.

The large dimerization interface area for AF2331
implies that there is a significant change of solvation
free energy upon dimerization, which indicates that
the protein—protein interfaces in the assembly have a
strong hydrophobic character. All four B-strands that
form the core B-sheets are almost exclusively composed
of hydrophobic or nonpolar residues. In total, a mono-
mer of AF2331 contains 92 residues: 45 with nonpolar
sidechains, 14 with uncharged polar sidechains, and 33
residues with charged polar sidechains. In addition,
AF2331 has a high aromatic amino acid content (9 Phe
and 3 Tyr), which may provide additional stability due
to some edge-to-face interactions between aromatic
amino acids (e.g., between Phei4 and Tyr73).>3

The sequence of AF2331 is dominated by acidic
residues (9 Asp and 13 Glu), relative to the number of
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Table II. Statistics for the Distributions of Percentage of Oligomerization Surface Area as a Function of Total Sur-

face Area

Number of Mean percentage Median percentage of Standard Number of
subunits (1) of total ASA (%) total ASA (%) deviation (%) structures
2 13.8 12.3 7.1 4710
3 21.5 19.8 10.9 610
4 23.0 22.1 8.8 1515
5 28.8 209.2 10.5 55
6 25.5 24.3 9.1 485
7 27.5 28.4 10.9 19
8 27.2 26.1 9.6 198
9 20.4 339 16.7 4
10 31.2 29.8 10.8 47
11 46.5 48.2 3.4 3
12 33.2 32.0 10.2 103
13 23.9 23.2 3.8 3
14 317 30.5 9.6 14
16 26.8 25.1 13.4 14
18 30.9 30.9 — 1
20 36.9 36.9 — 1
24 35.3 36.0 6.1 37
32 29.4 20.4 — 1
48 30.4 30.4 — 1
60 33.7 42.9 20.1 6

basic residues (2 Arg, 8 Lys, and 1 His), resulting in a
theoretical pI of 4.3. All of the acidic amino acids are
located on the surface of the AF2331 dimer (Fig. 4),
where they form several negatively charged clusters. In
the genome of A. fulgidus, AF2331 is found in the
same operon as another protein, AF2330, which also
lacks sequence homologs with known function. The
sequence of AF2330 (theoretical pI = 8.4) contains an
excess of basic amino acids (16 Arg, 5 Lys, and 5 His)
relative to acidic residues (6 Asp and 13 Glu). We
hypothesize that AF2331 and AF2330 are involved in a
unique physiological function in A. fulgidus, perhaps
forming a charge-stabilized complex. However, the
role of the negatively charged surface of AF2331 is not
clear.

Novel fold
A sequence similarity search with PSI-BLAST?** found
no related sequence in the NCBI nonredundant
sequence database (the highest scoring match had a
BLAST E value of 2.6). Threading calculations per-
formed by the bioinfo.pl metaserver®® also did not
identify any putative homologs. This is not very sur-
prising since most modern threading methods rely on
sequence profiles or PSSMs (position-specific substitu-
tion matrices) to find matching structures. As no ho-
mologous sequences were available, these tools were
unable to build a sequence profile for AF2331. These
negative results from sequence-based searches sug-
gested us that AF2331 is an orphan protein and may
represent a novel protein fold.

To test this hypothesis, we used the CE program?°
to compute structural alignments between AF2331 and
all the proteins in PDB database, and the program
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failed to detect any similar structure. The longest rea-
sonable alignments covered no more than three sec-
ondary structure elements, such as a beta-hairpin
motif, which matched p2-f3 with cRMSD (coordinate-
derived root mean square deviation) 1.3 f\, or a motif
that matched o1-B2-p3 with cRMSD 2.6 A. Structural
similarity searches with DALI*”*® and SSM2? also did
not return any significant results.

Whether or not a new protein structure contains a
novel fold is difficult to determine, because there is no
straightforward definition of a protein fold. Many such
definitions have been proposed. A very restrictive
approach was recently proposed by Zhang and Skol-
nick,3® where two proteins share a common fold if the

Figure 4. The molecular surface of the dimer shown with
electrostatic potential. One of the clusters of most
electronegative surface potential, labeled as M in the figure,
is due to Asp 33 and Glu 52 from both of chain A and
chain B. The two clusters labeled as N are due to helix o2

from each monomer. The figures were generated using
PyMOL.°

Crystal Structure of AF2331



TM-score distance calculated between them is higher
than o.5. Zhang and Skolnick generated a large set of
random compact protein-like chains no longer that
100 amino acids. For each of these random chains
they were able to find a protein structure already de-
posited to PDB that shares the same fold and the
authors concluded that the PDB already contains all
possible structural motifs. Using TM-align, we calcu-
lated structure alignments between AF2331 and all the
structures in PDB. The closest similarity to AF2331
was a portion of the 1ZAX structure, where an align-
ment of only 21 residues had a TM-score of 0.48 and
c¢cRMSD of 1.36 A. Thus, no significant matches to the
whole fold of AF2331 were found with any of the four
structure similarity comparison algorithms (CE, DALI,
SSM, or TM-Align).

The geometric criteria described above employ 3D
atom coordinates to detect similarity or dissimilarity
between folds. Although they are very easy to use and
automate, they are also known to report both false
positives and false negatives. Therefore, the most
respected protein classification schemes are based on
manual inspection and assignment, either in a fully
manual manner (Structural Classification Of Proteins or
SCOP3") or a combination of manual and automated
methods (Class, Architecture, Topology and Homolo-
gous superfamily classification or CATH?*33). In both
cases, the boundaries of and assignments for each pro-
tein domain are determined using a combination of
automated and manual procedures, which include com-
putational techniques, empirical and statistical evi-
dence, literature review, and expert analysis.

AF2331 belongs to a broad o + B class. The struc-
ture is composed of three layers: a B layer (sheet) of
four strands, a middle B layer (sheet) with six strands,
and a helical layer. According to SCOP, the protein
structure has been assigned to o + B class (mainly
antiparallel beta sheets—segregated alpha and beta
regions). Its overall architecture could be described as
a “g-Layer (BBA) Sandwich.” While many proteins of
known structure adopt this architecture, the arrange-
ment of secondary structure elements of all of them
differs from that of AF2331, as indicated by the results
of 3D structure comparison methods. Moreover, none
of the 3-Layer (BBA) Sandwich structures have the
same topology as AF2331.

The unusual topological connections between the
secondary structure elements in AF2331 result from its
interdigitated nature, where the two chains form a sin-
gle compact globular domain. Thus, the novelty of
AF2331 fold results from its quaternary rather than
from tertiary structure. In contrast, this is not the case
for the 2HJ1 protein, the only other protein with a six-
strand interdigitated (ABABAB) f-sheet, which clearly
segregates into two domains. Indeed both the SCOP
and CATH classifications describe 2HJ1 as being com-
posed of two domains of a well-known ubiquitin-like
fold.

Wang et al.

AF2331 has been annotated as a “new fold” in the
SCOP database, as the founding structure of the
“AF2331-like” fold, superfamily, and family. Although
the structure has not been yet classified in the CATH
database, AF2331 does not share topological connec-
tions with any existing fold with a 3-Layer (BBA)
Sandwich architecture. Therefore, we conclude that
AF2331 represents a new type of o + B fold.

Materials and Methods

Crystallization and structure solution

The AF2331 gene was cloned into a modified pET-15b
plasmid, which encodes for a polyhistidine affinity tag
connected through a TEV protease digestion site
(MGSSHHHHHHSSGRENLYFQGH) at the N-termi-
nus of the expressed protein. The protein was cloned,
expressed, and purified by protocols developed by the
Midwest Center for Structural Genomics.>* Selenome-
thionine (Se-Met) substituted protein was produced
and crystallized, after its affinity tag was cleaved by
digestion with TEV protease. Crystals suitable for X-
ray diffraction experiments were obtained by hanging-
drop vapor diffusion at 20°C. The drop was composed
of 2 pL of a 5 mg/mL solution of Se-Met substituted
AF2331 protein mixed with 2 pL of the well solution,
containing 45% MPD, 0.2 M NH4 acetate, and 0.1 M
Tris, at pH 8.5. The crystals were cooled in a cryogenic
stream of evaporating nitrogen without additional
cryoprotectant.

MAD data from Se-Met substituted protein were
collected at a temperature of 100 K on beamline 19-
ID3% of the Structural Biology Center at Argonne
National Laboratory and processed with HKL-2000.3°
Two data sets were collected at wavelengths 0.9790
and 0.9792 f&, which are the Se fluorescence peak and
inflection point, respectively. The strategy of data col-
lection was optimized to obtain the best phases.?” The
peak and inflection point data sets diffracted to resolu-
tions of 2.5 and 2.7 A, respectively. A higher resolution
data set (2.4 f&) was collected on a second isomor-
phous crystal and was used only for model refinement.
The crystals of Se-Met substituted AF2331 protein
belong to space group P2,2,2, and contain two protein
subunits per asymmetric unit. The Matthews coeffi-
cient for both crystals was 2.3 A%/Da, corresponding
to an estimated solvent content of 46%.

An initial electron density map and model was
obtained with the new software package HKL-3000,3®
which is coupled with the programs SHELXD
and SHELXE,?**° MLPHARE,* DM,**4% SOLVE/
RESOLVE,*+45 (CCP4,*® ARP/wWARP,% and COOT.*®
The initial 2.7 A model was extended by cycles of iter-
ative rebuilding with RESOLVE followed by ARP/
wARP (as implemented in HKL-3000). This model
was extended by cycles of manual model building with
COOT, followed by maximum-likelihood refinement
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Table III. Crystallographic Data Collection, Phasing, and Refinement Statistics

Crystal
Crystal number 1*° Crystal number 2*¢
Data collection
Peak Inflection
Number of crystals used 1 1
Wavelength ([&) 0.979 0.989 0.979
Resolution range (10\) 50—-2.5 50-2.7 20-2.4
Highest resolution shell A 2.59-2.5 2.80-2.7 2.46-2.4
I/cI 21.8 (2.0) 17.7 (1.4) 33.9 (3.9)
Rierge 0.122 (0.464) 0.119 (0.596) 0.11 (0.42)
Observed reflections 47,656 36,433 58,746
Unique reflections 6833 (547) 5326 (397) 7822 (702)
Completeness (%) 97.1 (81.5) 96.2 (75.9) 97.8 (91.2)
Redundancy 7.0 (3.5) 6.8 (3.0) 7.5 (5.9)
Phasing

FOM (MLPHARE)

Centric 0.20

Acentric 0.30
Phasing power (MLPHARE)

Centric 0.38

Acentric 0.51
FOM (DM) 0.80

Refinement

Resolution range (A)
Ryee test set size (%)
Rcryst/Rfree (%) .
Mean B-factor (Wilson) (A®)
Mean B-factor (overall) (A2)
Number of residues
Number of protein atoms
Number of solvent atoms
RMSD from ideal geometry
Bond lengths (A)
Bond angles (°)
Ramachandran plot
Res. in favored regions (%)
Res. in allowed regions (%)

20.0—2.4 (2.46—2.4)
4.7
20.1/25.3 (25.1/33.2)
46.7
54.5
186
1444
27

0.021
1.74

97.8
2.2

Data for the highest resolution shells are in parentheses.
Rmerge values were calculated with Bijvoet pairs merged.
@ Space group: P2,2,2,.

b Cell dimensions: a = 45.5 A, b = 48.9 A, ¢ = 86.3 A.
¢ Cell dimensions: a = 45.2 A, b = 48.9 A, ¢ = 86.7 A.

with REFMAC# using the 2.4 A resolution data set.
Tight main-chain and medium side-chain noncrystallo-
graphic symmetry (NCS) restraints were used during
REFMAC refinement. Data collection and refinement
statistics are summarized in Table III.

The final model contains two polypeptide monomers
(residues 1-92 in both chain A and chain B) and 27
water molecules. Both of the chains include one extra
residue at the amino terminus of the protein. The Rama-
chandran diagram shows that 97.7% of all residues are in
the most favored regions and 100% of all residues are in
the allowed regions, as determined by MOLPROBITY.>°

Analysis of oligomeric state
To create a set of nonredundant homo-oligomeric
structures, a list of putative oligomeric states and
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oligomer interface solvent-accessible surface areas
(ASA) of X-ray structures in the PDB was downloaded
from the Protein Quaternary Server (PQS) at http://
pgs.ebi.ac.uk/.*® The set of 4107 nonredundant homo-
dimer structures was obtained by passing the list of
sequences to the CD-HIT program, which clusters
sequences with greater than 90% identity and removes
the duplicates.”® The “dimerization interface area” pro-
vided by PQS is defined as the difference of the total
ASA of an isolated monomer minus the ASA of the
homodimer divided by two. These values provide a
reasonable estimate of the oligomerization surface area
of a homo-oligomer, in other words, the area of the
surface of a monomer in contact with other monomers
in the homo-oligomer. The “percentage of the mono-
mer ASA in the interface surface” is defined as the
dimerization interface area divided by the total ASA
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for an isolated monomer. For each cluster, the struc-
ture with the highest percent of monomer ASA in the
interface surface was chosen.

We noted that the PQS data set contained a num-
ber of false positives. For example, structure 1A5I, a
monomeric structure that contains a tripeptide ligand,
was incorrectly identified as a homodimer by sequence
alignment of the protein and the peptide ligand. To fil-
ter out the false positives, we obtained information
from the PQS data site about the length of the
sequence alignment for each structure in the PQS data
set. We filtered the PQS data by excluding homo-
dimers where the two chains differed in length by 10%
or the length of the sequence match between dimers
was less than 50% of the longer sequence.

To generate the histograms for homo-oligomers
with the number of subunits n > 3, an identical proce-
dure was followed, save that the removal of false posi-
tives by sequence alignment length was omitted. (A
brief analysis of the higher-order homo-oligomers sug-
gested that there were far fewer false positives as com-
pared to the homodimers.) The oligomerization inter-
face area was calculated in an analogous way to the
dimerization interface area, by taking the total ASA for
an isolated monomer minus the total ASA for the
whole oligomer divided by the number of chains. The
correlation of the oligomerization interface area as a
function of monomer molecular weight [Fig. 3(A)] or
total monomer ASA [Fig. 3(B)] was determined by lin-
ear least-squares regression, with the y-intercept con-
strained to o.

Structure comparison methods

We used four different programs to calculate structural
alignments: CE,2® TM-Align,3° DALIL>">® and SSM.2°
The BioShell package®® was used to automate calcula-
tions, and the CE tool was used for accurate structure-
to-structure alignment and comparison. When given
two protein models, CE detects highly similar hexa-
peptides and then tries to extend an alignment by
means of a combinatorial extension algorithm. The
method is accurate but relatively slow (comparison of
AF2331 with the whole PDB took about 4 days). TM-
Align is based on a novel distance score between two
protein chains referred to below as a TM-score. The
TM-score is normalized so that its value does not
depend on polypeptide chain length. The similarity of
two unrelated, randomly generated structures is usu-
ally close to 0.17. A TM-score value above 0.5 denotes
that two chains share the same fold. Servers imple-
menting the DALI and SSM algorithms were used with
the default parameters.

Bioinformatic search for interdigitated f-strands
We define an interdigitated B-strand by three criteria:
(1) the strand belongs to a B-sheet and is flanked two
other B-strands by a network of hydrogen bonds; (2)
the strand belongs to a different chain than the two
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flanking strands; and (3) the two flanking strands
belong to the same chain. Thus, interdigitated pB-
strands form a specific pattern of chain IDs within the
B-sheet, for example, ABA. Our analysis may be
extended to longer patterns, for example, ABAB or
even ABABAB. We used the DSSP program®? to calcu-
late the hydrogen bond network in a PDB structure.
DSSP allows for bifurcated H-bonds; thus, the main
chain residue may participate in up to four bonds. In
this work, we chose the two strongest bonds for a resi-
due, one in which the residue acts as a proton donor
and one where it acts as an acceptor. Graph represen-
tations of the H-bond networks in the B-sheets were
generated using the BioShell package, treating the resi-
dues as nodes and the bonds as edges. These graphs
were then searched via standard graph algorithms for
the longest paths matching the specified patterns.

Conclusions
AF2331 forms a homodimer with two highly interdigi-
tated pB-sheets, and the percentage of its surface
involved in the dimerization interaction is very high,
even when compared to other homodimers, though
this pattern of interdigitated p-sheets has been
observed in other structures. The percentage of its sur-
face involved in dimerization is above the mean for all
higher-order oligomers as well. Its small size, the high
percentage of hydrophobic or nonpolar residues in the
interdigitated B-sheets, and the high percentage of aro-
matic amino acids explain why the structure of
AF2331 is capable of forming a dimer with such a
large interface surface area.

AF2331 is an orphan protein, which forms an o +
B fold with a “3-Layer (BBA) Sandwich” architecture.
By analysis of multiple sequence- and structure-based
similarity algorithms, no homologs for AF2331 were
found. Furthermore, in two different curated databases
of protein folds, no folds similar to that of AF2331
were identified. The protein has been classified as a
novel fold by the SCOP database, where it is the
founding structure of a new fold, superfamily, and
family. While it has not yet been formally classified by
the CATH database, no other 3-Layer (BBA) Sandwich
fold shares the same topology with AF2331. Thus, it is
very likely that AF2331 represents a novel o +  fold.

The function of the protein is still unknown, and
the physiological role for forming such a highly stable
dimer is not clear. One possibility is that the largely
negatively charged surface of the protein may be
involved in charged-stabilized interaction with
AF2330.
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