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Abstract: A protein in the globifike fold contains six alph&elices, A, B, E, F, G and H.
Among them,the Eto-H helix unit (E, F, G and H helices) forms a compact structure.

In this study, we searched similar structures to tiie-H helix of leghomoglobin in the
whole protein structure space using the Dali program. Several similar structures were found
in other helical folds, such as KaiA/RbsU domain and Type lll secretion system domain.
These observations suggest that tie-H helix unit may be a common subunit in the whole
protein 3D structure space. In addition, the common conserved hydrophobiesegiere

found among the similar structures to theoBEH helix unit. Hydrophobic interactions
between the conserved residues may stabilize the 3D structures of thi¢eualiso predicted

the possible compact regions of the units using the averageceistaathod.
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1. Introduction

To elucidate how a protein folds into its unique 3D structure is adtargling unsolved problem in
molecular bioinformatics aneholecularbiophysics.To tackle this problem, we have to know how the
informationof a proteir@s 3D structure construction is coded inatsino acidsequenceProtein folds
are characterized by some combinations of secondary structural elemedtsuch structural
characteristics of a protegre calledits fold or topology.Some protein folds have neither sequence
nor functional similarity. Proteins with these folds frequenibpearn the structure database, that is,
more than 30% of determined structures arah $alds are called &superfold [1]. In sucha caseone
might ask ifthereis a common property in theamino acidsequenceshat leads to the samdold.
Alternatively, is there a partial key 3D structuteatleadsto the same topology# so, it should be a
common 3D structural univhich leads to a specific topology.

It is well-recognized that some tife proteinsclassified as havinthe globinlike fold according to
the Structural Classification of Protein DatabassCOBP show a rather lowamino acid sequence
identity of around 15% in spite of the high conservativeness of the 3D scHiffolthe globinlike fold
is regarded as a superfoldl].[ Figures1 and 2show theamino acidsequence alignmerand 3D
structuresof leghemoglobin (soy beamndmyoglobin (sperm whaleds example The codes of the
Protein Data Bank (PDB) are 1FSL and 1MBN, respectively.

Figure 1. Amino acid sequence alignment cfoybeanleghemoglobin (PDB: 1FSL) and
sperm whale myoglobin (PDB: 1MBN). Tlanino acidsequencedentity is 15% White
letters with a black background denotes a residu¢hma-helices of the Eo-H helix unit.
The portions labeled by E, F, G andéder tothesea-helical regions.
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Figure 2. 3D structureof (a) soybearieghemoglobinPDB: 1FSL) andl) sperm whale
myoglobin (PDB: 1IMBN).Theportionin light gray is the Bo-H helix unit.

The amino acidsequence identity between them is 1586. seen in Figre 2, a protein in the
globirtlike fold containssix helices A B, E, F, G ad H. Nakajimaet al. [2] have revealed that the
E-to-H helices isthoughtto bea folding initiation siteespecially in the plant hemoglobins which are
supposed to retaithe ancestral characteristics the predicted folding mechanisnThis analysis
corresponds well to thMR experimental results3] for leghemoglobin. Furthermore, a major part of
the 3D structure of-®n-2 hemoglobinMycobacterium tuberculogisin which the Nterminal part in
the peptide chains truncatedn comparison witheghemoglobin and myoglobirg the Eto-H helix
shown in Figire 3 [2].

Figure 3. 3D structure of 2n-2 hemoglobinij.e., Mycobacterium tuberculosl'emoglobin
(PDB: 1NGK).The portionin light gray is the Ho-H helix unit. The Eto-H helix unit of
this protein is very similar to that in 1FSL or 1IMBN.

These observations lead ussfmeculatehat the Eto-H helix part forms a evolutionaryconserved 3D
scaffold,that is,this part isconsidered aa structure formation uniin addition proteins regarakas
members of a superfold sometimes appeaeveralSCOP fol&[1]. Thus, wehavecome tabelievethat
the fold of the Ho-H helix unit may bevidely observed irprotein 3D structure space.
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The purpose of the present study is to se&ct8D structues similar to the Eo-H helix unit as
independent folding units in SCOP folds besitles globin-like fold. Namely we investigate the
commonality of the 3D scaffold of thetB-H helix unit inthe protein3D structurespaceOnetechnique
employed in this work is a 3D structure alignment technique foafinementionegurposethe Dali
algorithm [4]. Anothertechniqgueemployed involves contact magonstructedirom only theamino
acid sequence of a protein based on hnemidle average distance statistieverage distance map,
ADM) [5,6]. This technique is used to predict a possible compact region in the 3D structure of a protein.
In this study,a heme is not explicitly considered because a protein in the gliébifiold, myoglobin,
has been confirmed to fold into its native structure witladwgme B].

A similar concepto the present studgas been proposed gsroteinlegod which refers tosimilar
partial 3D structures observedthre protein 3D structure space [7,8one analyses of 3D structural
properties and stability adi-helix bundle were carried out by means of energy calculatiark9[9
Wenxiang diagram and so on JZ%]. In the present work, we focus on thed=H helix unit predicting
whether acorrespondingpart will form a compact region as a possible folding unit.

The organization of the present paper and the wtyrdingare as follows. We first show the results
of the DALI searchewith the 3D structure of the-E-H helix unit in soy bean leghemoglolas a query
followed by the ADM analyses for all hit proteins to examine whether the partial sequence-tdtHe E
helix part in a hit protein exhibits a property to form a compact structure based on the ADM for this
protein Section2.1). The details ofthe 3D structures of the proteins obtainedSiection2.1 are
summarized inSection2.2. In the Sections2.3/ 2.5, the conservation of hydrophobic residues in
homologues of a protein currently considered is presented and the hydrophobic packing formed by
conserved hydrophobic residues is analyzed to examin whether a specific residue pattern can be
observed in the #0-H helix unit of a protein treated in the present study. Finally, the commonality of the
E-to-H helix unit in the whole protein structure sp&eiscussed.

2. Results
2.1. Dali Searchand ADMAnalyses

About 7500 hits were obtained by thealDalgorithm with the EHo-H helix unit of soybean
leghemoglobin as a query. We picked up proteins with 22.0 so that the number of the false positive
is less than about 5%. The hit proteirauld be classified into the 690 SCOP families, and the
representative protein from each famias selectedhased on the criterion describedthe method
section,Sectiond.2 The 690 families are summarized Trable S1 othe Supplementey Material.

It is somewhat hard to pick up folding units by analyzing compact parts defined in 3D structures.
Some proteins contaiseveralcompact partswhich may be probable folding units. In this study, in
order to detect # property of partiapeptidesequenceswhich tend to form compact structures, we
use the ADM method. The ADM method predicts the possible compact regiangrotein from its
amino acid sequence armtedicted regionscorrespond well to structural domairi5,6,25], and
experimentally observed folding regiomeluding highly protecedregions measured by NMR during
folding [26i 28].
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For every representative proteaverage distance map (ADMhpalysiswvasperformed and wok
eachprotein in which thecorrespondindge-to-H unit was predicted as a compact regidkn average
distance map, ADM, is a kind of predicted contact maps and the details on ADM are desdiileed in
Section4.2 (the methodsectior). The ADMs for soybean leghemoglobin (PDBFSL) and sperm
whale myoglobin (PDB1MBN) are presented in Figure W the ADM forsoybean leghemoglohin
the regions B34 and 65140 are predicted as compact regions witiwalues of 0.228 and 0.324
respectivelyA h value denotes an index of the strength of ttmenpactness of a predicted compact
region by ADM (see method section for detaild)e respectiv@redictedregions include helicesiB
and Eto-H. From theh values, the Ho-H part can be regarded as the main compact usibybean
leghemoglobinOn tre other hand, the compact uniis33 and 99151 are predicted by the ADM for
sperm whale myoglobiwith theh values of 0.273 and 0.276 for these regjoaspectivelywith these
regions correspomag to helices AB and G H as shown in Figuréb. Fromthe ADM for sperm whale
myoglobin the regions i733 and 99151 are predicted to be equally compddtis prediction reflects
the experimental resultd folding of myoglobinby NMR [3,26]. This fact suggests that the-K5 part
sometimes strongly form in tHeto-H helix unit. Thereforewe alsotook eachproteinhit by the Dali
search in whichonly the GH part is predictedo bea compact region, because sperm whale
myoglobin onlythe Gi H part is predictetb bea compact region.

Figure 4. Average distace maps (ADM) for 1FSL4A), and IMBN b). The locatios of the
a-helices are labeled by A, B and so on. The |a9B40 denotes the compact region
predictedby ADM. A numeral in parenthesindicatesthe h value of a compact region
predictedby ADM.
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The ADM predictions were applied for the representative proteins obtained abofiaadiydfive
representative proteingereobtained We confirmed that thedeve proteins are also all obtainadten
the Eto-H helix unit from sperm whale myoglobisiusedas a query instead tfat fromleghemoglobin
(data not shown)rhe hit proteins and their details are summarized in Thable

Theamino acidsequenceffom FASTA files of thesefive proteinsand the positions of the-t6-H
helix partsare shown in Figre5 (ahelix is presented by white letters walblack background)
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Table 1.Proteins obtained in the present work.

Region Hit by DALI Search with the Following Query(Z Score, rmsd®)

Protein” Source, PDBID™ Family Fold Leghemoglobin Eto-H Myoglobin E-to-H
(Soy Bean, 1fsl) (Sperm Whale, 1mbn)

circadian clock protein Kai /  Circadian clock protein

. . ) KaiA/RbsU domain E-to-H helices(4.4, 3.8 E-to-H helices(7.0, 3.3
(Synechococcyd R8J) KaiA, C-terminal domain & ) & )

Type lll secretion system

secretion control proteiA LcrE-like q . EGH heliceq2.0, 4.5) FGH heliceg4.1, 3.9)
chain(rersinig 1XL3) omain
, : L SipA N-terminal . . . . .
cell invasion protein SipA d ik SipA N-terminal domairike E-to-H helices(2.9, 9.3) H helix (3.0, 8.0)
(Salmonella2FM9) omairvike
transcriptional regulator . . . .
Tet I dik Tet I dik . .
RHALroa1rg | evacyelin repressdike, - Tetracycli repressefic, GH helices(4.4,9.7) GH helices(2.1, 4.7)
(Rodococcus2NP5)
hypothetical protein AFO06( . all-alpha NTP GH helices with a part dhe E helix :
. AF0060like GH heliceq3.5, 3.5
(E. coli, 2P06) ! pyrophosphatases (3.2, 4.8) ice( )

@:rms distance (A) between the 3D structures of the aligned regions of the query structure and a hit protein.


http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=101216
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=101216
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=101214
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=140598
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=140590
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=140590
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=140747
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=140747
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=140745
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=48499
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=48499
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=48497
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=48497
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=140794
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=101385
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeQuery&t=11&n=101385
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Figure 5. Theamino acidsequencefom FASTA filesof (a) Circadian clock protein KaiA
(Synechococcus?DBID:1R8J) (b) Secretion control protein A chai¥ersinia, 1XL3)
(c) Cell invasion protein SipASalmonellaPDBID: 2FM9), (d) Transcriptional regulator
RHA1 ro04179 (Rodococcus,PDBID: 2NP5) and €) Hypothetical protein AF0060
(E. coli, PDBID: 2P06) White lettes with a black background denotes a residudhia
a-helices of the correspondingt&-H helix unit.
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2.2. DetailedComparison®f theFolding UnitsPredictedoy ADMswith aRegion Hitby the
Dali Search

The regions predicted bxDMs for the respective proteins with the valuesare summarizedn
Table2. The details are as followg/e may use a PDB ID to specify each protein.

Table 2. The summary of the results thle ADMs.
Protein (PDB ID) Predicted Folding Unit  h Value

9i 34 0.228

1FSL 651 140 0.324

71 33 0.273

IMBN 991151 0.276
5134 0.218

1R8J 51182 0.203

223270 0.254

3144 0.195

1XL3 77199 0.202
124 201 0.297

1i51 0.292

2FM9 791115 0.157
1661 199 0.297

51 38 0.253

2NP5 761103 0.175
128 186 0.372

2P06 3183 0.370

2.2.1.CircadianClock ProteinKaiA (1R8J)

The 3D structurand ADM ofthecircadianclock protein KaiA(1R8J)are presented in Rige6a and
6b. The predicted compact regions aiie8451i 82 and 22B270 as shown in Figuréb andthe last
predicted region with the higheétvalue corresporgito G andH helicesin the Eto-H helix unit as
presented in Tabl@ and Figure 6bThe rest of this proteirthat is the regionli 179 containsa
Flavodoxinlike fold domainnamely a / domain(seeFigures 5a (regions enclosed by rectangles) éad
Incidentally, the first and second predicted regions form the Rossmann fold.
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Figure 6. 3D structures and ADMs of 1R8d)(@nd p), 1XL3(c) and ¢), 2FM9 ) and §),
2NP5 @) and ), and 2P06if and (). A portion in light gray denotes tleorresponding
E-to-H helix part. The labeF5i 340 denotes the compact regigredicted by ADM.
The numeral in parenthesmeans thk value of a compact regigredictedoy ADM.
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2.2.2.SecretionControl Protein(1XL3)

This protein consists ainly delices.Figure6c andéd presenthe 3D structur@and ADM of the
secretion control proteilXL3). The predicted compact regions aidl® 771 99 and 12i 201andthe
corresponding Ho-H helices are included in the laptedicted region with the highest value
(see Figuré&d and Table). The DALI searchpicked upthecorrespondinde, G and H hek parts in this
protein as the pagarestructurally similar to the query structure. However, theeehelix between the
corresponding E and G helices in this protein, and thus we regard this helix as the helix corresponding tc
the Fhelix (Figure6d).
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2.2.3.Cell Invasion ProteirBipA (2FM9)

This protein consists of onlyaelices Figuresée andé f show he 3D structurand ADM ofthecell
invasion protein SipA(2FM9). The predicted compact regions diesl, 791115 and 166199 as
presented in Tabl2andtheregionli 51 correspondto the Eto-H unit with one of thehighesth values
(0.292 for 151 and 0.297 for 16A.99) The Dali searchhit the segment corresponding to tketo-G
helices as the part structurally similar to the query strudisge also Figure S1 in Supplementary
Material) The helix corresponding to the H helix is side the predicted compact region, ke
proximity of this helix to the Eo-G helix unit can be confirmed by visual inspection as seen undg.

2.2.4.TranscriptionaRegulatoRHAL1_ro041792NP5)

This protein consists of only&elices.The 3D structurend ADM of the transcriptionakregulator
RHAL1 ro04179 (2NP5) are presented in HRige 6g,h. The predicted compact regions
are 5 38, 76/ 103 and 128i 186 as shownn Table2 with the lastpredicted regions correspadnd to the
E (short part) G and H helices with the higkth value.The Dali searchhit only the partorresponding
to the GH helices as the part structurally similar to the query stru¢kigeire S1 irthe Supplementary
Material) The other helix is perpendicularly close to these two helices, and this can be regardéd as the
helix (see Figire6g). There is no helix corresponding to the F helix.

2.2.5.HypotheticalProteinAF0060(2P06)

The 3D structure and ADM difie hypothetical protein AFO060 (2P06) are presented in Fajuaed 6.
The ADM predicts the almost whole regitinbethe compact regior8(83) as seen in Tab2 The Dali
searchit portions corresponding the GH helices and a small portion of the corresponding E helix as
the partwith a 3D structue similar to the quergtructure(Figure S1 in Supplementary Materialhe
structural similarity of this part to the-tB-H unit in leghemoglobin caalso be confirmed by visual
inspection(Figure6i).

The configurations of the four helicesrresponding tthe E-to-H helix unt in the proteins obtained
by the present method are illustrated inUrgj7. In particular 1R8J and 1XL3have the same helix
configurationasthe helices iiFSLand1MBN. However, the helix configuration BFM9and2NP5is
almost amirror image ofthat in FFSL This is becausthe Dali search picks up a protein with3D
structure similar to that of a query protein by comparing the-@éedistances, and thus a protein wath
mirror image structure with a query can be hRO@ containsa helix corfiguration similar to that of
1FSL, but the orientation of the helix E is different. Thus, one should be careful about the helix configuration
in each Eto-H helix unit. We call these helix configuratisiConfiguration A(the configurationn 1FSL,
1MBN, 1R8J, and 1XL3)Configuration B(the configuration in 2FM9 and 2NP%nd Configuration
C (configuration in 2P06), respectivels illustrated in Figur@.
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Figure 7. The configurations of helices E, F, G and &. Configuration A. 1FSL, 1MBN,
1R8J and.XL3 belong to this categoryb) Configuration B. Mirror image of configuration A.
2FM9 and 2NP5 belong to this categorg). Configuration C. Variant o€onfiguration A.
2P06 belongs to this category.

(a) Configuration A (b) Configuration B

2NP5

\
2FM9 |

(c) Configuration C

1R8)J 1XL3

2.3.ConservedResiduesn the E-to-H Unit

We peformed BLAST searches f@mino acidsequences of the-t6-H helix parts infive proteins
with leghemoglobin and myoglobin followed by multiple alignments with MUSQEEe method
section,Section4.4, for details)The conservation in a helix corresponding to the F helix in 1FSL or
1MBN was not taken into account because this helix is not indispensable for structure formations [3].
The statistics of the searched homologs are summarized in Tdllle & cession codef homologues
and their multiple aliments are presenitedrigure S2 othe Supplementaryaterial Because there is
no sufficientamino acidsequence diversity amortige homologous sequences2i#M9 and2NP5 we
cannot find any residugwhich could badentified as the conserved residue in terms of the number of
amino acid substitution3he conservatiom theamino acidsequence of 2P06 could not be evaluated
sincethereis no significant hit with themino acidsequence of this protein as a querylumprotkKB
databases bg BLAST search The configurations othe helices in these protein@FM9, 2NP5, and
2P06,are shown in Figuréb and7c. Thus, we discuss the conservation of residues for the following
four proteins 1FSL, 2MBN, 1R8J, and 1XLAIl of these proteins contain thet&H helix unit with
Configuration A (Figurera).

Focusng on the conservativeness of hydrophobic residues, that is, A, F, I, L,, bMnd/W,we
presentthe conserved hydrophobic residues in each protein in Figumedicaing the conserved
residueswith the markii ~. 0
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Table 3.Homologues of the proteins in the present analyses.

Number of Residues

Protein Number of Number of Containing E-to-H
Source, PDB Homologs Conserved Residue 'g
Helices
Leghemoglobin (soybean 1FSI) 45 34 88
Myoglobin (sperm whale 1MB) 82 38 96
Circadian clock protein KaiA 49 50 98
(Synechococcus, 1R8J)
Secretion control protein) A chain
. 29 25 76
(Yersinia, 1XL3)
Cell invasion protein SipA 5 0 79
(Salmonella, 2FM9)
Transcriptional regulatdRHAL1 ro04179 3 0 74
(Rodococcus, 2NP5)
Hypothetical protein AF0060 0 0 81

(E. coli, 2P06)

Figure 8. Conserved hydrophobic residues in theoH helix unit of @) 1FSL, p) 1IMBN,

(o) 1R8J, () 1XL3, (e) 2FM9, ) 2NP5, andd) 2P06.The conserved residues are labeled
with the markii ~. Any two residues witthesame mark (one of the marks, #,3%A z, & ,
Y, I, andgq in different helices denote that this residue pair makes a hydrophobic
packing detected by the buried surfaBesidues withii*0 in a helix constitute @ommon
residue patterapecific for the Bo-H helix unit. The residue witfi* 0 actually does not form
hydrophobic packing. Fofe) 2FM9, (f) 2NP5 and(g) 2P0§ a residue with a mark+o
indicatesaresiduepattern similar to one of the presenimmon residue patteirs Table4.
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Figure 8. Cont.
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2.4. Residuesnvolvedin Hydrophobic Packing Assigned BaswuBuried Surface

The packing residue pairs in theté&eH unit in each protein detected based on buried surface
(see method sectiogection4.3, for details)are depicted in Figur@ In this figure,any two residues
with thesame mark (one of the marks, #,%%, z,A, &, Y andd ,in differentdelices denote that
this residue pair makes hydrophobic packing. For the analysbe packing residue pairs, the F helix
wasnot considereth the present study becausbas been confirmed that the F helix in leghemoglobin
does not plaw significant role in its foldings already mentiond@)]. Relatively many packing pairs are
observed betweethe G and H helices in every protewhile a few packing residues are observed
betweertheE and G or H helices as seen in Figsire

From this fgure, we can confirm that the almost @le packing hydrophobic residue pairs are
distributed in the conserved residues. Ohlpf the 58 packing residues, 181in 1XL3, are not
conserved residues in the present definition (Figusee also Fige5b).



Biomolecule014 4 281

2.5.CommorResidue PatternSpecificto the Eto-H Helix Unit Definedfrom thePacking Patternsf
Conserved Hydrophobic Residues

A common residue pattern might be defined from the information of both conserved hydrophobic
residues anthe packingresidues of the #0-H helix unit in 1FSL, 1IMBN, 1R8J and 1XL8he common
residue patterndefined by visual inspection are presented in Fi§uferesidue constituting@mmon
patternis labeled bythe markfi* 0. Theseresidue patternare also summarez in Tablel. Thecommon
residue patternare expressed ax(3)j x(3)j [or Xx(2)] x(4)] ] for theE helix,j x(2,3)j (2)x(2, 3)j for
the G helix,j x(2)] (2)x(2) for theH helix. The symboj denotes a hydrophobic residue. Ohdyf the
44 residuesn these pattern®67R in 1R8J (a residue with the mdito in Figure §, dcesnot form
hydrophobic packing. The packing of the residoesstitutingcommonresidue patterns the Eto-H
helix unitin 1FSL, 1R8J and 1XL3 is presente&igure9a,c respectively.

For 2FM9, 2NP5, and 2P0the similar residue patterase also inferred by visual inspection based
on only the packingn Figures 8e,0A residue insucha patternin 2FM9, 2NP5, and 2P06 is labeled by
fi+0 in Figure8e,g. Theseresidue pa#irnsare also summarized in Tabde Theresidue patternfor
2FM9, 2NP5, and 2P06 deviasamewhatirom thosein the four proteins discussed abowvéis is
probablydue tothe different configurations of the-te-H helix units[Figure7b,c] comparedwith the
helix configuration of thefour proteins1FSL, 1MBN, 1R8J, and 1XL3Thus, the rule o€ommon
residue patternsannot be applied stricttp 2FM9, 2NP5, and 2P0 presented in Table

Table 4. Commonresiduepatterns

Protein E Helix G Helix H Helix
IFSL  jXx(2) x(@) | %) (x(2) ] x(2)j (2)x(2)
IMBN jx(3)i x() ] x(3)j (Ax(2) ] x(2)i (2)x(2)]
1R8I [ x(3) x()j | x3) X2 | x(2j x(3)j
IXL3  jx(3) x) 1 x(2j 2x@)j ] x(2)i (2)xQ)j

2EM9 5 j X(6)] j X(10)
2NP5  j x(2)j x(3)j i X 2x  jx3)j (2)x(2)
2P06 d j X(3)j j X(3)j (2x()j

The location of theseesidue patternfor 1R8J, 1XL3, 2FM9, 2NP5, and 2P06 correspond well to
that for 1FSL. Figure Sth Suppementary Material shows tlanino acidsequence alignmenb@sed
on the Dali algorithnof these proteins with 1FSL. In this figure, a residue with the fakkdnstitutes
acommon residue pattern

3. Discussion

The results of the present study show tiie commortopology of theE-to-H helix unit can be
observed beyond the globiike fold whenthe Dali searchs performedollowed by ADM screening to
check thetendency of a partial amino acid sequen€¢he hit regiongo form a compact structure
This finding demonstrates that thed=H helix unit is a common structural unit in theustiural space of
proteins.Thus, Eto-H structures appeiag in several protein folds must noécessarily havevolved
from onecommon ancestomsteadthe 3D structures of the-t6-H unit should be energetically stable
and so this unit is observed wigén the 3D structure spacas far as the globifike fold is concerned,
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as mentioned in the introduction section, there are truncated hemoglobins as primitive hemoglobins and

the main structural unit of these proteins is th®H helix unit partlt is speculated that-©-H unit

must be the basic structumethe early stage of the evolution of glotike fold proteing and this unit

might growto various globirfold proteinsduring evolution Proteins in other fokl for example, 1R8J,

1XL3 and smon, might alsochave grewfrom eachancestor proteiwith astructuresimilarto the Eto-H

helix unitduring evolution Among the hit proteins, 1R8J is interesting because this protein is composed

of two domains, one is the-i&-H unit and the other ithe domain, while the other hjiroteins are all

proteins. This alsindicatesthat the Eto-H helix unitwidely exists in the structural space of proteins.
Examining the conservation of packing residuggh respectto the homologues of each protein

revealshe common patterns of packing residlueationson the helices. Thesesidue patternseem to

be typical patterns inhelices, but the presespecific combination of theseesidue patte must

stabilize the 3D structure of thet&-H helix unit In other wordswe speculate that the helix bundle

formed bythe G and H helices is stabilized ati E helix interactsvith this bundle as shown in Figuge

It might be possible to define a structural motif specific felol helix unit by sophisticatinghe

present amino acid sequence patterns.

Figure 9. The hydrophobic packing formed by residoéshe common patterna (a) 1FSL
(b) 1R8Jand €) 1XL3.




