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ABSTRACT: The GXXXG motif is a frequently occurring sequence of residues that is known to favor
helix—helix interactions in membrane proteins. Here we show that the GXXXG maotif is also prevalent

in soluble proteins whose structures have been determined. Some 152 proteins from a nonredundant PDB
set contain at least oree-helix with the GXXXG motif, 41+ 9% more than expected if glycine residues

were uniformly distributed in those-helices. More than 50% of the GXXXG-containinghelices
participate in helix-helix interactions. In fact, 26 of those hetikelix interactions are structurally similar

to the helix-helix interaction of the glycophorin A dimer, where two transmembrane helices associate to
form a dimer stabilized by the GXXXG motif. As for the glycophorin A structure, we find backbone-
to-backbone atomic contacts of thex€H---O type in each of these 26 helthelix interactions that

display the stereochemical hallmarks of hydrogen bond formation. These glycophorin A-like ielix
interactions are enriched in the general set of hdfiglix interactions containing the GXXXG motif,
suggesting that the inferredx-H---O hydrogen bonds stabilize the helikelix interactions. In addition

to the GXXXG motif, some 808 proteins from the nonredundant PDB set contain at leaettosl

with the AXXXA motif (30 £+ 3% greater than expected). Both the GXXXG and AXXXA motifs occur
frequently in predictedr-helices from 24 fully sequenced genomes. Occurrence of the AXXXA motif is
enhanced to a greater extent in thermophiles than in mesophiles, suggesting that helical interaction based
on the AXXXA motif may be a common mechanism of thermostability in protein structures. We conclude
that the GXXXG sequence motif stabilizes hetixelix interactions in proteins, and that the AXXXA
sequence motif also stabilizes the folded state of proteins.

Common amino acid sequence motifs in proteins offer the GXXXG motif associate to form a symmetric, right-
windows into protein functionl). One well-known example  handed homodimer. All four glycines (two from each helix)
is that of CysHis; zinc fingers, one of the most common can be found at the helixhelix interface. The four-residue
eukaryotic DNA-binding motifs; these are detected by the separation of glycyl residues in the GXXXG motif serves
consensus sequence (F/Y)-X-G=%C-Xs-(F/Y)-X5-¢-Xo- to align them on one face of the helix, providing a flat
H-X3-5-H, where X represents any amino acid apds a platform for the two glycyl residues of the other helix, and
hydrophobic one3). In the three-dimensional structure of permits the backbones to bind closely. In this close config-
this motif, the two cysteine and two histidine residues uration, the two glycyl @ atoms are able to donate their
coordinate a zinc ion, stabilizing the structure for binding. hydrogen atoms to form hydrogen bonds with carbonyl

The amino acid sequence motif GXXXG stabilizes helix ~ 0Xygen atoms on the adjacent helix, stabilizing the glyco-
helix interactions in membrane proteir®y.(In fact, GXXXG ~ Phorin A dimer 7). The occurrence of four glycyl residues
is the most over-represented sequence motif (considering allat the helix-helix interface also minimizes the loss of side
possible motifs of the form Z)%, where Z is any amino ~ chain entropy upon binding, stabilizing the bound state of
acid) in a database of transmembrane helices, occurringthe dimer g).

nearly 32% above expectatiod)( GXXXG is also the Recently, we discovered a hetthelix interaction at the
dominant motif found in an in vivo transmembrane oligo- intermolecular interface of the lland E} subunits of
merization selection systens)( pyruvate dehydrogenase which is stabilized by two glycyl

The three-dimensional structure of the transmembrane'€Sidues from the Eilsubunit that form a GXXXG motif

domain of glycophorin A provides insight into how the glycyl (9. Both gly%r:es are clonslerve% in all kanl\{v nﬁErr]hro_tem
residues of the GXXXG motif stabilize helishelix interac- isee(:?JlIJaerniﬁiasﬁaceﬁrltg?ngr)\/r?Zr ;iilogii;:g ﬂ'];zteoft g?yclzgt:r:?r(i)r;
tions (6). Here two single-transmembrane helices containin . ; ‘ o ;
€ ¢ g A. While both helices of the helixhelix interaction of

glycophorin A contain the GXXXG motif, only the-helix

T The work of G.K. was funded in part by U.S. Public Health Service from the EP subunit contains the GXXXG maotif in the
Training Grant GM07185. This work was supported by the National ;
Institutes of Health and BER of the Department of Energy. pyruvat_e dehydrog_enasg ‘?Xamp"?’ demonstrating t.hat only

*To whom correspondence should be addressed. Phone: (310) 825-0Nn€ helix of the helix-helix interaction needs to contain the
3754. Fax: (310) 206-3914. E-mail: david@mbi.ucla.edu. GXXXG motif to promote association in a glycophorin

10.1021/bi0200763 CCC: $22.00 © 2002 American Chemical Society
Published on Web 04/20/2002




GXXXG and AXXXA Motifs Biochemistry, Vol. 41, No. 19, 2005991

A-like manner. The EZ example is the first helixhelix helix andp(x) is the probability of observing occurrences.
interaction stabilized by the GXXXG motif in a soluble Similarly, the variance is given by

protein and prompted us to ask how many known protein

structures contain aa-helix with the GXXXG motif and Var(x) = X0 X3 (2)
whether the GXXXG motif functions in stability. Here we Th ati q . f Hheli h
document that 152 proteins in the nonredundant Protein Data € expeclation and variance ol eagrmelix were then
Bank (1611 proteins total) contain at least one helix with summeq over all hehc_es to cal;ulate _the total expectation
the GXXXG motif, and suggest that the function of both and variance for a particular amino acid sequence monf for
the GXXXG motif and the related AXXXA motif is to the entire database. Note that this method is applicable to

stabilize both intermolecular interactions between protein mc\)lsfs Ofl anlytggltin spacmtgt)'. hich th b
subunits and intramolecular interactions within the same € calculated two guantities which compare the number

of observed and expected motifs: the enrichment of observed

protein. over expected occurrences and thecore. The enrichment
MATERIALS AND METHODS IS

Databases.To account for the over-representation of Xops — XO
certain protein families in the PDBye used a nonredundant T xo 3)

PDB set (www.fccec.edu/research/-labs/dunbrack/culledpd-
b.html) 0). In this set, only X-ray crystal structures »2.5 where Xqps is the observed occurrences of the motif. The
A resolution are included. In addition, no two sequences in standard deviation of the enrichment is
the nonredundant set are greater than 30% identical to each
othgr. The culled PI_DB (nonredundant. PDB) set contains 1731 1 (4)
chains corresponding to 1611 proteins. JIXO

Counting the Occurrences of Amino Acid Sequence Motifs.
We counted the occurrences of amino acid sequence motifswhen the expected number of motifs is small, the enrichment
in a-helices. Starting with the atomic coordinates for each may exhibit large fluctuations. For a small sample, it may
chain in our nonredundant PDB set, we assigned secondaryPe the case that the observed enrichment is merely a statistical
structure to each residue using the program DSSB. (  fluctuation. TheZ score assesses how likely this is. The
Secondary structure elements, defined as a string of at leasgcore is given by
five consecutive residues with identical secondary structure, X0
were extracted. Secondary structure elements longer than 25 7 = Kops ~ (5)
residues were discarded because it was computationally o
intractable to permute such long sequences. Duplicate copies . .
of sequences were discarded. The final numbex-bélices Wwhereo is the standard deviation.

: . Structural Comparison of HelixHelix Interactions, lden-
from the nonredundant PDB is 12 802, and the final number . = . o
of -strands is 10 249. Occurrences of all 20 symmetrical tifying Atomic Contacts of the-H-+-O Type within Those

amino acid sequence motifs were then calculated. Note thatlnteractlons, and Calculating the Interhelical Axial Distances

two motifs may overlap, yet both are counted. For example, getlv;een Interagtitng Helic_e§.he p;ﬁgratm A{"IGN]; vers{i:er}
in the following sequence, GXGXGXG, where X represents (12), was used to superimpose the structure of one kelix

any amino acid other than glycine, the GXXXG motif occurs helix |r!teract|qn or)to t'he other. Two hehces were _conS|dered
twice. to be interacting if six or more residues were in contact.

Calculating the Expected Value and Variance for Each Using the definition of Chothia et all), a contact is defined

Amino Acid Sequence Motifhe method used to calculate as two atoms V‘."th'n 0.6 A of the sum of th_elr van der Waals
the expected value and variance for each amino acid radn_. Helix—helix Interactions cont.ammg.elther_the GXXXG
sequence motif has been described elsewh@reB(iefly, motif or the AXXX.A motif were identified using custom
the expectation and variance for any symmetrical amino acid PERL software. Histograms were generated using custom
sequence motif (e.g., GXXXG and AXXXA) were calculated PERL softwar_e <_’:1nd plotted using the program X.MGR' The
for eacho-helix in our database. For a helix of known length s@andard deV|_at|o_n of the frequency for any biin the

and composition, we used bit strings to represent all possibleh'Stogram’aﬂ' is given by
sequences (e.g., 1's for glycines, 0’s for non-glycines). If it s
is assumed that residues are uniformly distributed in the helix, _ /fi
the probability for the occurrence of a given number of motifs G N
is computed by counting the occurrences of the motif in each

enumerated sequence. The expected number of motifs is theivherefi®**is the observed frequency for tite bin andN is
given by the total number of observations.

The coordinates for hydrogen atoms were calculated using
X= zxp(x) (1) the CCP4 program HGEN, which uses standard geometry
X and a bond length of 1.0 A. The structures of helelix
interactions containing the GXXXG motif were analyzed and
whereX is a random variable corresponding to the number searched for atomic contacts of thec€H---O type using
of occurrences of the amino acid sequence motif in a giventhe program O. Interhelical axial distances and packing
angles were calculated using the CCP4 program HELIX-
L Abbreviations: rms, root-mean-square; PDB, Protein Data Bank. ANG.

(6)
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3 “ Table 1: Statistics for 14 Symmetrical Amino Acid Sequence
S T Motifs, Showing That GXXXG and AXXXA Are the Only Motifs
§ g wt Z=Gly from This Group that Are Significantly Enrich&d
o A -
5 g E no. of no. of
g e ot amino acid observed expected enrichment z
X 8 sequence motif occurrences occurrences (%) o score
3B ok
g3 0 GG 149 161 -7+8 112 -10
3 §§ GXG 117 145 —-19+8 108 —2.6
‘??" T 0 GXXG 130 130 +9 103 O
g G ok GXXXG 161 114 41+9 9.8 438
% 3 L GXXXXG 93 99 —-6+10 9.2 —-0.6
5 -0 b GXXXXXG 94 84 11+11 85 1.1
> LS 40 b GXXXXXXG 88 72 22+12 79 20
5SS i AA 1512 1700  -11+2 334 -56
g 7 AXA 1506 1526 -1+3 324 —06
T 60 AXXA 1271 1352 —-6+3 309 —26
wlz  zxlz oz 26z iz w0z 2z AXXXA 1533 1179 3043 293 121
Ficure 1: Percent enrichment of observed over expected occur- AXXXXA 876 1005 —-13+£3 274 —-47
rences of two symmetrical amino acid sequence motitsfrelices ~ AXXXXXA 835 847 —1+3 254 -05
of the form ZX'Z, where Z is either glycine (gray line) or alanine ~ AXXXXXXA 700 705 —1+4 233 02
(black line). Notice the peaks at= 3, which aligns both residues aThe number of observed occurrences for each motif in 12 802

of the motif on the same side of the helix. This spacing of the q-nelices from the nonredundant PDB is given. The expected number
reS|dues.creates a flat interaction surface and is consistent .WIth theof occurrences is calculated assuming uniformly distributed residues
observation that the GXXXG and AXXXA sequences function as in the samex-helices. The percent enrichment is the number of observed

helical interaction motifs. occurrences for a given motif minus the number of expected occur-
rences, divided by the number of expected occurrences. The standard

Calculating the Enrichment of Obsexd aer Expected deviation andZ score are also given (see Materials and Methods). Notice
Occurrences for both the GXXXG and AXXXA Motifs for the unust_JaI values for the enrichment ahdcore for GXXXG and
All ORFs in a GenomeThe putative open reading frames AXXXA (in bold).
from 24 fully sequenced genomes were downloaded from
the entrez genome search and retrieval system of the National While the 161 occurrences of the GXXXG motif in
Center for Biotechnology Information (NCBI, www.nchi.n- o-helices are significant, no other spacing for symmetrical
Im.nih.gov). Secondary structure was predicted for each opensequence motifs containing glycyl residues shows similar
reading frame using the program PHD4). Secondary  enrichment. For example, the GXXG motif occurs 130 times
structure elements were extracted in a manner identical toin the 12 802u-helices from the nonredundant PDB, which
that with the nonredundant PDB set. The program SEG wasis equal to the expected number of occurrences if glycyl
used to find and remove low-complexity amino acid repeats residues were uniformly distributed. The observed and
(15). Z scores and the enrichment of observed occurrencesexpected occurrences for symmetrical sequence motifs
over expected were calculated in a manner identical to thatcontaining glycyl residues, corresponding to a range of

with the PDB set. spacings from zero residues between glycyl residueS@3X
to six residues (G$G), are given in Table 1. Therefore, the
RESULTS GXXXG motif in a-helices is the only symmetrical amino

acid sequence motif with glycyl residues that shows signifi-

We counted 172 occurrences of the GXXXG motif in all cant enrichment over expected occurrences.
a-helices from the nonredundant PDB, and discarded 11 of The observed occurrences of the AXXXA motif in
these as being in low-complexity repeats. Some 152 proteins, _pgjices from the nonredundant PDB are also enriched over
from the nonredundant PDB contain at least one helix with expectation (Figure 1 and Table 1). The AXXXA motif
the GXXXG motif, or nearly one in 10 proteins. occurs 1533 times in helices from the nonredundant PDB.

To estimate the significance of the number of occurrences Some 808 proteins from the nonredundant PDB contain at
of GXXXG, we also calculated how many occurrences of least one helix with the AXXXA motif, corresponding to
the GXXXG motif we expect at random. Specifically, we more than half of the proteins in the nonredundant PDB.
ask the following question. If glycyl residues were distributed However, only 1179 occurrences of the AXXXA motif are
uniformly in a-helices of the observed lengths, what fraction expected given the length and composition of each helix in
of these helices would contain the GXXXG motif? These the database, corresponding to an enrichment of-36.
values can be calculated using the TMSTAT method, in Similar to the GXXXG motif, the three-residue spacing
which all possible permutations of glycyl residues in each between alanine residues in the AXXXA motif is the only
helix are enumerated and searched for the GXXXG motif spacing for symmetrical sequence motifs containing alanine

(4). residues with significant enrichment of observed over
Occurrences of the GXXXG motif in-helices from the ~ expected occurrences (Table 1).
nonredundant PDB are enriched, occurring4D% more There are other symmetrical amino acid sequence motifs

often than expected if glycyl residues were uniformly that show enrichment of observed occurrences on the same
distributed ina-helices (Figure 1 and Table 1). One would side of amphipathic helices (e.g., LXXL and LXXXL), but
expect only 114 occurrences rather than 161 of the GXXXG the spacing dependence for these other motifs is less stringent
motif in the 12 802a-helices from the nonredundant PDB, than for the GXG and AX'A motifs. This suggests that the
given the length and number of glycines in each helix. roles of the GXXXG and AXXXA motifs are not simply to
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Table 2: A List of the 26 Proteins from the Nonredundant PDB
That Contain both a Helix with the GXXXG Motif and a
Helix—Helix Interaction Similar to the HelixHelix Interaction of
Glycophorin &

rmsd packing axial
PDB from angle distance
entry protein GpA  (deg) A
lafo  glycophorin A - —33 7.0
1hjr resolvase 1.1 -53 6.9
lluc luciferase 04 —49 6.3
1gsO0  oxidoreductase 1.0 -58 6.7
1f8y  transferase 0.8 -35 6.3
1bOp oxidoreductase 0.8 —45 6.8
1b24  endonuclease 0.6 -31 6.5
ldfa  hydrolase PI-SCEI 0.8 —32 6.6
1dg3  hydrolase PI-PFUI 0.7 —36 6.5
leex diol dehydratase 1.1 -36 6.8
lgak cell adhesion sp18 1.2 —49 7.0
1zpd pyrrole decarboxylase 0.7 —48 6.3
1lgmg oxidoreductase 1.2 —40 5.9
1dOv transferase 12 -51 6.9
1d3v  arginase 1.1 -35 6.8
levy glycerol-1,3-phosphate 0.9 —42 5.7

dehydrogenase

1fx8  glycerol facilitator 0.8 —45 6.8
1le39 flavocytochrome 0.8 —32 7.0
1gla  fumarate reductase 12 —42 6.7
1dbt  orotidine decarboxylase 0.8 —34 6.5
le3a  penicillin amidase 0.7 —40 6.1
lvns  haloperoxidase 1.2 -36 6.4
8abp L-arabinose binding protein 1.0 —39 6.2
lgca  galactose binding protein 1.2 —-38 6.4
2dri Dp-ribose binding protein 1.3 -37 6.3
1bfd  benzoylformate decarboxylase 0.6 —45 6.4
1dbg DNA binding protein 1.2 37 5.7

aThe backbone atoms from each helixelix interaction were
superimposed onto the backbone atoms of the GpA dimer; the rms
distance for aligned main chain atoms (rmsd from GpA) is given. The
interhelical packing angle and axial distance are given for each-helix
helix interaction.

provide helical amphipathicity. To gain insight into the
function of the GXXXG and AXXXA motifs, we analyzed
the structures of those proteins containing the GXXXG or
AXXXA motifs from the nonredundant PDB.

Structural Analysis of Proteins ContaininngHelices with
the GXXXG Motif: Glycophorin A-like HelixHelix Interac-
tions.Some 97 of the 17@-helices containing the GXXXG
motif form at least one helixhelix interaction in their
respective proteins (56%). Of these helhelix interactions,

26 are similar in structure to the hetbhelix interaction of
glycophorin A in that they share the following structural
features. (1) Each of the 26 heltkelix interactions structur-
ally superimposes with the helhelix interaction of gly-
cophorin A such that the aligned main chain atoms deviate
by no greater than 1.2 A (rms deviation). This means that
the helix—helix crossing is of the right-handed typ#.((2)

At least one of the potential backbone-to-backboe-E-

--O type hydrogen bonds observed in the glycophorin A
dimer is also observed in the hetikelix interaction. It is
notable that 23 of these 26 examples of helielix
interactions contain only one GXXXG helix, consistent with
our finding for Elnr and EJ that one helix containing the
GXXXG motif is sufficient to promote proximity of the
helices and a @—H---O contact 9).

As an example of a glycophorin-like helphelix interac-
tion, consider resolvase (1hjr), which forms a homodimer
in which two symmetry-related helices containing the
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GXXXG motif interact across the intermolecular interface
(Figure 2a) in a right-handed fashion. In fact, the helix
helix interactions of resolvase and the glycophorin A dimer
are nearly identical (Figure 2b). The structures superimpose
with an rms deviation of 1.1 A for 124 main chain atoms.
In addition, all four glycyl residues forming the GXXXG
motif in the glycophorin A dimer are structurally equivalent
to the glycyl residues forming the GXXXG motif in
resolvase. Finally, in the helixhelix interaction of resolvase,
three backbone-to-backbone atomic contacts of the I8

--O type have geometries consistent with hydrogen bond
formation (Figure 2b). Together, all of the 26 helilkelix
interactions that contain the GXXXG motif and are structur-
ally similar to the glycophorin A dimer contain 102
backbone-to-backbone contacts of the-@H---O type that
have geometries consistent with interhelical hydrogen bond
formation (see the Supporting Information).

The 26 helix-helix interactions that are structurally similar
to glycophorin A are unusual in that the interhelical axial
distance in each helixhelix interaction is short (Figure 3b
and Table 2). We therefore ask if the distribution of
interhelical distances for helixhelix interactions containing
the GXXXG motif is distinct from the general distribution
of interhelical distances. This probability can be measured
using they? test (L6). The distributions of interhelical axial
distances for both helixhelix interactions containing the
GXXXG motif (black bars) and interactions not containing
the motif (white bars) are shown in Figure 3a. Comparing
these two distributions gives;& value of 32.1 (13 degrees
of freedom), corresponding to a probability 60.01 that
both sets of interactions came from the same population.

In addition to being distinct from the general set of helix
helix interactions, the distribution of interactions containing
the GXXXG motif is enriched with short interhelical
distances over helixhelix interactions not containing the
GXXXG motif. For example, the frequency of hetihelix
interactions containing the GXXXG motif with interhelical
distances in the range of 6:5.0 A is 13.5%; the frequency
is only 4.9% for helix-helix interactions not containing the
GXXXG motif in the same rangeZ(score= 8.6).

Interhelical Axial Distances for HelixHelix Interactions
Containing the AXXXA MotitUnlike the distribution of the
GXXXG motif, the distribution of interhelical distances for
helix—helix interactions containing the AXXXA motif is not
distinct from the general distribution of interhelical distances.
The histograms of interhelical distances for both helielix
interactions containing the AXXXA motif (black bars) and
not containing the AXXXA motif (white bars) are shown in
Figure 3c. Comparing these two distributions gives ealue
of 21 (16 degrees of freedom), corresponding to a probability
of <0.2 that both sets of interactions came from the same
population. In addition, only a modest enrichment of helix
helix interactions with interhelical distances in the range of
7.5-8.0 A is observed for interactions containing the
AXXXA motif ( Z score= 4.5).

Calculating the Enrichment of Obsexd Occurrences of
the GXXXG and AXXXA Motifger Expected Occurrences
for Fully Sequenced Genom&served occurrences for both
the GXXXG and AXXXA motifs are enriched over expected
occurrences from the predictathelices of 24 fully se-
guenced genomes (Figure 4). For example, all proteins from
the thermophilic organisnThermatoga maritimaare pre-
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Ficure 2: (a) Space-filling model of the homodimeric Holliday-  Figure 3: Histogram of interhelical axial distances. (a) Some 171
junction protein resolvase2§) (1hjr). A helix with the GXXXG helix—helix interactions from the nonredundant PDB, where at least
motif interacts with its symmetry mate at the intermolecular one helix in the interaction contains the GXXXG motif (black bars,
interface. The glycyl residues of the GXXXG motif are blue. Closer mean interhelical axial distance of 8483 A). The histogram of
inspection of the helixhelix interaction shows that the glycyl interhelical axial distances for hefishelix interactions that do not
residues of the GXXXG motif on one helix interact against the contain the GXXXG motif (extracted from the same proteins) is
glycycl residues of the GXXXG motif on the adjacent helix. The also shown (white bars, mean interhelical axial distance oft9.0
interaction of these residues allows close association of the two 3.2 A). Notice that the helixhelix interactions containing the
helices and promotes backbone-to-backbone contacts between C  GXXXG motif are enriched with interactions of interhelical axial
H---O atoms that have geometries consistent with hydrogen bond distances between 6.0 and 7.0 A as compared to -hbbix
formation. Potential hydrogen bonds are shown as dotted lines. (b)interactions that do not contain the GXXXG motif. (b) A subset of
Structural superposition of the hetihelix interaction of resolvase  the 171 helix-helix interactions containing the GXXXG motif,
(orange) and the helixhelix interaction of the glycophorin A dimer  consisting of 26 helixhelix interactions, where at least one helix
(blue). The four glycyl residues of the GXXXG motifs are shown in the interaction contains the GXXXG motif, and the helbelix

as space-filled spheres (blue for glycophorin A and orange for interaction is structurally similar to the glycophorin A dimer. Notice
resolvase). Notice that the glycyl residues of the GXXXG motif of that these helixhelix interactions have a narrow range of short
glycophorin A and resolvase are structurally equivalent. Black interhelical axial distances ranging from 6.0 to 7.0 A. (c) Similar
dotted lines highlight atomic contacts in the glycophorin A dimer to panel a, except the histogram is composed of 1106 -hhtkix
with appropriate geometries for backbone-to-backbone hydrogeninteractions containing the AXXXA motif (black bars, mean
bonds of the @—H---O type. Gray dotted lines denote similar interhelical axial distance of 8.& 2 A). Unlike the helix-helix
contacts in the resolvase helikelix interaction. The helixhelix interactions containing the GXXXG motif, hetbhelix interactions
interactions are nearly identical in structure, demonstrating that the containing the AXXXA motif appear to have interhelical distances
GXXXG motif can stabilize helixhelix interactions in both consistent with helix-helix interactions not containing the AXXXA
membrane proteins and soluble proteins. motif (white bars, mear= 8.9+ 2.5 A).
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only 679 occurrences of the AXXXA motif, corresponding
to an enrichment of 53 4%. Results for all 24 sequenced
genomes are shown in Figure 4.

Thermophilic organisms tend to have greater enrichment
of observed occurrences of the AXXXA motif over expected
occurrences than in mesophiles. The average enrichment of
observed occurrences of the AXXXA motif over expected
is 0.48 for the 9 thermophiles, whereas the average enrich-
ment is 0.28 for the 15 mesophiles. Unlike the case for the
AXXXA motif, there appears to be no correlation between
enrichment of the GXXXG motif and the thermophilicity of
the organism.

DISCUSSION

The GXXXG Motif and the €-H---O Hydrogen Bond
Stabilize Helix-Helix Interactions in Protein Structure$he
GXXXG motif has been well characterized as a helirelix
stabilizing motif in membrane proteins. Here we show that
the GXXXG motif stabilizes helixhelix interactions in
soluble proteins as well. In fact, we show that 26 helix
helix interactions are similar to the helihelix interaction
of glycophorin A. This is significant because glycophorin
A-like helix—helix interactions display backbone-to-back-
bone contacts of thedc-H-++O type that have the geometric
hallmarks of hydrogen bond formation, suggesting that-C
H---O hydrogen bonds stabilize hetbhelix interactions in
soluble proteins as well as membrane proteins.

The existence of €H hydrogen bond donor groups in
biological molecular structures has received an increasing
amount of attention1(7). Recently, the energy of theoC-
H---O type hydrogen bond was estimated to be-3® kcal/
mol in vacuo, or approximately one-half the energy of a
N—H---O hydrogen bond18). Therefore, several coordi-
nated @—H---O hydrogen bonds could contribute signifi-
cantly to protein stability. Senes et ar) compiled a list of
H45 potential hydrogen bonds of thex€H:-:-O type from

of observed occurrences of the motif over expected for either the @ structural database of transmembrane kéiadix interac-
thermophilic group or the mesophilic one. Notice that the average tions. Notably, the GXXXG motif was found at several of

enrichment for the AXXXA motif is greater for thermophiles than
for mesophiles, suggesting that the AXXXA motif may function
in thermophiles to increase the thermostability of proteins: aero,
A. pernix aful, Archaeoglobus fulgidusiquae Ag. aeolicusmjan,
Methanococcus jannaschinthe,M. thermoautotrophicuppabyssi,
Pyrococcus abysspaero,P. aerophilum pyro, Pyrococcus hori-
koshii tmar, T. maritimg bbur,Borrelia burgdorferj bsub,Bacillus
subtilis ctra,Chlamydia trachomatixecoli, Escherichia coli hinf,
Haemophilus influenzaépyl, Helicobacter pylori mpneu,My-
coplasma pneumoniaentub, Mycobacterium tuberculosiamen,
Neisseria meningitidigpxx, Richettsia prowazekisynechoSyn-
echocystisp.; tpal, Treponema pallidumuure, Ureaplasma ure-
alyticum xfas, Xyella fastidiosaand yeastSaccharomyces cere-
visiae

dicted to contain 14 70@-helices (between 5 and 25 residues
in length). The GXXXG motif is observed 172 times in the

the helical interfaces. The occurrence of-€H---O hydrogen
bonds has been reported betwgestrands in soluble protein
structures, although fewdz-H---O hydrogen bonds were
found betweeno-helices in those proteinsl9). To our
knowledge, this is the first report to enumerate extensive
examples from the PDB of potentialoS-H---O hydrogen
bonds betweei-helices.

Are the Gx—H---O contacts observed in the 26 hetix
helix interactions from the PDB contributing to the stability
of the helix-helix interaction, or are the contacts incidental
to the close interaction of the helices promoted by the
GXXXG motif? One clue to this question is provided by
the histogram of interhelical axial distances for helhelix
interactions containing the GXXXG motif (Figure 3a). A

o-helices. One would expect only 132 occurrences of the statistically significant enrichment of hetbhelix interactions

GXXXG motif given the length and composition of the
helices, corresponding to an enrichment of 809% for
observed occurrences over expected.

As for the GXXXG motif, occurrences of the AXXXA
motif in o-helices fromT. maritimaare also enriched over
expected occurrences. The AXXXA motif is observed 1036
times in the 14 702 predicted-helices. One would expect

occurs in the range of interhelical distances of-6700 A.

The 26 glycophorin A-like helixhelix interactions have
interhelical distances in the same range (Figure 3b). The
enrichment of this class of helihelix interactions implies
some biological significance, and we believe that the function
of this interaction is to stabilize helixhelix interactions with
important biological roles.
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An example of an important biological role involving only mesophile with a percent increase similar to those of
helix—helix interactions is the stabilization of protein thermophiles. In factH. pylori is an extremophile itself and
protein interfaces. The GXXXG motif in the Blubunit of lives at low pH @4), suggesting the possibility that the
pyruvate dehydrogenase stabilizes a heliglix interaction AXXXA motif may also be useful for enhancing the stability
between the B4 and EXx subunits and contributes to the of proteins in this environment.
overall stability of the proteirrprotein interactionq). The
interaction of these two subunits is imperative for the proper ACKNOWLEDGMENT
function of the dehydrogenase. Together, 5 of the 26 kelix
helix interactions help stabilize protetiprotein interactions.
Other potentially important roles involving hetbhelix
interactions include stabilizing the active site of an enzyme
or stabilizing a folding intermediate along the folding g PPORTING INFORMATION AVAILABLE
pathway for a protein.

The AXXXA Motif May Increase the Thermostability of A table documenting the 102 potentiak€H---O hydro-
Proteins in ThermophilesWhile the occurrence of the gen bonds in the 26 helixhelix interactions similar in
AXXXA motif is enhanced in all of the 24 fully sequenced structure to the helixhelix interaction of glycophorin A,
genomes in our study, occurrences from thermophiles appeaincluding statistics providing distances and angles for each
to be enhanced to a greater extent than those from mesohydrogen bond. This material is available free of charge via
philes. In factAquifex aeolicusone of the most thermophilic  the Internet at http://pubs.acs.org.
bacteria knownZ0), has the largest enrichment of observed
occurrences of the AXXXA motif over expected occurrences REFERENCES
(72%) than any of the 24 genomes.
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