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ABSTRACT. As part of a structural genomics project, we have determined the 2.0 A structure offthe E1
subunit of pyruvate dehydrogenase frétyrobaculum aerophilungPA), a thermophilic archaeon. The
overall fold of EJ3 from PA is closely similar to the previously determinedgestructures from humans

(HU) andP. putida(PP). However, unlike the HU and PP structures, the PA structure was determined in
the absence of its partner subunit,cEBignificant structural rearrangements occur irfEdhen its Etx

partner is absent, including rearrangement of several secondary structure elements such as helix C. Helix
C is buried by Eix in the HU and PP structures, but makes crystal contacts in the PA structure that lead
to an apparenf, tetramer. Static light scattering and sedimentation velocity data are consistent with the
formation of PA E tetramers in solution. The interaction of helix C with its symmetry-related counterpart
stabilizes the tetrameric interface, where two glycine residues on the same face of one helix create a
packing surface for the other helix. This?®XXG helix—helix interaction motif has previously been
found in interacting transmembrane helices, and is found here at te EE1 interface for both the HU

and PPoayf; tetramers. As a case study in structural genomics, this work illustrates that comparative
analysis of protein structures can identify the structural significance of a sequence motif.

The a-keto acid dehydrogenase complexes belong to a of two domains. The N-terminal domain of Ehas a central
ubiquitous family of diverse multienzyme systems that six-stranded parallgi-sheet that is flanked by seven helices.
function at key points in carbohydrate metabolism (pyruvate The slightly smaller C-terminal domain has a five-stranded
dehydrogenase), in the citric acid cycle-Ketoglutarate pB-sheet surrounded by four helices. The two domains are
dehydrogenase), or in amino acid metabolism (branched-connected by an extended loop. While these structures are
chaino-keto acid dehydrogenase), (2). These complexes  derived from branched-chain-keto acid dehydrogenases,
are among the largest and most complicated of known they share significant sequence identity with pyruvate dehy-
enzymes, with molecular masses of up to—20 million drogenase Ei subunits and are expected to share similar
daltons. Both pyruvate dehydrogenase and branched-chairstructures.
a-keto acid dehydrogenase are of clinical importance in  Here we report the 2.0 A structure of gfrom P. aero-
humans 8). For example, mutations in the branched-chain philum in the absence of the Elsubunit. By comparing
a-keto acid dehydrogenase have been linked to maple syrupthe three available EBlstructures, we find both differences
urine disease4). and similarities among the structures. A conserved packing

All o-keto acid dehydrogenase complexes are constructedmotif was found in all three Ei structures that promotes a
from three protein components: E1, E2, and E3. The iden- helix—helix interaction between Bland ELu.
tities of E1, E2, and E3 depend on the particular c_Iass of MATERIALS AND METHODS
enzyme complex, but usually the E1 component is con-
structed with both am and a subunit and functions as a ~ Cloning the PA Ef Gene.Using the genomic sequence
substrate decarboxylase. The E2 component forms the coredata forP. aerophilum(PA), we designed PCR primers for
of the complex and acts as a dihydrolipoamide acetyltrans-the sense ((GACGACGACAAGATGGTGGCTGGAGTG-
ferase. The E3 component is a dihydrolipoamide dehydro- GTTATGATG-3) and antisense (BSAGGAGAAGCCCG-
genase. GTTTAGTACCTCATCACGTATTCTA TG-3) strands. With

Others have determined structures of the complete E1the primers and a PA genomic library plasmid containing
azP-tetramer from both the bacteriuRseudomonas putida  the putative EZ ORF, the gene was amplified by the
(PP} and humansy, 6). Both E13 structures are composed polymerase chain reaction (PCR). The PCR product was then

incorporated into the pET30EkK/LIC expression vector
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Expression and Purification of PA B1A sequenced clone
was transformed int&. coli BL21(DE3) cells by heat shock.

A single colony was used to inoculate 10 mL of LB broth
containing 50ug/mL kanamycin. The cells were grown
overnight at 37C with shaking. This culture was then used
to inoculate 10 L of medium. The cells were grown until
the Asoo Of the media measured 1.0, at which time expression
was induced by adding IPTG to a final concentration of 1
mM. After 6 h of induction, the cells were harvested by
centrifugation at 600§ for 15 min and stored at-20 °C.

Cell pellets were resuspended into Buffer A (20 mM
Hepes, pH 8.01 M NaCl, 20 mM imidazole, and 10g/

mL PMSF) at room temperature. The additidnldV NaCl

was based on empirical evidence that PA proteins tend to
be stable only in high salt. To begin lysis, 5 mg of lysozyme
was added to the cells. Lysis was further induced by
sonification (5 cycles, 3 min per cycle) at a level of-70
80% of the maximum output. The cell debris was removed
by centrifugation for 45 min at 330@0n a Sorvall SA-600
rotor. The supernatant was collected and filtered prior to
chromatography.

To facilitate purification of Ef, a vector-encoded peptide
was fused to the N-terminus. This peptide is 43 amino acids
long and includes the S-tag and His-tag. PASEdas purified
on nickel-chelating resin suspendada 5 mL Pharmacia
Hi-trap column. Fractions were collected and assayed for
E15 by SDS-PAGE. Several fractions containing tvere
at least 90% pure.

Fractions containing PA Elwere pooled and dialyzed
into 20 mM Hepes buffer, pH 8.0, and 250 mM NaCl. This
solution was heated to 6& for 15 min. Heat stability studies
showed that PA EAi is stable at 65°C, resulting in a
significant purification step (data not shown). Denatued
coli proteins were separated from PA/Ely centrifugation
at 3300@ for 30 min. The protein was concentrated to 27
mg/mL using a Centricon 10 centrifugal filter device
(Amicon). E1B was shown to be greater than 95% pure by
SDS-PAGE. In addition, MALDI-TOF (matrix-assisted
laser desorption/ionization-time-of-flight) mass spectrometry
revealed a single peak of approximately 39 900 Da; the
expected molecular mass of PA EWwith the purification
tag is 39 862 Da. This protein solution was filtered and
immediately used for crystallization trials.

Crystallization and Data CollectiorScreening for initial
crystallization conditions was accomplished using crystal
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Table 1: Statistics on Crystallographic Data and Refinement for the
E13 Subunit of Pyruvate Dehydrogenase of PA

Data Collection

resolution range high '&A) 2.0
resolution range low (A) 50.0
data cutoff p(F)] 0.0
overall completeness (final res shell) 89.4 (96.0)
Rmerge (%0) 8.2 (25.7)
redundancy 5.6 (5.6)
no. of reflections (test set) 2235
no. of reflections (overall) 22189
Crystal
space group 1222
unit cell parameters a=652A0b=845A,
c=1314A
Refinement
R-value (%) 21.2
free R-value (%) 255
meanB-value
main-chain atoms (A 27
side-chain atoms (% 31
all atoms (&) 29
rms deviations from ideal values
bond lengths (A) 0.013
bond angles (deg) 1.6

a=652A b=2845A, andc = 131.4 A. The crystals
contain one monomer in the asymmetric unit. Data were
processed and scaled using the DENZO and SCALEPACK
software package7]. Data collection statistics are sum-
marized in Table 1.

Structure Determination of PA Blby Molecular Re-
placementThe PA EJ3 structure was solved by molecular
replacement using the RAXIS data and the program AmoRe
(8). Using the crystal structure of the E$ubunit fromPseu-
domonas putidgdPP) @), a molecular replacement search
model was generated. Using a sequence alignment between
PP and PA Eg, all nonmatching residues were truncated to
alanine. The highest peak in the rotation map had a corre-
lation coefficient of 10.5, corresponding to a signal-to-noise
ratio of 5.3 above the mean. The subsequent translation
search unambiguously established the space grolg@Pas
and the solution from this search had a correlation coefficient
of 23.1 and a signal-to-noise ratio of é.Above the mean.

Refinement of the PA B1Structure.Initial stages of the
refinement were carried out using the RAXIS IV dataset and
CNS ). Shortly after the structure was determined, we
measured an improved native dataset to 2.0 A. For these

screen | by Hampton Research. Crystallization was attempteddatasets, reflections that were also present in the RAXIS IV

at 18 °C by hanging drop vapor diffusion against 48
conditions using equal volumes of protein and reservoir
solutions. We found only one condition that produced
crystals. The reservoir solution for this condition was 0.2 M
CaCh, 0.1 M Na-Hepes, pH 7.5, and 28% PEG 400 (w/v).
Several small crystals grew out of amorphous precipitate.
The crystals measured only o0 x 50 um x 25 um.

Notice that the reservoir solution contains high concentra-
tions of PEG 400, a common cryoprotectant. Crystals were
mounted and frozen under liquid nitrogen. Initial native data
were collected on a RAXIS IV detector using a Rigaku RU-

dataset were assigned the saRje. flags. New reflections
were assigne®.. flags randomly. Using these datasets, the
electron density maps improved in quality, facilitating model
building and completion of the structure. The fifafactor
and Rqee Were 21.2 and 25.5%, respectively. Residues
corresponding to the purification tag were disordered and
not included in the structure. Therefore, the residues are
numbered from the N-terminus of the £g¢hain, discounting
the 43-residue N-terminal tag. Refinement statistics are
summarized in Table 1.

The following residues had weak or no density and there-

200 rotating anode X-ray source, and a final native datasetfore were not included in the refinement; -342, 89-92,

was then collected at the Brookhaven National Laboratory
on beamline X-8C using an MAR 300 imaging plate. The
data diffracted to 2.0 A, with an overdnerge0f 8.2%. The
crystals belong to space grol&22, with unit cell dimensions

108-113, 125-134, and 299-310. The following residues

had adequate density for modeling of backbone atoms; how-
ever, the side-chain densities were disordered. These residues
were modeled as alanine residues: Glu 26, Met 76, Leu 93,
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Multiple Sequence Alignmenthe amino acid sequences
of 18 E1B protein subunits have been published (SWASS
PROT IDs: odbbbovin, odbh_human, odbbrat,
odph_mycge, odpb.mycpn, odpb_achla, odpb_bacst,
odph_bacsu, odbhbacsu, odbbpsepu, odpbhuman,
odph_rat, odph_ascsu, odpbschpo, odpb yeast, odpb pea,
odph_porpu, acob alceu). A multiple sequence alignment
of these 18 sequences with PA /Etvas performed using
the program PILEUP. These sequences represemit E1
subunits from all classes of-keto acid dehydrogenases.

The amino acid sequences of 30cE4ubunits have been
published (SWISSPROT IDs: odpt.mouse, odptrat,
odpa_mouse, odparat, odpa_human, odpapig,
odpa_smima, odpt human, odpaascsu, odptascsu,
odpa_caeel, odpapea, odpa soltu, odpa_arath, odpaklula,
odpa_yeast, odpaschpo, acoaalceu, odpaporpu,
odpa_mycge, odpamycpn, odpabacst, odpabacsu,
odpa_achla, odbamouse, odbarat, odba human,
odba_bovin, odba_bacsu, odbapsepu). A multiple se-
guence alignment of these 30 sequences with PA &as
performed using PILEUP.

Calculation of Interaxial Helical AnglesThe interaxial
angle at which a given pair of helices cross each other was
FiGure 1: Ribbon representation of the 2.0 A resolution crystal calculated using the following algorithm. A normalized
|sjtructt)ure |°f the E%.IS”bLX“tT%f p’)\ly;uva;e lcighyd(oger&asl(eb{rom eigenvector was calculated using all CA atoms in one helix.
T?\/reoca};::rumr?ng%o(?mlalijﬁs )c'yan(.e Fivgrrl?)lcr)]gs igntqr?énslfrugtrure li1ea've Th? eigenyector CorreSponds_ to the line of best fit along the
missing or weak electron density and are not included in the helical axis. This procedure is then repeated for the other

molecular coordinates. Loop 1 is located between Glu 33 and Leu helix. The dot product of these vectors gives 6psihered
43; loop 2 is located between Val 88 and Leu 93; loop 3 is located i the angle between the two helices.

between Tyr 107 and Lys 114; loop 4 is located between Gly 124

and Ser 135; loop 5 is located between Val 298 and Pro 311. TheRESULTS

location of each residue adjacent to the missing loops is shown.

(A) Structural Comparison of P. aerophilum EWith P.
His 101, lle 102, Lys 104, Tyr 107, Lys 114, Lys 178, Glu putida and Human EA4

205, Lys 229, Arg 275, G|Q 314, and Arg 325. o Similarities in StructureUsing a homology model derived
Validation of Model QualltySeveraI structure validation from the P. pu“da(PP) E;B structure 6) as a probe for
methods were used to assess the quality of the PA E1 molecular replacement, we solved the structure Ror
model. No significant errors were found in the model using aerophilum(PA) E13 to 2.0 A resolution (Figure 1).
the programs VERIFY 3D, ERRAT, PROCHECK, and  As expected from the 48% sequence identity between the
WHAT IF (10-12). For example, ERRAT calculated that o protein sequences, the structures of PA and RPaEd
98.5% of the residues for the EImonomer are within the  highly similar. The structure of a third Blsubunit from
95% confidence limit, indicating that the number and type hymans (HU) §) was recently determined, and it shares both
of nonbonded interactions in the £structure are consistent  sjgnificant sequence (44%) and structural similarity with PA
with other well-refined, high-resolution crystal structures. E18 Using the program ALIGN v2 (14), the structure of
Approximately 94% Of the residues are in the most faVOI’ab|e PA E]ﬂ was Superimposed onto the structure of PB with
position of the Ramachandran plot, with only one residue in 4 resulting rms distance between 1045 main-chain atom pairs
the disallowed region. Composite, simulated-annealing omit of 1.11 A. Using an identical procedure, we aligned PAE1
maps were calculated for the entire molecule. Density from o HU E18. The rms distance between 1046 aligned main-
the omit maps agreed very well with the atomic positions of chain atom pairs is 1.07 A. Finally, PP Evas structurally
nearly all residues, including the one residue in the disal- gligned to HU EB. The rms distance between 1213 main-

326 COO™

lowed region of the Ramachandran plot (GIn 238). chain atom pairs is 0.71 A. As noted earlier, thegald is
Velocity SedimentatiorSedimentation velocity rund ) highly conserved.
were performed at 56 000 rpm and 2G in a Beckman The most striking similarity shared by all three [E1

Optima XL-A analytical ultracentrifuge using absorption subunits is a conserved tertiary interaction that connects the
optics at 228 nm and double sector cells. The samples wereN-terminal domain of EA to the C-terminal domain. For

in 25 mM sodium phosphate, pH 7.0, and 125 mM:Sia,. PA E13, GIn 238 of the C-terminal domain forms a 3.0 A
The sedimentation coefficients were determined from the hydrogen bond with Asn 157 of the N-terminal domain
slopes of Inf) versust plots wherer was determined as the  (Figure 3a). For HU EA, Arg 255 of HU EJ forms a 2.9
50% position of the sedimenting boundaries (only scans A hydrogen bond with GIn 170 (Figure 3b). For PPAE1
where the two boundaries were clearly resolved were used).Arg 255 forms a salt bridge to Asp 155 (Figure 3c). The
A partial specific volume of 0.742, calculated from the amino residues forming these interactions occupy equivalent posi-
acid composition and corrected for temperature, was used.tions in these structures (Figure 2)5. Therefore, the
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Ficure 2: Sequence alignment of three FE&ubunits of known structure. The sequence of thg Edbunit from PA is on top of the
alignment, and théseudomonas putidéPP) and human (HU) sequences are in the middle and the bottom, respectively. ThesPA E1
subunit is part of the multisubunit enzyme pyruvate dehydrogenase, whereas the PP and HU subunits are parts of braneHextechain
acid dehydrogenases. Aligned residues with similar physida¢émical characteristics are shaded gray, whereas identical residues are shaded
black. Secondary structure assignment according to the program 388®r(PA E15 is shown above the alignment. Helices are shown

as shaded cylinders labeled with alphabetical letters which indicate the N- to C-terminal order of the helices in the girsicamds are
indicated as numbered arrows. Five black bars indicate where the missing loops in thgg B&U€lure are located in the alignment. Part

of this figure was generated using the program BOXSHADE.

interaction between these residues is conserved, connectin@ herefore, orientation of the N- and C-terminal domains in

equivalent positions on each of the EStructures. It is

E15 is likely to be important for proper dehydrogenase

noteworthy that the backbone phi and psi angles for GIn 238 assembly and function.

(PA, 68, —61°), Arg 252 (PP, 70, —42°), and Arg 255
(HU, 65°, —70°) are located in the disallowed region of the

Differences in StructureWhile the overall Ef fold is
conserved, closer inspection of the three available structures

Ramachandran plot. Because the unfavorable energy of thissuggested that they diverge from each other locally. Five
backbone conformation is tolerated, it suggests that thisloops are disordered in the PA E$tructure, whereas these

tertiary interaction is important for stabilizing the relative
orientation of the two domains of [B1A multiple sequence
alignment of 19 available EBlprotein sequences shows that

loops are all ordered in both the PP and HUEBtructures.
Electron density in both2,—F; andF,—F; maps is either
very weak or absent for these residues in the PA structure.

these residues tend to be conserved or conservativelyAnalysis of both the PP and Hld,5,-tetramer structures
substituted. Therefore, this interaction is expected to be showed that all five loops contribute to intermolecular

conserved among all Blsubunits.

Why is this tertiary interaction important? Both domains
are involved in intermolecular interactions; the N-terminal
domain interacts with the Edsubunit, and the C-terminal
domain interacts with the E2 subun8)( The E1, E2, and

contacts at the Ei—E1/ interface. The differences between
the PA EJ structure and the PP and HU E&tructures are
likely related to the fact that PA Blwas isolated and
crystallized in the absence of its interacting partner.Bi

is therefore likely that the loops will order upon binding to

E3 components associate to form a large, highly symmetric PA Ela.

complex. Whereas a flexible linker between the N- and

C-terminal domains would allow each domain to rotate
d Relationship to the Oligomeric Interface of the &35,

independently, the tertiary interaction locks the N- an

C-terminal domains into specific orientations. Precise ori-
entation of each subunit and its associated symmetry ele-

ments is necessary to obtain an ordered complE). (

(B) Identification of a PA EA Tetramer and Its

Tetramer

Potential Oligomeric Interfaces for PA B1 The EP
subunit forms extensive interfaces with thea', and thes’
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Ficure 3: Conserved tertiary interaction that links the N- and C-terminal domains of thes@iunits. GIn 238 of PA Ed, Arg 255 of

HU E15, and Arg 252 of PP Ei are structurally equivalent. They each form a conserved tertiary interaction to structurally equivalent
residues in the N-terminal domain. (a) Gln 238 of the C-terminal of PA #6ims a hydrogen bond to Asn 157 of the N-terminal domain.

The N-terminal domain is dark blue; the C-terminal domain is cyan. Both residues are tan. (b) Arg 255 of the C-terminal domain of HU
E15 forms a hydrogen bond to GIn 170 of the N-terminal domain. Each domain is colored as in (a); both residues are light blue. (c) Arg
252 of the C-terminal domain of PP BEforms a salt bridge to Asp 155 of the N-terminal domain. Each domain is colored as in (a); both

residues are dark blue. The significance of this interaction is that it stabilizes the orientation of the N-terminal domgaimedétive to
the C-terminal one and is likely to be important for dehydrogenase assembly.

subunits in both the PP and HU E30,-tetramer structures.
While the asymmetric unit of the PA Blcrystal contains
only one subunit, two potential oligomeric interfaces were

Gly 69" and Gly 73. Notice that the four-residue separation
of these glycine residues aligns them on the same side of
the helix. Phe 70 forms extensive van der Waals interactions

found at crystal contacts. The largest of these interfaces,primarily with Gly 73’, although favorable contacts are also

referred to as interface |, preserves fiie interface observed
in the PP and HU EI,f, tetramers. Approximately 1376
A2 of accessible surface area is buried for each P& E1
subunit when they are brought together at interface I.
Another potential interface for PA B] called interface
Il, was also identified at a crystal contact. Approximately
1322 A of surface area is buried from solvent at interface
Il. Here, two of the dimeric EZ& subunits are related by a
crystallographic 2-fold to createfh tetramer. The 1322 A
of buried surface area is well within the range of values
observed for interactions of known biological significance
(17). The structure of the PAG, tetramer is shown in
Figure 4a.
Consistent with our observations of crystal packing, PA
E1p5 also forms tetramers in solution. Sedimentation velocity
experiments confirmed that PA Blforms tetramers in

observed with Gly 69. Because helices C and @re related
by a crystallographic 2-fold axis, Phe '7nteracts in an
identical manner with Gly 69 and Gly 73 of helix C. Also
of importance are the interactions of Met 74 with helix C
and Met 74 with helix C.

Glycophorin A and the @XXG Motif. Other examples
of protein—protein interactions mediated by hetikelix
association and glycine residues can be found in the PDB.
Dr. William Russ drew our attention to glycophorin A, which
has a single transmembrane helix which self-associates to
form a symmetric, right-handed homodimé8). Structural
analysis of the helixhelix interaction by NMR showed that
two glycines, Gly 79 and 83, form a flat surface onto which
Val 80 from the symmetry-related helix packs against
(Figures 4f and 6b). By symmetry, Val 80 forms an identical
interaction with Gly 79and Gly 83.

solution. Two peaks can be seen in the scan (Figure 5); the The helix-helix packings in the PA E1 tetramer and

sedimentation coefficient of the slower peak corresponds to glycophorin A are nearly identical. The two structures
monomer. If the shape does not change drastically uponsuperimpose with an rms distance of 1.03 A for 126 main-
oligomerization, the ratio of the sedimentation coefficients chain atoms (residues 638, corresponding to helix C, and

(6.75+ 0.02 for the fast peak, 2.7% 0.03 for the slow

residues 63—78", corresponding to helix ‘G were super-

peak) can be used to calculate the ratio of the molecularimposed onto residues 788 and 73-88 of the transmem-
masses. Here, the ratio of molecular masses for the two peak®rane helices of glycophorin A). Gly 69 and 73 of PA/E1

is 3.84, confirming that PA Eiforms tetramers in solution.
Oligomerization is independent of the purification tag, which

align with Gly 79 and 83 of glycophorin A. More impor-
tantly, Phe 70 of PA EA aligns with Val 80 of glycophorin

is disordered in the crystal structure and is distant from both A, demonstrating that these two proteins share highly similar

intermolecular interfaces.

Analysis of the Atomic Interactions That Stabilize the PA
B4 Tetramer.The stability of the PA EA tetramer is most
likely due to the close packing of helix C of the N-terminal
domain with its symmetry mate helix''Gn the N-terminal
domain of a 2-fold-related molecule. The interaction of helix
C with helix C' is stabilized by van der Waals interactions,

motifs for stabilizing the helixhelix interactions. Therefore,
we may infer a packing motif, ®XXG, that is in common
between the P4, and the glycophorin A helical interactions,
where @ represents the residue that packs on the glycine
face.

Analysis of a Conseed Helix-Helix Interaction at the
of Interface for both the HU and P35, E1 Tetramers.

where Phe 70 from one helix packs against the adjacent helixIn the HU a3 structure, helix C of EA interacts with helix
(Figures 4c and 6a). A flat surface for packing is created by 6 from the Ex subunit (Figure 4b,d) in a manner reminiscent
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Ficure 4: (a) Crystal structure of the PA BP, tetramer. Each monomer is given a different color for clarity. The blue and cyan monomers
form a dimer with an oligomeric interface referred to as interface |. The dark red and plum monomers also form a dimer with an identical
interface. An additional interface occurs where the two dimers meet to form the tetramer. This interface is referred to as interface Il. The
four subunits in the tetramer are related282 symmetry. (b) Ribbon representation of the crystal structure of thexpfitetramer. Both

of the 8 subunits are olive; the. subunits are light brown. Helix C of HU BBlis gold; helix 6 of HU E®t is blue. (c) Closer examination

of the interaction between helices C and for the PA 3, tetramer at interface Il. Atoms from helix"Gare shown as transparent blue
spheres; atoms from helix C are transparent gold spheres. The backbone of each helix is shown as a ribbbr{d&tkeblide spheres)

of helix C" interacts with Gly 69 and Gly 73 (gold spheres) from helix C. The symmetry-related interaction of Phe 70 with'Glgd59

Gly 73" is not shown for clarity. These interactions bury the majority of protein surface area from solvent, suggesting that Phe 70 is the
most important residue for stabilizing interface Il. (d) Closer examination of the interaction between helix C offHitE helix 6 of HU

Ela. Atoms from helix C are transparent gold spheres; atoms from helix C are transparent blue spheres. GIn A170 (dark blue spheres) of
HU Ela packs against the flat surface provided by Gly B81 and B85 (dark gold spheres) of FlUeEBame as 4d, except using the PP
opfo-tetramer. Here, GIn A190 (dark blue spheres) of PB. gacks against helix C and Gly B67 and B71 (dark gold spheres) of BP E1

(f) Helix—helix interaction observed in the transmembrane protein glycophorin A. Val 80 from one helix packs againstasiy 83 of

the symmetry-related one. Atoms from Val 80 are represented as dark blue spheres; atoms froma@dly8®are respresented as dark

gold spheres. The symmetry-related interaction is not shown for clarity. Notice the close similarity of this homodimeric interaction to the
heterodimeric interaction of 4d and 4e.

of the helix C-helix C" interaction observed in the PAy C—helix C" interaction onto those for the hetbhelix
tetramer. We superimposed coordinates for the PA fedix interaction found at the HU El—E1f interface (residues
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Ficure 5: Samples of 0.2 mg/mL purified PA Edwere examined

in 12 mm double sector cells at 56 000 rpm and@0n a Beckman

Optima XL-A analytical ultracentrifuge operating at 228 nm. Plots
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tetramer, although helix 6 of HU Eddoes not conserve the
first glycine of the GPXXG motif. Helix C of HU E1f has
two glycine residues, Gly B81 and B85, both on the same
side of the helix, forming a complementary surface. These
glycines structurally superimpose with the glycines of the
GDXXG motif of PA E15 helix C. Both glycines are
conserved at equivalent positions in all 19 availablgs E1
sequences. In addition, GIn 170 of helix 6 (from HUcg1
packs against Gly B81 and B85 of helix C. GIn 170 is located
at the® position of helix 6. Likewise, Phe 82 (located at
the @ position of helix C) forms van der Waals interactions
with Gly 173 of helix 6 (Figure 6¢). Gly 173 corresponds to
the second glycine of the @XXG motif and is conserved

at structurally equivalent positions for all 31 & $equences.
However, the first glycine of the motif is not conserved in
Ela subunits. For example, the residue at this position in
HU Ela is Pro 169 and does not interact with Phe 82 (Figure
6¢). This demonstrates that, at least for the oligomerization
of HU E15 with Ela, strict conservation of the ®XXG
motif is not necessary to promote hetikelix association.

of absorbance versus radial position in the cell were acquired every We also found that helix 6 of PP Elinteracts with helix
3 min. Here consecutive scans at 9 min intervals are shown. Two C of PP E$ in an analogous manner to the HU hetixelix

components are present.

Helix C  Helix C"'
PA E1P Tetramer

GphA GphA'

Glycophorin A Dimer

Helix C Helix 6 Helix C Helix 6

HU a7 Tetramer PP 0.2B > Tetramer

Ficure 6: Schematic of the four helixhelix interactions which
utilize the GPXXG motif. Residue pairs which form van der Waals
interactions are connected with dotted lines. (a) Interaction of helix
C and helix C in the PA EJ tetramer. (b) Glycophorin A dimer.
(c) Interaction of helix C and helix 6 at the HU &+E1g interface.

(d) Interaction of helix C and helix 6 at the PPd&ELELS interface.

A165—A180, corresponding to helix 6 from HU &l and
residues B75B89, corresponding to helix C from HU BL
Helix C of HU E15 packs with helix 6 of HU Ed& with an
interaxial angle of-57°. Helix C and helix C of the PAS,
tetramer pack with an interaxial angle e#6°. Despite the
11° difference in interaxial packing angles, the two back-
bones superimpose with only a 0.63 A rms deviation for 107
aligned backbone atoms.

The atomic interactions which stabilize the HUE1E1S
helix—helix interaction are similar to the interactions which
stabilize the helix Ghelix C' interface in the PAS,

interaction. We superimposed coordinates for the P& E1
helix C—helix C" interaction onto those for the hetbhelix
interaction found at the PP B+E1S interface (residues
A186—A200, corresponding to helix 6 from PP &land
residues B61B75, corresponding to helix C from PP B1
The two structures aligned with an rms deviation of 1.01 A
over 100 backbone atoms. In a highly analogous manner as
the HU helical interaction, GIn 190 of PP &1s located at
the ® position on helix 6. GIn 190 interacts with helix C of
PP EP, where Gly 67 and Gly 71 form the conserved
packing surface (Figures 4e and 6d). Likewise, Thr 68
(located at theb position on helix C) forms van der Waals
interactions with Gly 193 and Val 189 on helix 6 (Figure
6d). Therefore, the helixhelix interaction observed at the
Ela—E1S interface for both the HU and Rif,-tetramers

is structurally conserved.

DISCUSSION

Helix—Helix Interactions and the ®XXG Motif.A helix
packing motif of GPXXG was identified in the soluble E1
Pa-tetramer, essentially identical to that found previously in
the glycophorin A dimer X8). This motif promotes homo-
oligomerization by both permitting two helices to pack
together and stabilizing the interface between them. Analysis
of both the HU and PP E,f(,-tetramers showed that a
similar mechanism is used to promote a helielix interac-
tion and the oligomerization of the Eland EJ subunits.
This is the first example of two proteins in a nonmembrane
environment that use thedXXG motif and demonstrates
that this motif may be used to drive both homo- and hetero
oligomerization of proteins.

It is noteworthy that both E1 and glycophorin A use similar
packing motifs for association. In the former case, two
soluble protein subunits, Eland E}, interact to form the
of3.-tetramer in the aqueous environment of the mitochon-
drial matrix (human) or cytosol (bacterial). In the latter case,
a membrane protein self-associates to form a dimer in the
apolar environment of the membrane lipid bilayer. It must
be noted that the interaction of helix C and helix 6 is only
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part of a very large interface betweendand EpB. Many protein subunit, such as Bla helix with this sequence may
other secondary structure elements come together at thewrongfully associate with other proteins or with itself. There
interface creating a hydrophobic environment. In this sense,appear to be at least two options to prevent wrongful
also E1 assembly and glycophorin A oligomerization are aggregation. First, chaperones (such as the mitochondrial
similar: the environment of helix C and helix 6 is somewhat chaperone hsp60/hsp10) can be used to sequester and aid in
apolar and perhaps resembles the hydrophobicity of thethe assembly of eukaryotic Eland EJ after import into
membrane. the mitochondriaZ8). For prokaryotes, chaperones such as
What makes the ®XXG motif well adapted for helix GroEL/GroES can aid in the assembly ofdEand EJP in
helix interactions? First, it provides a complementary surface the bacterial cytosol. Second, helix C offEdan be covered
for packing. Second, it permits the two helices to come into so that it is no longer exposed to solvent. This is ac-
close contact with each other, facilitating contact between complished in the P, tetramer. Formation of g, tetramer
the other interfacial residues. Third, there is no loss of side- is not expected to affect normal E1 function in vivo. The
chain entropy for glycine residues upon dimerization, interface between El and EJ is clearly more stable,
whereas residues with many conformations would lose burying nearly 3 times as much surface area as fghe
entropy upon association and destabilize the interactin ( tetramer. Once the Blsubunit is present, thg, tetramer
A recent study of sequences predicted to form helices in could dissociate into monomers that would then associate
membrane proteins showed that the most statistically sig-with Ela to form an af dimer. These dimers can then
nificant motif is GXXXG, suggesting that numerous mem- oligomerize to form functionad,f.-tetramers, similar to the
brane proteins utilize this motif for helixhelix association ~ assembly pathway of the E1 component of the human
(20). Also, an in vivo selection system designed to search branched-chaim-keto dehydrogenas@¥, 29).
for probable transmembrane oligomerization motifs almost  Notice that the two examples of Blubunits that form
invariably came up with @XXG, where the residue located f3, tetramers in the absence of &tome from thermophilic
at the® position was usually #-branched amino acid(, organisms. Perhaps, at higher temperatures, it is even more
22). Apparently, this motif is common for helixhelix imperative that helix C be covered to prevent inappropriate
interactions in membrane proteins. Our results extend theoligomers. As Ef subunits from a more diverse group of
role of the GDXXG motif to helix—helix interactions organisms are expressed, additional examplés tetramers
between protein subunits located in an aqueous environmentmay be observed, revealing the degree of generality of this
Also consistent with the findings of Russ and Engelnf),( pattern of assembly.
our results also demonstrate that strict conservation of the
G®XXG motif is not necessary to promote oligomerization. ACKNOWLEDGMENT
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