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Abstract

H-protein, a 14 kDa lipoic acid-containing protein is a
component of the glycine decarboxylase complex. This
complex which consists of four protein components

(P-, H-, T- and L-protein) catalyzes the oxidative de- -

carboxylation of glycine. The mechanistic heart of the
complex is provided by the lipoic acid attached to a
lysine residue of the H-protein. It undergoes a cycle of
transformations, i.e. reductive methylamination, methyl-
amine transfer, and electron transfer. We present details
of the crystal structures of the H-protein, in its two
forms, H-Prop, with oxidized lipoamide and H-Prop,
with methylamine-loaded lipoamide. X-ray diffraction
data were collected from crystals of H-Prog, to 2 A
and H-Proye to 2.2 A resolution. The final R-factor
value for the H-Proo, is 18.5% for data with F>2o
in the range of 8.0-2.0A resolution. The refinement
confirmed our previous model, refined to 2.6 A, of
a [3-fold sandwich structure with two [J-sheets. The
lipoamide arm attached to Lys63, located in the loop of
a hairpin conformation, is clearly visible at the surface
of the protein. The H-Proy, has been crystallized in
orthorhombic and monoclinic forms and the structures
were solved by molecular replacement, starting from the
H-Proox model. The orthorhombic structure has been
refined with a final R-factor value of 18.5% for data
with F>20 in the range of 8.0-2.2 A resolution. The
structure of the monoclinic form has been refined with a
final R-factor value of 17.5% for data with ' >2¢ in the
range of 15.0-3.0 A. In these two structures which have
similar packing, the protein conformation is identical to
the conformation found in the H-Prog,. The main change
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lies in the position of the lipoamide group which has
moved significantly when loaded with methylamine. In
this case the methylamine-lipoamide group is tucked into
a cleft at the surface of the protein where it is stabilized

by hydrogen bonds and hydrophobic contacts. Thus, it

is totally protected and not free to move in aqueous
solvent. In addition, the H-protein presents some se-
quence and structural analogies with other lipoate- and
biotin-containing proteins and also with proteins of the
phosphoenolpyruvate:sugar phosphotransferase system.

1. Introduction

Lipoate (1,2 dithiolane-3-valeric acid) is the prosthetic
group of the H-protein of the glycine decarboxylase
complex which catalyzes the oxidative decarboxylation
of glycine. It is also the prosthetic group of core enzymes
involved in large complexes which catalyze the decar-
boxylation of 2-oxo-acids (Reed, 1974; Mattevi, de Kok
& Perham, 1992).

Glycine decarboxylase consists of four proteins
named P, H, T and L. The P-protein catalyzes the
decarboxylation of the glycine molecule and reductive
transfer of the resultant methylamine group to an S
atom of the lipoamide. Then the lipoamide-methylamine
arm moves to the active site of the T-protein which
catalyzes the release of the amino N atom as NH; and
the transfer of the methylene group to tetrahydrofolate
to form methylenetetrahydrofolate. Finally, the L-
protein (dihydrolipoamide dehydrogenase) reoxidizes
the reduced dihydrolipoamide, thereby completing
the catalytic cycle of the H-protein (Bourguignon,
Neuburger & Douce, 1988; Douce & Neuburger, 1989)
(Fig. 1). During the course of the catalytic process, the
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H-protein plays a central role as the lipoyl group interacts
with the three other components. The lipoate is joined to
the e-amino group of a specific lysine side chain (Lys63)
by an amide linkage. This attachment provides a ‘flexible
arm’ permitting the dithiolane ring of the lipoyl moiety
to interact with the different catalytic sites.

The role of the H-protein is in some way similar to
the lipoyl-lysine domain of the core enzyme, E2, of the
pyruvate dehydrogenase complex (Mattevi et al., 1992).
In this case the dithiolane ring of the lipoamide is re-
ductively acetylated. Then the acetyl group is transferred
to CoA and the lipoamide is reoxidized by a lipoamide
dehydrogenase.

In order to understand how the H-protein recognizes
the different protein components of the complex (P-,
T- and L-proteins) and the mechanism by which the
lipoamide interacts with different catalytic domains, we
have crystallized the H-protein from pea leaf mitochon-
dria in its oxidized and methylamine loaded forms. The
latter structure was previously found to be surprisingly
stable (Neuburger, Jourdain & Douce, 1991) indicating
that, once bound to the lipoamide, the methylamine
group is protected against hydrolysis.

The structure of the oxidized H-protein (H-Progy)
was previously solved using multiple isomorphous
replacement methods and has been refined to 2.6 A
(Pares, Cohen-Addad, Sieker, Neuburger & Douce,
1994). The structure of the methylamine loaded H-
protein (H-Proy,) has been solved by molecular
replacement. It provides new insight on the stabilization
of the methylamine group by the movement of
the lipoate-lysine arm (Cohen-Addad, Pares, Sieker,
Neuburger & Douce, 1995). In particular, it has

been emphasized that the methylamine group is
Glycine S-S
NADH
CO, NAD
H
Sy
5 &
/ NH,
HN - CH,
H,FGly, CH,-HFGlu,
Serine Glycine + H,0

Fig. 1. Scheme outlining the reactions involved in oxidative decarboxyla-
tion and deamination of glycine in plant mitochondrial matrix. P, H, T
and L are the protein components of the glycine decarboxylase system.
The serine hydroxymethyltransferase (SHMT) is involved in the
recycling of methylenetetrahydrofolate-polyglutamate (CH,H4FGlu,;
n = number of glutamate residues) into H4FGlu,.

H-PROTEIN

Table 1. Data-collection statistics for H-Pro, and
H-Proy,,,
H-Prog, H-Proy,,

. Trigonal ~ Orthorhombic  Monoclinic

Resolution (A) 2.0 2.2 3.0

No. of reflections 87067 14236 8927

No. of unique reflections 17031 5684 4417

Ry (%) 8.1 54 59

Completeness (%, F > 20) 9?2 91 85

Completeness 80 (2.1-2.0) 73 (2.3-2.2) 60 (3.14-3.0)

(%. higher shell. £ > 20)

* Rym = 2 WL () — {(h))/ 5" 1(h) summed over all measured
reflections. /, represent the intensities of individual measurements /
and the corresponding mean values.

locked into a very stable configuration preventing a
nucleophilic attack by water molecules, which explains
the stabilization of the H-Proy,, itself. We report here
detailed descriptions of the structure of H-Prog, refined
to 2 A and of the structure of H-Proy, refined to 2.2 A.
Two crystal forms of H-Proy,, have been obtained and a
comparison between them is given in the present work.
The structure of the H-protein presents another example
of the barrel-sandwich hybrid fold that has been recently
defined by Chothia & Murzin (1993) and a comparison
of its structure with other analogous proteins is also
discussed.

2. Experimental

2.1. Crystallization and X-ray data collection

H-protein was extracted and purified from pea leaf
mitochondra (Pisum sativum L., var. Douce Provence)
as previously described (Bourguignon er al., 1988). Crys-
tals of the oxidized form H-Prog, were obtained by
vapour diffusion at 281 K in a solution containing 2 M
(NH,4),S0, buffered at pH 5.2 with 0.1 M Tris maleate
(Sieker, Cohen-Addad, Neuburger & Douce, 1991). The
crystals belong to the space group P3,21 (a=57.14,
c=137.11 A), with two independent protein molecules
in the asymmetric unit and 45% solvent content.

The methylamine loaded form H-Prom. was purified
according to Neuburger ef al. (1991) and crystallized by
vapour diffusion in two forms. An orthorhombic form
was obtained in the same crystallization conditions as
H-Prog,. Under similar conditions, a monoclinic form
was also obtained. The two corresponding space groups
are P2,2,2 (a = 61.34, b = 55.38, ¢ = 33.77 A, one
protein molecule in the asymmetric unit and 39% solvent
content) and P2, (a = 55.70, b = 68.30, ¢ = 33.90 A,
f = 101°, two independent protein molecules in the
asymmetric unit and 45% solvent content).

All X-ray data sets were collected on a FAST En-
raf-Nonius area detector (Enraf-Nonius FR 571 rotating-
anode generator, copper radiation, graphite monochro-
mator). Diffraction images were processed with the
program MADNES (Messerschmidt & Pflugrath, 1987).
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Table 2. Summary of the refinements of H-Pro,, and H-Pro,,,,

H-Prog, H-Prog.,
‘Trigonal Monaclinic
Molecule A Molecule B Orthorthombic  Molecule A Molecule B
R factor* (%) (No. of reflections) 18.5 (16839) 18.4 (5457) 17.5 (3450)
Resolution range (A) 8.0-2.0 8.0-2.2 15.0-3.0
No. of water molecules 211 146 0
R.m.s. deviations from idcal values
Bonds (A) 0.012 0.011 0.014 0.016 0.017
Angles () 2.82 2797 290 3.73 3.61
Dihedrals () 259 25.8 26.1 26.7 27.2
Average B factors (A”)
Main chain 20.6 20.2 171 131 10.5
Side chain 26.6 28.0 18.8 17.6 13.8
Lipoamide arm 40.0 36.6 17.0 25.0 12.0
Water molecules 324 222

*Rfactor=3Y_|F, - FI/Y_F,

For H-Prog,, two X-ray data sets were collected at 2.2
and 2.0 A, scaled and merged using the CCP4 program
package (Collaborative Computational Project, Number
4, 1994). For H-Proy,, data sets were collected on the
orthorhombic crystal form to 2.2 A resolution and on
the monoclinic crystal form to 3 A resolution. Results
are summarized in Table 1.

2.2. Refinement

The starting model for the refinement at 2.0 A was
taken from the refined atomic coordinates at 2.6 A res-
olution (Pares et al., 1994) where the lipoate moi-
ety attached to residue 63 was not included in the
calculation. No water molecules were included. The
refinement was carried out using X-PLOR (Briinger,
1993) with reflections in the resolution range 8.0-2.0 A.
The model fitting was carried out on an Evans and
Sutherland ESV-10 molecular graphics systems, using
the program O (Jones, Zou, Cowan & Kjeldgaard, 1991;
Jones & Kjeldgaard, 1993). The initial model gave an
R factor of 31%. A simulated-annealing refinement was
applied and the model was slow-cooled from the initial
temperature of 4000 to 300 K reducing the temperature
by 25K after every 50 dynamic steps where each step
corresponded to 0.5fs. The simulated annealing was
followed by an energy minimization and an individual
B-factor refinement, leading to an R factor of 28.8%.
At this stage, after the lipoate group was relocated on
an F,—-F. map, some residues located in loops were
not well fitted into the electron density (residues 90-99
and 112-122). They have been relocated using 2F, - F,
and F,—F. omit maps and a new refinement led to an
R factor of 24.6%. Water molecules were located by
considering density peaks higher than 20 in the F, - F,
map and added to the model refinement. During that
refinement, water molecules that had a B factor higher
than 40 A% and an occupancy factor less than 0.25 were
rejected. The final R factor was 18.5% in the range 8-2 A
(F>?20) (Table 2).

The crystal structure of H-Prome, (orthorhombic form)
was solved by molecular-replacement techniques using

where F,, and F_ are the observed and calculated structure-factor amplitudes.

the atomic coordinates of H-Prop, at 2.0 A (Cohen-
Addad et al., 1995), and the AMoRe program package
(Navaza, 1994). As for H-Progy, the lipoate group at-
tached to residue 63 was not included in the calculations.
With data between 8.0 and 3.0 A a solution was found
with a correlation of 60.6% and an R factor of 41.2%.
After a rigid-body refinement, a correlation of 67.9 and
an R factor of 37.4% were obtained. Initial refinement
was performed with X-PLOR, using reflections in the
resolution range 8.0-2.2 A. An F,—F. Fourier map was
calculated and showed clearly the electron density of the
lipoate arm with the methylamine group located in a cleft
at the surface of the H-protein and attached to the distal S
atom S8 (numbering of C and S atoms in the lipoamide
group shown in Fig. 2 follows nomenclature used by
Mattevi, Obmolova, Kalk, Teplyakov & Hol, 1993).
After refinement of atomic positions and individual
temperature factors, the R factor decreased to 23.5%.
Extra electron density contiguous to the free sulfur of
the lipoate group was interpreted as a molecule of
3-mercaptoethanol linked by a disulfide bond to the
proximal S atom S6 since /3-mercaptoethanol was used
to prevent the oxidation of the S atoms during the course
of H-protein purification. Water molecules were then
added, as described previously and rejected when the B
values were higher than 40 A? and the occupancy factor
less than 0.5. The final R value was 18.4% for data with
F>20 in the range 8.0-2.2 A (Table 2).

The H-Propme in the monoclinic form was also solved
by molecular-replacement techniques using reflections in
the resolution range 15.0-3.0 A. A solution was found
with a correlation of 60.9 and an R factor of 39.7%.

I
4
3 5 8
<y s
s 63)NZH/ W\(\\g
S(,/\8

Fig. 2. The lipoyl moiety attached to the lysine. The oxidized form
is represented. The atom numbering follows previous nomenclature
(Mattevi, Obmolova, Kalk, Teplyakov & Hol, 1993).
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the core of the H-protein, shown in Fig. 9(a), consists
mainly of two antiparallel [3-sheets, one with six (-
strands and the other with three (J-strands, forming a
hybrid barrel-sandwich structure as previously described
by Chothia & Murzin (1993). The lipoamide moiety
attached to Lys63 located at the extremity of a hairpin
loop is clearly visible at the surface of the protein.
The two molecules of the asymmetric unit are related
by a rotation of 140° and a translation of 2.8 A. The
two molecules are essentially identical. The r.m.s.
differences in their Cq positions are equal to 0.3 A (C-
and N-terminal residues which have high B values were
excluded from the calculations). The largest difference
in the backbone is observed in the hairpin loop (1.3 A)
and this can be explained by the rather high flexibility
of the lysine-lipoate group attached there. In fact the
lipoamide moieties show r.m.s. differences of 1.6 A.

For the H-Proy. protein, the conformation of the
protein molecule is identical in the two space groups and
is shown in Fig. 9(b). In the monoclinic crystal form of
H-Prop, the two molecules of the asymmetric unit are
related by a rotation of 177.9° and a translation of 1.4 A
along an axis parallel to the ¢ axis. The r.m.s. differences
between the Cyy positions in the three different H-Proye,
molecules found in the two crystal forms are in the range
0.4-0.5 A (as above, C- and N- terminal residues were
excluded from the calculations).

The H-Prope protein conformation is identical to that
of H-Prog,. The r.m.s. differences on the Cy atoms be-
tween H-Proy,, (orthorhombic crystal form) and H-Prog,
molecules is equal to 0.4 A. As pointed out elsewhere

(b)
Fig. 9. Stereo view of the structure of the H-protein and location of the
lipoamide arm. (@) H-Progy, (&) H-Prome.

H-PROTEIN

Table 3. Summary of secondary-structure elements in
H-protein

The secondary structures have been assigned according to the
hydrogen-bond pattern defined by Kabsch & Sander (1983).

a-Helices 3,4-Helix Antiparallel S-strands
H1 29-36 Ist B-sheet Bl 8-10

H2 81-86 B2 13-19
H3 88-93 B3 22-28
H5117-129 BS5 48-51
H4 107-114 B8 73-79

B9 100-106
2nd B-sheet B4 3743
B6 5461
B7 64-70

Table 4. H-Pro,, contacts between the lipoamide groups
and the protein molecules

A and B refar to the two independent molecules in the asymmetric unit.
Distances less than 3.5 A are listed.

Lipoamide molecule A
Protein molecules

Residue Distance (A)
S6 His34 (A) CD2 3.18
S6 His34 (A) CB 3.49
S8 His34 (A) CD2 3.16
C5 Ser21 (8) oG 348
C? Ser2]l (8) OG' 3.34
Lipoamide molecule B
NZ His24 B) O 294
Cl His34 (8) (0] 348
Cc8 Ser21 (A) oG" 3.27

Symmetry operators: (i) —x,y —x, —z +1; (i) y, %, z.

(Cohen-Addad er al., 1995), the main difference be-
tween H-Progy and H-Prope 1s the location of the
methylamine-lipoate group which has moved signifi-
cantly to bind into a cleft at the surface of the protein
(Fig. 9b).

In the structure, 38% of the residues are in (-strand
configurations and 27% of them form helices. The sec-
ondary elements are listed in Table 3 and a plot of the
hydrogen-bond connections in the main chain is shown
in Fig. 10. The two (-sheets of the structure contain
the (3-strands B1, B2, B3, B5, B8 and B9 for the first
sheet, and (-strands B4, B6, B7 for the second one,
respectively. The [-strands B6 and B7 are joined by a
short hairpin which carries the prosthetic lipoamide arm.
This hairpin can be classified in the 2:4 group as defined
by Sibanda, Blundell & Thomton (1989). Besides the
hydrogen bonds within each 3-sheet, several hydrogen
bonds between [3-strands and the helical parts of the
structure contribute to the stabilization of the molecule.
These bonds involve residues Hisl3, interacting with
residues Tyr120 and Glul27, Val38 interacting with
Asn91 and Ser6l interacting with Leu35. In addition,
hydrophobic contacts (less than 4 A) between the two
sheets stabilize the barrel-sandwich structure. These
contacts are established between the following residues:

Ile27 with Val68, Leud3 with Val79, Phe56 with Val50
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and Ile101, Met100 with Vald1, Val59 and Val79. The
structure contains 14 glycines which represent 11% of
the molecule.

3.2.2. Lipoamide arm interactions. In the two
molecules of the asymmetric unit of H-Prog,, the
lipoamide group has very few contacts with the protein
residues (listed in Table 4) They involve mainly His34,
the dithiolane ring being parallel to the His34 ring

1047

in molecule A and perpendicular to this residue in
molecule B due to packing differences.

In both forms of the H-Prome, orthorhombic and
monoclinic, the methylamine-lipoate arm has moved
dramatically so as to be tucked into a cleft which is
delineated on one side by the [3-sandwich structure
and on the other side by the helix H1. It includes
residues 12-14, 27-36 and 59-67. Our results indicate
for the first time that the methylamine group is linked

Fig. 10. H-protein. Hydrogen-bond
connections in the main chain,
drawn with the program HERA
(Hutchinson & Thornton, 1990).
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to the distal S atom S8 of the dithiolane ring. Its NHj
moiety is tightly fixed by an ionic bond to the carboxyl
group of Glul4, and two hydrogen bonds to carbonyl
groups of Serl2 and Asp67 (Fig. 12). Hydrophobic
contacts are established between the aliphatic chain of
the lipoamide arm and some hydrophobic residues as
shown in Fig. 12. In addition, the Nz atom of the
lipoamide arm forms a hydrogen bond with the carbonyl
group of His34 contributing to the stabilization of the
long extended chain of C atoms. There is no interaction
between the lipoate moiety and symmetrically related
protein molecules. Under these conditions, the unstable
lipoate-methylamine group which is very sensitive to nu-
cleophilic attack by water molecules, is totally protected.
This is in agreement with calculation of the solvent-
accessible area for the methylamine group performed by
the method of Lee & Richards (1971) with X-PLOR.
With a probe radius of 1.4 A used in the calculations, a
very low value of 4 A2 was obtained for the methylamine
group. This protective cleft is essentially identical in the
H-Prog, molecule. In this case, the residues bound to the
methylamine-lipoate moiety through hydrogen bonds are
free to form hydrogen bonds with solvent molecules.
The Connolly surface around the cavity is represented
in Fig. 11.

In the orthorhombic form, a 3-mercaptoethanol mol-
ecule is linked to the proximal S atom S6 of the
lipoamide arm and forms a hydrogen bond with the
carboxyl group of Glul27 (Fig. 12). As we have men-
tioned above, /J-mercaptoethanol was used to prevent
the oxidation of the S atoms. Due to the low redox
potential of the free SH group of the lipoate, the oxidized
form of (-mercaptoethanol (dimeric form) may have
become fixed to the proximal SH group of lipoamide
during one of the purification steps of the methylamine-
loaded H-protein. In the monoclinic form, where no [3-
mercaptoethanol molecule is observed, the free S atom of

Fig. 11. Connolly surface of the cavity containing the lipoamide group.
This cavity is essentially identical in H-Proye and H-Prog,. The
figure was generated with the program MS (Connolly, 1983) and
TURBO-FRODO (Roussel & Cambiau, 1989),

H-PROTEIN

the lipoate arm is in a reduced form. As the structure of
the protein and the position of the lipoamide are similar
in the two forms, we can conclude that the presence
of the F-mercaptoethanol molecule has no effect on the
protein structure and on the interaction of the lipoamide
with the protein. Moreover, the observation of the same
configuration in two different crystal forms is in favour
of a stable structure which should be the same in
solution.

The stabilization of the lipoamide group bound into
a cleft of the protein casts doubts on the hypothetical
movement of the lipoamide-methylamine chain in the
aqueous solvent acting as a ‘swinging arm’ conveying
the reactive dithiolane ring from one catalytic center to
another in the enzyme complex (Cohen-Addad et al.,
1995). Furthermore we might suppose that during the
methylamine transfer, the T-protein closely associates
with the H-protein at the cleft region. In fact, preliminary
small-angle X-ray scattering studies indicate that, in
solution, the T- and the H-protein interact in a 1/1 ratio
(Ober, personal communication).
3.2.3. Crystal packing in monoclinic and orthorhombic
forms of H-Proy,,. In both monoclinic and orthorhombic
crystal forms of the H-Proy,, the packing in each unit
cell is similar. In the monoclinic structure, the two
independent molecules of the asymmetric unit are related
by a pseudo twofold axis parallel to the ¢ axis and the
packing of the four molecules of the unit cell is very

Ser12—OH
C 1}
lle27 Il 12,72
Val59 co2 o G
CGl ' |
Y3 {378 | 290 Ne _ Glula
i + -
[ Cg —— NHy ===0
Al31-cB (34 S5 ? t y 0
S \2.92
0
7 \
5 [
P . Asp67
1 13
Leu35-cc 3.59§
== s 0y4H -3 _ op2-Glu127
Alabd-ca-24 - 4 2.8\
" NE2-His13
2 c-His34 NE2-His]

0==c,

\

NzH3D_ 5 —c . His34

CE
cD
Alabd-N — 224 g
cg) - 24 —c-Val62

Alabd-N ~ Ca e c.Valé2

[¢]

Fig. 12. H-Prome;. Hydrogen bonds and van der Waals interactions

between the methylamine-lipoamide group and the protein residues.

Distances less than 3.2 A for hydrogen bond and less than 4 A for van

der Waals contacts are shown and represented by dashed lines. The
numbering in the lipoamide group is defined in Fig. 2.
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similar to that observed for the four molecules of the
orthorhombic structure. Fig. 13 shows the similarity of
the packing around the twofold axis parallel to ¢ of
the orthorhombic form and the corresponding pseudo
twofold axis of the monoclinic form.

3.2.4. Structural analogies between the H-protein and
other proteins. The folding of the [3-portion observed

Fig. 13. H-protein structure. Similarity of the packing in the monoclinic
and orthorhombic crystal structures of H-Prome. The stereoview
shows the optimized superposition of the orthorhombic asymmetric
unit onto the monoclinic asymmetric unit. The view is along the
twofold axis parallel to ¢ in the orthorhombic structure and along the
pseudo twofold axis parallel to the ¢ axis in the monoclinic structure.
Residues 38-80 are shown.

LIPOYL DOMAIN OF PYRUVATE
DEHYDROGENASE COMFPLEX

Glys3

Gly2t

Glv 110

H-PROTEIN

Gly 74

Gly 47

Gly 16
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in the crystal structure of the H-protein looks like a
hybrid of a simple barrel and sandwich folds described
previously by Chothia & Murzin (1993) for the lipoyl
domain from Bacillus stearothermophilus pyruvate de-
hydrogenase complex (PDH) (Dardel, Davis, Laue &
Perham, 1993) and for two non lipoylated proteins of the
phosphoenolpyruvate:glucose phosphotransferase (PTS)
system, the Escherichia coli phosphocarrier protein I11#
(Worthylake ef al., 1991) and the IIA domain of the
glucose permease of Bacillus subtilis (Liao et al., 1991).
As mentioned by Murzin (1994), the /#-sheets are twisted
and coiled as in barrel folds, but are packed in a
sandwich-like manner.

The similarities of the structures are shown in Fig.
14. In the antiparallel 3-strands, which form the core of
the proteins, the positions of the hydrophobic residues
(represented in yellow on Fig. 14) are similar. The
diagrams of Fig. 14 show also that three glycine residues
(residues 36, 47 and 74 in the H-pea protein) are
similarly located in the main chains. In the proteins of the
PTS system where the catalytic hairpin loop is missing,
the comparison of the topologies involves two different
fragments: one fragment in the C-terminal side and
another one in the N-terminal part which corresponds
respectively to the N-terminal part and to the C-terminal
part of the lipoate- or biotin-containing proteins. The
superpositions of the structures of the lipoate domain
from PDH and of the phosphocarrier protein III#¢ with
the H-protein structure are shown in Fig. 15. Although

PHOSPHOCARRIER
PROTEIN [Higle

Fig. 14. Similaritics between the fi-
fold hybrid sandwich observed in
H protein and other protein known
structures. Diagrams drawn with
the program Ribbons (Carson,
1987). Conserved glycine are
marked, Similarities in the hydro-
phobic residue positions in the core
(represented in yellow colour) can
be observed. (a) Structure of the
lipoyl domain from Bacillus stearo-
thermophilus  pyruvate dehydro-
genase complex determined by
NMR studies (Dardel er al.
1993). (b) H-protein, present work;
the f-sandwich domain is only
represented and the C-terminal part
beyond the residue 104 is not
shown. (¢) Proteins from the phos-
photransferase system (PTS); the
structure of the fragment (residues
58-126) of the Escherichia coli
phosphocarrier protein EIIF* re-
presented here (Worthylake et al.,
1991) is very similar to that of the
I1a domain of the glucose permease
of Bacillus subtilis not shown
(Liao et al., 1991). In the PTS
system proteins the catalytic hair-
pin loop is missing (no lipoic acid
of biotin cofactor).

Gh 6%

Gly 100
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the protein are different, the overall conformation of the
sandwich is maintained.

On the other hand, a comparison between the lipoate
domain from PDH and the biotinyl domain of yeast
pyruvate carboxylase predicted three-dimensional struc-

(a)

(]

Fig. 15. Superposition of the three structures shown in Fig. 14. (a) The
structure of the H-protein (residues 24—104, full line) is superposed to
the structure of the lipoyl domain from Bacillus stearothermophilus
pyruvate dehydrogenase complex (residues 3-76, dotted line). (b)
The structure of the H-protein is superposed to the structure of
the Escherichia coli phosphocarrier protein EIIIE (residues 59-123,
dotted line). Arrows indicate the positions of the three conserved
glycines.

First fragment
<
H-pea 24 TIGITDHAQDHLS--GEVYV
B.stea. E2p 3 EFPKLPDIGEGIHKE-GE-TI
EIII-glc 86 ELFVHFGIDTVELEKGEGTP
EIIABC-glc 79 EILIHFGIDTVSLKGEGTP
Homology (%) 100 30 100
Sccond fragment
<
H-pea 68 VNSPISGEVIEV--NTGL
B.stea. E2P 47 I PSPVKGKVLEILVPEGT
EIII-glc 59 MVAPVDGTIGKTIFETNH
EIIABC-glc 52 VVSPVRGKILNYVFPTEKH
Homology (%) 100 100 100 98

H-PROTEIN

ture analogies between these lipoyl and biotinyl domains
(Brocklehurst & Perham, 1993).

An alignment of the primary structures based on these
analogies and using hydrophobic residues of the core and
the three glycines was performed for the four proteins
with known three-dimensional structures and applied to
52 other known sequences (Fig. 16). The percentage of
homology show that the hydrophobic character of the
residues used in the alignment is well conserved.

The three glycines are also very well conserved.
The ¢ and ¥ angles of the glycine residue have large
conformational variability allowing two of them to be in
equivalent positions (the glycines equivalent to Gly47
and Gly74 of H-protein). Such an observation suggests
that these glycine residues are important for the overall
protein conformation. In support of this suggestion,
Fujiwara, Okamura-lkeda & Motokawa, (1991) indicated
that the - replacement of Gly74 by an asparagine in
bovine H-protein hinders the binding of lipoate to the
H-protein. According to these authors such a mutation
might induce a large conformational change of the pro-
tein preventing the recognition of the H-protein by the
ligase catalyzing the lipoylation. Recently, Leon-Del-Rio
& Gravels (1994) reported that, in human propionyl-CoA
carboxylase, a biotin-containing protein, the mutations
of the glycines equivalent to Gly47 and Gly74 of H-
protein are critical for the enzyme biotinylation, and that
is probably related to an important change in the protein
conformation. The results in this report show that the
folding of the proteins, crucial for the enzymatic activity,
is sensitive to the glycine positions.

From the sequence and structure comparisons we
can assume that the topology in lipoate- and biotin-
containing proteins follows the [3-barrel-sandwich hy-
brid fold described by Chothia & Murzin (1993). Site-
directed mutagenesis studies support the hypothesis that
this folding is necessary to the activity of the proteins.

In the case of the PTS system proteins where the same
B-barrel-sandwich hybrid topology has been observed

Fig. 16. Alignment of amino-acid sequences of lipoate- and biotin-containing proteins and of phosphotransferase system proteins. The alignment is
shown for the four proteins with three-dimensional known structures. The alignment was also performed for 52 know sequences (not shown) of
lipoate- and biotin-containing proteins and proteins of the PTS system. H-pea, H-protein of the glycine decarboxylase complex from pea leaves.
(PDB code 1HPC, Swiss-prot entry: GCSH_PEA). B. stea. E2p, lipoyl domain from Bacillus stearothermophifus pyruvate dehydrogenase E2p
(PDB code ILAB, Swiss-prot entry, ODP2_BACST). Elll-glc, Escherichia coli phosphocarrier protein I118¢ (PDB code 1F3G, Swiss-prot entry
PTGA_ECOLI). EIIABC-glc, Ila domain of the glucose permease of Bacillus subtilis (PDB code. IGPR, Swiss-prot entry PGTA_BACSU). The
percentage of homology is given for the hydrophobic character of the residues and the glycine used in the alignment of the 52 sequences. The
hydrophobic character of residue 25 (H-protein) is not conserved in the biotin-containing proteins.
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for two of them, the sequence analogy shows that this
structure could be expected in all these proteins.

In conclusion these initial results from the investi-
gation of the H-protein of the glycine decarboxylase
complex clearly indicate that the lipoamide arm is not
free to move in aqueous solvent when loaded with
methylamine group. The question remains whether the
arm is released from the cleft when the methylamine
moiety is released from the lipoamide group, i.e. when
the T-protein interacts with the loaded H-protein. Struc-
tural studies are undertaken to determine the molecular
structure of the other components of the complex and of
their associations with the H-protein in order to improve
our knowledge of the mechanism of the enzymatic
process. The crystallization of the reduced form of the
H-protein and of the association of the T-protein with
the H-protein are in progress.*

We thank Dr O. Dideberg and Dr V. Villeret for
helpful discussions. This work was supported by a
grant from Centre National de la Recherche Scientifique
(Interface Chimie/Biologie). This is publication No. 266
of the Institut de Biologie Structurale Jean-Pierre Ebel.

* Atomic coordinates and structure factors have been deposited with
the Protein Data Bank, Brookhaven National Laboratory [References:
1HPC (H-Progy) and IHTP (H-Prome)]. Free copies may be obtained
through The Managing Editor, International Union of Crystallography,
5 Abbey Square, Chester CHI 2HU, England (Reference: GR0428).
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