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The glycine-cleavage system is a multi-enzyme complex

consisting of four different components (the P-, H-, T- and

L-proteins). Recombinant H-protein corresponding to that

from Thermus thermophilus HB8 has been overexpressed,

puri®ed and crystallized. Synchrotron radiation from BL44B2

at SPring-8 was used to collect a native data set to 2.5 AÊ

resolution. The crystals belonged to the hexagonal space

group P65 and contained three molecules per asymmetric unit,

with a solvent content of 39%. Because of the large number of

molecules within a closely packed unit cell, this structure was

solved by six-dimensional molecular replacement with the

program EPMR using the pea H-protein structure as a search

model and was re®ned to an R factor of 0.189 and a free R

factor of 0.256. Comparison with the pea H-protein reveals

two highly conserved regions surrounding the lipoyl-lysine

arm. Both of these regions are negatively charged and each

has additional properties that are conserved in H-proteins

from many species, suggesting that these regions are involved

in intermolecular interactions. One region has previously been

proposed to constitute an interaction surface with T-protein,

while the other may be involved in an interaction with

P-protein. Meanwhile, the lipoyl-lysine arm of the

T. thermophilus H-protein was found to be more ¯exible than

that of the pea H-protein, supporting the hypothesis that

H-protein does not form a stable complex with L-protein

during the reaction.
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1. Introduction

The glycine-cleavage system (GCS) is a multienzyme complex

consisting of four different components (the P-, H-, T- and

L-proteins). This complex catalyzes the oxidative cleavage of

glycine in a multistep reaction (Fig. 1). First, the P-protein

catalyzes the decarboxylation of the glycine molecule,

concomitantly with the transfer of the residual methylamine

group to the distal S atom on the lipoyl group of the oxidized

H-protein (Hox). This generates a methylamine-loaded

H-protein (Hmet) (Fig. 1a). Next, the T-protein catalyzes the

transfer of a methylene group from Hmet to tetrahydrofolate,

resulting in the release of NH3 and the generation of reduced

H-protein (Hred) and methylenetetrahydrofolate (Fig. 1b).

Finally, the dihydrolipoyl group of Hred is oxidized by the

L-protein and Hox is regenerated, thereby completing the

catalytic cycle (Fig. 1c) (Motokawa et al., 1995).

Crystal structures of two of the four components of this

system have been determined: H-protein from pea (Pares et

al., 1994) and the L-proteins from pea (Faure et al., 2000) and

seven other species (Mattevi et al., 1991, 1992, 1993; Mande et

al., 1996; Li de la Sierra et al., 1997; Toyoda, Kobayashi et al.,

1998; Toyoda, Suzuki et al., 1998). We have recently over-



expressed and puri®ed every component of the GCS from an

extremely thermophilic bacterium, Thermus thermophilus

(Tth) HB8 (Nakai et al., unpublished results). We have also

crystallized and carried out preliminary X-ray characterization

of the Tth P-protein (Nakai et al., 2003) as well as the Tth H-

and L-proteins (Nakai et al., unpublished results), with the

goal of determining the structures of each component and

their various complexes.

In the GCS, H-protein, a monomeric protein (�14 kDa),

plays a pivotal role by interacting successively with the three

other component enzymes through a lipoic acid that is cova-

lently bound to Lys63 (Fig. 1a), termed the lipoyl-lysine arm.

Intermolecular interactions between H-protein and each of

the other components have been investigated by various

methods: those between H- and P-proteins by biochemical

experiments (Neuburger et al., 2000), between H- and

T-proteins by small-angle X-ray scattering (Cohen-Addad et

al., 1997), cross-linking experiments (Okamura-Ikeda et al.,

1999) and NMR spectroscopy (Guilhaudis et al., 2000) and

between H- and L-proteins by biochemical experiments

(Neuburger et al., 2000), small-angle X-ray scattering and

X-ray crystallography (Faure et al., 2000). However, no three-

dimensional structure has yet been reported for any

complexes formed by these components.

Meanwhile, the crystal structures of H-protein in four

different forms [oxidized, intermediate-loaded (methylamine-

loaded), reduced and apo forms] have been reported (Pares et

al., 1994; Cohen-Addad et al., 1995; Faure et al., 2000;

Macherel et al., 1996). Every form of the H-protein that has

been structurally analyzed so far was isolated from pea-leaf

mitochondria, although the GCS is widely distributed in

bacteria and in the mitochondria of plants and mammals

(Okamura-Ikeda et al., 1993; Douce et al., 2001; Kikuchi &

Hiraga, 1982).

The structure determination of an H-protein from another

organism, in particular from a distantly related species such as

a bacterium, should provide an important contribution to

general understanding of the GCS. Moreover, the subsequent

structural comparison with the pea H-protein will provide a

new perspective on the interaction between H-protein and the

other GCS-component enzymes. Here, we report the crystal

structure of a bacterial H-protein from Tth at 2.5 AÊ resolution.

We then compare this structure with its mitochondrial coun-

terpart from pea and discuss the regions that are likely to be

involved in intermolecular interactions based on their struc-

tural conservation.

In the course of this study, we found that this structure

could not be solved by conventional molecular-replacement

(MR) using the pea H-protein as a search model, even though

there were no gaps in the sequence alignment and its sequence

identity with the Tth H-protein was 44%. This was therefore a

very valuable test case to evaluate exactly what it is that causes

dif®culties in solving this kind of MR problem. In this paper,

we include the detailed MR process using the six-dimensional

MR program EPMR by which this structure was eventually

solved ef®ciently.

2. Materials and methods

2.1. Protein expression

General construction of the plasmids was carried out in

Escherichia coli strain DH5�. The recombinant plasmid

pT7Blue-gcvH, which contains the gene for Tth H-protein,

was supplied by the RIKEN Structural Genomics Initiative

(Yokoyama et al., 2000). pT7Blue-gcvH was digested with

NdeI and BglII and the resulting DNA fragment containing

the gene was inserted between NdeI and BamHI sites in

pET-11a (Novagen). The resulting plasmid pET11a-gcvH was

used to transform the expression host E. coli BL21(DE3).

Cultivation and target-gene expression were performed

according to the method of Macherel et al. (1996). Cells were

grown at 310 K in Luria±Bertani medium containing

50 mg mlÿ1 ampicillin. These cultures were induced at an
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Figure 1
The multistep reaction catalyzed by the glycine-cleavage system. H, P, T and L in the circles represent the respective proteins.
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optical density (at 600 nm) of 0.4±0.6 using 1.0 mM isopropyl-

�-d-thiogalactopyranoside and were grown for 2 h. Chlor-

amphenicol was then added (150 mg mlÿ1 ®nal concentration)

to block the de novo synthesis of H-protein. After 5 min, lipoic

acid (100 mg mlÿ1 ®nal concentration) was added and the

culture was incubated for 1 h; the cells were then harvested

and stored at 253 K.

2.2. Protein purification

Unless noted otherwise, proteins were puri®ed at room

temperature. Frozen cells (10 g from 10 l of culture) were

thawed, suspended in 5 mM MES±NaOH buffer pH 6.0

containing 5 mM 2-mercaptoethanol and 500 mM NaCl and

then disrupted by sonication. The cell lysate was incubated at

333 K for 10 min, kept on ice for 12 min and then ultra-

centrifuged (200 000g) for 60 min at 277 K and desalted on a

HiPrep 26/10 desalting column (Amersham Biosciences)

equilibrated with 20 mM Tris±HCl buffer pH 8.0. The resulting

supernatant was applied to a SuperQ-Toyopearl column

(20 ml; Tosoh) equilibrated with 20 mM Tris±HCl buffer pH

8.0. Protein was eluted with a linear gradient of 0±1.0 M NaCl

in the same buffer. Fractions containing the target protein

were collected and desalted on a HiPrep 26/10 desalting

column (Amersham Biosciences) equilibrated with 20 mM

Tris±HCl buffer pH 8.0. The sample was applied to a Resource

Q column (6 ml; Amersham Biosciences) equilibrated in the

same buffer; protein was then eluted with a linear gradient of

0±700 mM NaCl. Fractions containing the target protein were

then loaded onto a HiLoad 16/60 Superdex 75 prep-grade

column (Amersham Biosciences) equilibrated with 20 mM

Tris±HCl buffer pH 8.0 and 150 mM NaCl and eluted with the

same buffer. After the addition of 1 mM dithiothreitol (DTT),

the peak fractions were concentrated and stored at 277 K. At

each step, the fractions were analyzed by SDS±PAGE with a

15%(w/v) acrylamide gel.

2.3. Crystallization

Preliminary crystallization conditions for Tth H-protein

were determined with Crystal Screens 1 and 2 (Hampton

Research) using the hanging-drop vapour-diffusion method at

291 K. Several crystal forms were obtained and the most

promising set of crystallization conditions, corresponding to

Crystal Screen 1 solution No. 3, was optimized. A droplet

containing 2 ml of protein solution [10 mg mlÿ1 protein,

20 mM Tris±HCl pH 8.0, 150 mM NaCl and 1 mM DTT] was

mixed with an equal volume of reservoir solution [0.4 M

ammonium phosphate, 24%(v/v) glycerol pH 4.3] and equili-

brated against 400 ml of reservoir solution to give crystals of

Tth H-protein. The crystals appeared within a few days and

grew to maximum dimensions of 0.1 � 0.1 � 0.3 mm. Mass-

spectrometric analysis of washed and dissolved crystals was

performed using a Voyager DE-STR matrix-assisted laser

desorption/ionization time-of-¯ight mass spectrometer (PE

Biosystems).

2.4. Data collection

A crystal of Tth H-protein was transferred to a nylon

cryoloop (Hampton Research) and ¯ash-cooled in a nitrogen-

gas stream at 100 K. X-ray diffraction data were collected at

100 K on a MAR CCD detector using synchrotron radiation

with a wavelength of 1.00 AÊ from BL44B2 at SPring-8 (Adachi

et al., 2001). The crystal belonged to the hexagonal system,

space group P61 or P65, with unit-cell parameters a = b = 55.8,

c = 191.2 AÊ . The presence of three monomeric molecules per

asymmetric unit gives a crystal volume per protein mass (VM)

of 2.03 AÊ 3 Daÿ1 and a solvent content of 39% by volume. The

data processing was completed using the program HKL2000

(Otwinowski & Minor, 1997) (Table 1).

2.5. Structure determination

The MR program EPMR (Kissinger et al., 1999, 2001) was

used to solve the structure of the Tth H-protein using the pea

H-protein (PDB code 1hpc; Pares et al., 1994) as a search

model, in which all non-glycine residues were truncated to

alanine. All data in the resolution range 15±4 AÊ (2791 re¯ec-

tions) were used. Each evolutionary search was carried out

over 50 generations using a population size of 300, as

described by Kissinger et al. (1999). 200 runs were used in each

search procedure.

2.5.1. The first MR solution. As a ®rst step in MR, the

correct enantiomeric space group of the crystal was deter-

mined according to the procedure used in the case of cyto-

chrome c0 (Kissinger et al., 1999). In the published application,

one molecule was contained in the asymmetric unit and the

space group was P6522. In contrast, in our case three mole-

cules were contained in the asymmetric unit and the space

group was P65. As shown in Fig. 2(a), the highest correlation

coef®cients (CCs) obtained for P61 and P65 were 0.187 and

Table 1
Data-collection and re®nement statistics.

Values in parentheses correspond to re¯ections observed in the highest
resolution shell.

Diffraction data
Resolution range (AÊ ) 20.0±2.50 (2.58±2.50)
No. of measured re¯ections 135290
No. of unique re¯ections 11730
Redundancy 11.5 (5.4)
Completeness (%) 99.6 (98.5)
Rmerge² (%) 10.9 (35.5)
Average I/�(I) 13.7 (2.5)

Re®nement
Resolution range (AÊ ) 20.0±2.50 (2.66±2.50)
R factor 0.189 (0.243)
Free R factor 0.256 (0.320)

R.m.s. deviations from ideal values
Bond lengths (AÊ ) 0.006
Bond angles (�) 1.2

Mean B factors
Main-chain atoms (AÊ 2) 26.0
Side-chain atoms (AÊ 2) 27.4
Water atoms (AÊ 2) 30.5

² Rmerge =
P

hkl

P
i jIhkl;i ÿ hIhklij=

P
hkl

P
i Ihkl;i , where I is the observed intensity and hIi

is the averaged intensity for multiple measurements.



0.213, respectively, indicating the correct space group to be

P65. This result con®rmed that EPMR was superior in iden-

tifying the correct space group, even in the case of an asym-

metric unit containing three molecules.

Having established the correct space group, the search

procedure was performed and resulted in two different sets of

correct solutions having CCs of 0.213 (R factor = 0.580) and

0.201 (R factor = 0.587). De®ning the rotation and translation

operator as opX = (�1, �2, �3, x, y, z), where X is an operator

identi®er, �1, �2 and �3 are rotation parameters speci®ed in

Eulerian angles (�) and x, y and z are translation parameters in

orthogonal coordinates (AÊ ), the operator for the former set of

solutions (opA) was (59.17, 73.65, 49.70, 0.66, 21.70, 0.00) and

that for the latter (opB) was (58.31, 58.16, 198.33, 33.35, 31.51,

0.00). The highest CC obtained for an incorrect solution was

0.187, indicating that the correct solutions could clearly be

identi®ed above the background. It should be noted that the

highest CC obtained in space group P61 was also 0.187.

2.5.2. The second and third MR solutions. The search for

the second molecule was performed according to the proce-

dure described for FK506-binding protein (Kissinger et al.,

1999), in which two molecules were contained in an asym-

metric unit. Meanwhile, to our knowledge this is the ®rst

report demonstrating that EPMR can be applied successfully

to MR problems in which the target crystal structure contains

more than two molecules per asymmetric unit.

The partial contribution of one of the ®rst solutions (opA)

was included as part of the structure factors during the search

for the second molecule (Fig. 2b). This search procedure gave

two different sets of second solutions, with CCs for the

combined solutions of 0.319 (R factor = 0.554) and 0.309 (R

factor = 0.553). The ®rst operator (opB0) was (57.95, 60.05,

199.23, 33.35, 31.24, 144.13). This corresponded to the opB

operator in which the value of z differed from that in opB0 as a

result of choosing one common origin in the z coordinate. The

second operator (opC) was (78.26, 56.43, 266.51, 18.39, 37.21,

55.37).

The partial contributions of the ®rst and the second solu-

tions (opA and opB0) were part of the structure factors during

the search for the third molecule. The search procedure gave a

set of equivalent third solutions, with a CC for the combined

solutions of 0.432 (R factor = 0.512). The orientation and

position of this solution corresponded to opC. The three

molecules to which rotation and translation operators opA,

opB0 and opC have been applied are de®ned as molecules A, B

and C, respectively.

The total run time for the three search procedures was

about 1536 min of CPU time on a PC with two AMD Athlon

1.6 GHz CPUs, 512 MB memory and running RedHat Linux

7.2. Only one CPU was used at a time, although the PC had

two CPUs.

2.6. Structure refinement

The molecular-replacement electron-density map was of

good quality and the model of the molecule was gradually

built into the map through several cycles of model building

using the program X®t within the software package XtalView

(McRee, 1992). As three molecules were contained in the

asymmetric unit, early cycles of re®nement employed strict

non-crystallographic symmetry (NCS) constraints with only a

single-molecule model. In the initial model, the side chains

that were identical between pea and Tth H-protein were

included, while a polyalanine model was used for molecular

replacement. Structure re®nement was carried out by simu-

lated annealing and energy minimization with the program

CNS (BruÈ nger et al., 1998), using X-ray data from 20.0 to 2.5 AÊ

resolution, to give an R factor of 0.363 and a free R factor of

0.381. At this stage, the strict NCS constraints were removed

and after several cycles of re®nement and manual rebuilding

the R factor and free R factor were reduced to 0.206 and 0.260,

respectively. Water molecules were picked up in the difference

map based on peak heights and distance criteria. Further

model-building and re®nement cycles resulted in an R factor

of 0.189 and a free R factor of 0.256, using 11 137 re¯ections
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Figure 2
Results of six-dimensional MR searches carried out with the program
EPMR. (a) Search for the ®rst molecule in the two different enantiomeric
space groups and (b) sequential searches for three molecules in the
asymmetric unit.
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[Fo > 2�(Fo)] observed in the 20.0±2.5 AÊ resolution range

(Table 1). Fig. 3(a) displays a C� backbone tracing of the Tth

H-protein in ribbon-model drawings.

2.7. Programs for data analysis and graphical representation

Secondary structures were assigned using the program

DSSP (Kabsch & Sander, 1983). Stereochemistry was assessed

using the program PROCHECK (Laskowski et al., 1993).

Ribbon drawings, electron densities and electrostatic potential

surfaces were generated using MOLSCRIPT (Kraulis, 1991),

BOBSCRIPT (Esnouf, 1997) and GRASP (Nicholls et al.,

1991), respectively, and were rendered with Raster3D (Merritt

& Bacon, 1997).

3. Results and discussion

3.1. Structure determination

Structure determinations using MR

methods were originally attempted using

the programs AMoRe (Navaza, 1994) and

X-PLOR (BruÈ nger, 1992) with Patterson

correlation re®nement (BruÈ nger, 1990). In

attempting to apply these classical methods

to the data described here, no reasonable

solution was found using the cross-rotation

search. This was true even when another

search was carried out subsequent to the

structure determination with EPMR, using

the re®ned model of the Tth H-protein as

the search model. This can probably be

attributed to the large number of symmetry

elements and molecules in the unit cell and

the relatively low (�39%) solvent content.

In the conventional MR method, the

rotational and translational parameters of

the search model are treated separately and

an independent determination of their

values is attempted. This normally results in

a reduction of the signal-to-noise ratio,

which is remarkable in cases where the unit

cell has a large number of molecules and/or

has a low solvent content. In contrast, novel

MR algorithms such as that used in EPMR

determine the rotational and translational

parameters simultaneously, resulting in an

improved signal-to-noise ratio (Kissinger et

al., 1999).

From a technical viewpoint, the results of

these successive searches with EPMR have

con®rmed the importance of carrying out a

number of runs, as described by Kissinger et

al. (2001). As shown in Fig. 2(b), the EPMR

search led to successful solutions for all

three molecules in the asymmetric unit. The

correct solutions for the ®rst, second and

third molecules were obtained after only

®ve, six and three out of 200 runs each of the search procedure,

respectively. In examining the data in Fig. 2(b), we note that if

only 100 runs of a third molecule search had been carried out

and these runs had corresponded to the latter half of the 200

runs that were actually carried out for the third molecule

search, we would not have obtained any solution. This is

becuase of the nature of stochastic search algorithms, as

explained by Kissinger et al. (2001). However, by increasing

the total number of runs, the likelihood of obtaining correct

solutions is markedly increased, even in cases such as the

dif®cult MR problem described here.

Upon completing the search for the ®rst molecule the

solution corresponding to opC was not obtained, whereas

solutions corresponding to opA and opB0 were obtained

(Fig. 2b). The difference Fourier calculation with EPMR (the

Figure 3
Stereoview of the structures of H-protein. (a) The structure of the Tth H-protein with
secondary-structure assignment. The structure is coloured from the N-terminus (blue) to the C-
terminus (red). (b) Superimposition of the Tth (coloured) and pea (grey) H-protein structures
by least-squares ®tting of main-chain atoms. Displacements for equivalent C� atoms between
Tth and pea H-proteins are represented by a colour gradient from blue (<0.56 AÊ ) to red
(>2.24 AÊ ). Since the model of pea H-protein in the oxidized form (PDB code 1hpc) contains
two molecules per asymmetric unit, two sets of displacements were calculated between each of
the molecules A±C of the Tth H-protein and the two molecules of the pea H-protein. The
shorter value of the displacement for each set of equivalent C� atoms was selected for colour
mapping.



ÿg0 ¯ag was used in order to bypass the MR search), in which

only the molecule positioned by opC was used, yielded a CC of

0.170. This value was not only lower than the CCs corre-

sponding to opA and opB0, but it was also lower than the

highest CC obtained for an incorrect solution. In order to

analyze what had caused such a low value to be calculated for

a correct solution, we compared the structures of molecules

A±C and the local packing of these molecules. Although the

structures and average thermal factors of the molecules are

almost the same as described in the next section, the local

packing of the three molecules is quantitatively different. The

number of neighbouring molecules for molecules A, B and C

calculated using van der Waals contacts are eight, nine and 11,

respectively. Consequently, the numbers of atoms partici-

pating in these intermolecular contacts are 220, 251 and 265,

respectively. These values indicate that the CC value corre-

sponding to a particular molecule decreases as the packing

density around the molecule increases. If an MR search is

carried out in a tightly packed crystal form, intermolecular

Patterson vectors (cross-vectors) and intramolecular

Patterson vectors (self-vectors) have a tendency to overlap,

creating dif®culties in resolving these MR problems. There-

fore, localized tight packing around a particular molecule may

cause dif®culties in searching the molecule.

3.2. Structure of Tth H-protein

Tth H-protein is a monomeric protein having a molecular

weight of 14 083 Da, with 128 amino-acid residues. The ®nal

model in the asymmetric unit contains 3 � 127 amino-acid

residues and 115 water molecules, with an R factor of 0.189 at

2.5 AÊ resolution. The model lacks three Met1 residues for the

three independent molecules (A±C) owing to disorder of each

amino-terminal residue. The structures of molecules A±C are

quite similar; least-squares ®tting of main-chain atoms in the

three molecules gave root-mean-square (r.m.s.) deviations of

0.55±0.68 AÊ (Table 2). As the average error of the structure is

estimated from a Luzzati plot to be 0.27 AÊ (Luzzati, 1952), the

three molecules have essentially the same three-dimensional

structure. The average thermal factors of the main-chain

atoms in molecules A±C are 26.3, 24.9 and 26.9 AÊ 2, respec-

tively. The model is of good quality, with all the residues falling

in the most favourable (83.8%) and additionally allowed

(16.2%) regions of the Ramachandran plot (Ramachandran &

Sasisekharan, 1968).

The overall structure of the Tth H-protein is shown in

Fig. 3(a). The core of this structure consists of two antiparallel

�-sheets forming a hybrid barrel±sandwich structure, one

having six antiparallel strands (�1, �2, �3, �9, �8 and �5) and

the other containing a strand (�4) and two adjacent anti-

parallel strands (�6 and �7) joined by a loop (�-hairpin motif).

At the tip of this loop, the side chain of the critical lysine

residue (Lys63) is lipoylated (Fig. 1a), although this model

lacks the lipoyl moiety owing to poor electron density at that

site. There are also four �-helices (�1, �2, �3 and �4) and a

310-helix (310).

3.3. Structural comparison between Tth and pea H-proteins

A sequence alignment of the Tth H-protein and H-proteins

from other organisms is shown in Fig. 4. The sequence iden-

tities of the Tth H-protein with E. coli, chicken, bovine,

human, Arabidopsis thaliana (Ath) and pea H-proteins are 55,

38, 41, 40, 41 and 44%, respectively, showing that the sequence

of the Tth H-protein is most similar to

that of the H-protein from E. coli,

which was the other prokaryotic

protein in the alignment. In comparison

with the pea H-protein, the only other

protein for which a crystal structure has

been determined so far, the Tth H-

protein is seen to have neither deletions

nor insertions, except for the shortening

of the three C-terminal residues. Thus,

the numbering of the residues in the

Tth H-protein corresponds to that of

the pea H-protein. The secondary

structures of the Tth and pea H-

proteins are almost the same except for

two residues in the C-terminal �-helix

(�4) (Fig. 4).

Local differences in C� positions

between the Tth and pea H-proteins are

Acta Cryst. (2003). D59, 1610±1618 Nakai et al. � H-protein 1615

research papers

Figure 4
Amino-acid sequence alignments of seven H-proteins with secondary-structure designations for the
pea and Tth H-proteins. The sequence data were obtained from Swiss-Prot. Identical and
homologous residues are marked with asterisks and colons, respectively.

Table 2
R.m.s. deviations (upper right; AÊ ) and maximum displacements (lower
left; AÊ ) for equivalent main-chain atoms in pea and Tth H-proteins.

Letters in parentheses denote the chain names of the independent molecules
in the asymmetric unit.

Pea (A) Pea (B) Tth (A) Tth (B) Tth (C)

Pea (A) Ð 0.33 0.85 0.97 1.06
Pea (B) 2.24 Ð 0.86 1.02 1.10
Tth (A) 2.43 3.04 Ð 0.55 0.60
Tth (B) 4.10 4.14 4.29 Ð 0.68
Tth (C) 5.86 6.33 4.41 6.67 Ð
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shown in Fig. 3(b). The overall structure of the Tth H-protein

is similar to that of the pea H-protein; least-squares ®tting of

main-chain atoms in those proteins gave r.m.s. deviations of

0.85±1.11 AÊ , with maximum displacements of 2.43±6.33 AÊ

(Table 2). Sequential ®tting cycles, in which the most deviant

residue was removed from the list of residues in each cycle,

provided information on structurally conserved regions in the

proteins. The main-chain atoms of residues 4, 7±17, 23±43, 47,

53±61, 64, 66±71, 79±101, 111, 114±118 and 120 of the proteins

were ®tted, with r.m.s. deviations of 0.55±0.59 AÊ and maximum

displacements of 1.24±1.62 AÊ . These r.m.s. deviations are

comparable with those calculated between the independent

molecules in the asymmetric unit (Table 2). These data indi-

cate that the region surrounding the lipoyl-lysine residue,

comprised primarily of one �-sheet (�4, �6 and �7) and three

�-helices (�1, �2 and �3) around this �-sheet, are particularly

conserved in the three-dimensional structures of the Tth and

pea H-proteins.

3.4. Structure of the region around the lipoyl-lysine

Although mass-spectrometric analysis of thoroughly

washed crystals con®rmed the lipoylation of the Tth H-protein

in the crystallized material, the proportion of lipoylated

protein was only about 50%, i.e. the other half of the protein is

unlipoylated (Fig. 5). This indicates that precise comparison of

the lipoyl moieties between the Tth and pea H-proteins must

await further studies of fully lipoylated Tth H-protein.

Nevertheless, we describe the structure of the lipoyl-lysine

arm here because the electron density for it was partial and

was signi®cantly visible above the background at the 1� level.

We also use the `half-lipoylated' Tth protein for comparison

with the lipoylated pea H-protein because the bound lipoic

acid should not play any role in the protein structure, as in the

case of the pea H-protein (Macherel et al., 1996).

The electron density for the lipoyl moiety of the lipoyl-

lysine attached to the Tth H-protein was relatively poor

(Fig. 6), which could be attributed in part to the low propor-

tion of lipoylated protein. In particular, for molecules B and C,

no electron densities were observed for the side chains of

Lys63 or for the lipoyl moieties. However, in molecule A

electron density was clearly observed for the side chain of

Lys63 and for the amide group (N� and C O in Fig. 1a) of the

lipoyl-lysine, while density for the dithiolane-ring moiety of

the lipoyl-lysine was absent. The electron density for the

amide group corresponds to the extended electron density

shown in Fig. 6. In contrast to the Tth H-protein, the entire

lipoyl-lysine is ordered in all crystal forms of the pea

H-protein and the lysine residue does not move signi®cantly.

The lipoyl moiety of the pea H-protein interacts through van

der Waals contacts with the side chain of His34, which is

replaced by Ala34 in the Tth H-protein;

thus, this interaction is absent in the Tth H-

protein. Therefore, the lipoyl moiety of the

Tth H-protein is probably more ¯exible

than that of the pea H-protein.

In the methylamine-loaded form of the

H-protein (Hmet) from pea, the methyl-

amine-loaded lipoyl-lysine arm binds into

the cleft formed by the main chains of Ser12

and Asp67 and the side chains of Glu14,

Ile27, Ala31, Leu35 and Ala64 (Cohen-

Addad et al., 1995). These seven residues

are conserved in the Tth H-protein, except

for Ala64 (Thr64 in Tth); the main-chain

atoms of the Tth and pea H-proteins

superimpose with r.m.s. deviations of 0.28±

0.61 AÊ and with maximum displacements of

0.50±1.18 AÊ . Furthermore, the arrange-

ments of the side chains are also well

conserved between them. Therefore, the

lipoamide-methylamine arm of Tth Hmet is

likely to bind into the cleft, as in the case of

Figure 5
Mass-spectrometric analysis of washed and dissolved crystals. The
14 083 Da and 14 273 Da peaks correspond to unlipoylated and
lipoylated proteins, respectively.

Figure 6
Stereoview of a 2Fo ÿ Fc electron-density map contoured at the 1.0� level around the lipoyl-
lysine of molecule A (see text). Extended electron density at the distal amino group of Lys63
corresponds to part of the lipoyl moiety which is covalently bound to Lys63 through an amide
linkage. The orientation is the same as in Fig. 3.



the pea Hmet, even if the lipoyl-lysine arm of the Tth H-protein

in its oxidized form can swing freely.

3.5. Implication for regions that may interact with other
component enzymes

Since H-protein interacts successively with the three other

component enzymes of the GCS and with lipoyltransferase,

which catalyzes the lipoylation of the speci®c lysine residue of

H-apoprotein, certain regions in H-protein must be recog-

nized by these enzymes. Meanwhile, a structural comparison

between the Tth and pea H-proteins reveals structurally

conserved regions, suggesting that these regions play impor-

tant roles in the reaction mechanism, which involves inter-

molecular interactions. From this viewpoint, we have

examined candidates for these kinds of regions in detail.

As shown in Fig. 7, electrostatic potential surfaces were

calculated for the Tth and pea H-proteins, revealing two

negative surface regions, designated I and II, that are highly

conserved between the two species. Region I is situated

around �4, �6 and �7 (Figs. 3a, 7a and 7b), in which the

negative charges are attributed to Glu42, Glu60 and Asp67 in

both the Tth and pea H-proteins. Of these residues, Glu42 in

the Tth and pea proteins corresponds to Asp43 in the E. coli

protein, which has been shown by cross-linking experiments to

participate in the interaction with its cognate T-protein

(Okamura-Ikeda et al., 1999). The negative charges of Glu60

and Asp67 are completely conserved among the seven species

(Fig. 4), suggesting that these residues play an important role

in the GCS. These two negative residues correspond to Glu56

and Glu63 of bovine H-protein; the latter residues are

necessary for lipoylation catalyzed by lipoyltransferase (Fuji-

wara et al., 1991, 1996). Recently, using NMR spectroscopy,

Guilhaudis et al. (2000) have shown the residues involved in

intermolecular interactions between H- and T-proteins and

these interactions include Glu60 and Asp67. Thus, the obser-

vation that the three-dimensional structures and electrostatic

surfaces of region I are conserved between the two H-proteins

are additional indications of interacting regions between

H-protein and the relevant enzymes, at least in the case of

T-protein and lipoyltransferase.

On the other hand, region II is situ-

ated around �1, �3 and �4 (Figs. 3a, 7c

and 7d), in which the negative charges

are attributed to Asp2 in Tth, Asp29,

Asp33, Asp37 (Glu37 in pea), Glu88 in

Tth, Asp93 in Tth, Glu96 in pea and

Glu97 (Asp97 in pea). In region II, the

negative charges of residues Asp33 (or

Glu) and Asp37 (or Glu) are comple-

tely conserved among the seven species

(Fig. 4), suggesting that these residues

may also play an important role in the

GCS. In contrast to the situation with

region I, there is no further information

on this region concerning inter-

molecular interactions. Nevertheless,

we expect that region II may be

involved in interactions with other

component enzymes because the

tendency for the negative residues in

region II to form a cluster in the Tth

H-protein is similar to that in the pea

H-protein and a similar cluster forms in

region I in both the Tth and pea

H-proteins. In the case of region II, the

most likely candidate for an interaction

partner would be P-protein for three

reasons: ®rstly, molecular recognition

and interaction between H- and

P-proteins has been suggested by

biochemical experiments, in which

H-apoprotein was found to behave as a

competitive inhibitor relative to

H-protein in the glycine decarboxyla-

tion reaction catalyzed by P-protein

(Neuburger et al., 2000); secondly,
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Figure 7
Electrostatic potential surfaces for the Tth H-protein (a and c) and for the pea H-protein (b and d).
The negative (red), positive (blue) and neutral (white) charges are mapped onto the van der Waals
surfaces in the range ÿ20kBT (red) to +20kBT (blue), where kB is Boltzmann's constant and T is the
absolute temperature. The orientations in (a) and (b) are the same as in Fig. 3 and those in (c) and
(d) are rotated by 180� around a vertical axis in the plane of the ®gure. Yellow ellipses indicate the
electrostatically conserved regions, denoted I and II. Residue numbers of the negative residues
situated in these regions are shown in yellow. Green arrows indicate the clefts into which the
methylamine-loaded lipoyl-lysine arm of Hmet binds.
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region II is not likely to be involved in the interaction between

H- and T-proteins because upon complex formation between

H- and T-proteins, signi®cant chemical shift variations were

not observed in this region using NMR spectroscopy (Guil-

haudis et al., 2000); thirdly, H-protein is unlikely to form a

stable complex with L-protein, for reasons described in the

next paragraph.

In contrast to the theories regarding interactions with P- or

T-protein, Faure et al. (2000) have strongly suggested that

L-protein does not form a stable complex with H-protein

during the reaction. As evidence for the absence of complex

formation, they demonstrated that the apparent molecular

mass of mixtures of L- and H-proteins did not increase to the

expected value for the complex. They further showed that the

structure of the lipoyl-lysine arm of pea Hred found in the

crystal could not penetrate into the active site of the L-protein

unless the arm moves. On the other hand, the lipoyl-lysine arm

of Tth Hred is likely to be more ¯exible than those of pea Hred

and Hox, because His34 of pea H-protein is replaced by Ala34

in Tth, as described above. The highly ¯exible lipoyl-lysine

arm of Tth H-protein would allow it to swing into the active

site of L-protein and this may be more appropriate for the

reaction than a rigid arm. This also suggests that there would

not be a strong interaction between Tth H- and L-proteins, for

the same reason given for the pea proteins: owing to the shape

and size of the L-protein active site, the arm is required to be

oriented in speci®c directions during the reaction, in which

case, as described by Faure et al. (2000), there would be no

strong interaction between the two proteins. We have recently

analyzed the three-dimensional structure of the Tth L-protein

(data not shown) and have con®rmed that the structure of its

active site is essentially identical to that of the pea L-protein.

Thus, the highly ¯exible arm observed in the Tth H-protein is

consistent with the absence of a stable complex being formed

between the H- and L-proteins.
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