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ABSTRACT: The three-dimensional solution structure of a 51-residue synthetic peptide comprising the
dihydrolipoamide dehydrogenase (E3)-binding domain of the dihydrolipoamide succinyltransferase (E2)
core of the 2-oxoglutarate dehydrogenase multienzyme complex of Escherichia coli has been determined
by nuclear magnetic resonance spectroscopy and hybrid distance geometry—dynamical simulated annealing
calculations. The structure is based on 630 approximate interproton distance and 101 torsion angle (¢,
V¥, x;) restraints. A total of 56 simulated annealing structures were calculated, and the atomic rms distribution
about the mean coordinate positions for residues 12-48 of the synthetic peptide is 1.24 A for the backbone
atoms, 1.68 A for all atoms, and 1.33 A for all atoms excluding the six side chains which are disordered
at x; and the seven which are disordered at x,; when the irregular partially disordered loop from residues
31 to 39 is excluded, the rms distribution drops to 0.77 A for the backbone atoms, 1.55 A for all atoms,
and 0.89 A for ordered side chains. Although proton resonance assignments for the N-terminal 11 residues
and the C-terminal 3 residues were obtained, these two segments of the polypeptide are disordered in solution
as evidenced by the absence of nonsequential nuclear Overhauser effects. The solution structure of the
E3-binding domain consists of two parallel helices (residues 14-23 and 40-48), a short extended strand
(24-26), a five-residue helical-like turn, and an irregular (and more disordered) loop (residues 31-39). This
report presents the first structure of an E3-binding domain from a 2-oxo acid dehydrogenase complex. Related
domains from the E2 chains of other 2-0xo acid dehydrogenase complexes are likely to be structurally
analogous, given their marked sequence similarity and the presence of a number of conserved residues at
pivotal positions. This is particularly true for the E. coli pyruvate dehydrogenase complex since the E3
component which is bound by its dihydrolipoamide acetyltransferase core is identical to that bound by the
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dihydrolipoamide succinyltransferase core of the 2-oxoglutarate dehydrogenase complex.

’Ee 2-oxoglutarate dehydrogenase (2-OGDH), pyruvate
dehydrogenase (PDH), and branched-chain 2-oxo acid de-
hydrogenase multienzyme complexes are responsible for the
oxidative decarboxylation of different 2-oxo acid substrates,
resulting in acyl-CoA products [see Reed and Hackert (1990),
Patel and Roche (1990), and Perham (1991) for recent re-
views]. 2-OGDH and PDH complexes are prominent mem-
bers of the primary energy-producing pathways of glycolysis
and the tricarboxylic acid cycle, and the branched chain 2-oxo
acid dehydrogenase fulfills a similarly important role in the
pathways for the catabolism of valine, isoleucine, and leucine.
The structural and functional properties of these enzyme
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complexes from eukaryotic and prokaryotic species have been
widely studied, disclosing some striking similarities in their
overall design. In each case, the core of the complexes is
composed of either 24 or 60 copies of the enzyme responsible
for the acyltransferase (E2) reaction arranged with octahedral
or icosahedral symmetry, respectively; another E2-like com-
ponent, known as component X, appears to be a critical ad-
ditional structural element in at least the icosahedral PDH
complexes from eukaryotic species, even though it probably
lacks the E2-catalytic activity. Covalently bound substrate
intermediates are shuttled from the El1 subunit (a de-
carboxylase) to the E2 subunit (an acyltransferase) while
attached to a ~14 A long lipoylated lysine residue (a
“swinging arm”) on E2, and then the reduced dihydrolipoamide
is reoxidized by the E3 (dihydrolipoamide dehydrogenase)
component.

The 2-oxoglutarate dehydrogenase complex of (2-OGDH)
Escherichia coli (M, ~5 X 10°) is composed of three subunit
enzymes: Elo, 2-oxoglutarate decarboxylase [2-oxoglutarate
dehydrogenase (lipoamide), EC 1.2.4.2]; E2o0, dihydrolipo-
amide succinyltransferase (EC 2.3.1.61); and E3, dihydro-
lipoamide dehydrogenase (EC 1.8.1.4). (In discussing the
subunits of the different 2-oxo acid dehydrogenase complexes,
this paper will follow the convention that the suffixes -o, -p,
and -b will be added when referring to an enzyme from the
2-OGDH, PDH, and branched chain 2-oxo acid de-
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hydrogenase complexes, respectively.) The E. coli 2-OGDH
complex contains 24 copies of the E20 subunit as an octahedral
core that forms a truncated cube of dimension 149 % 15 A
(Reed, 1974); homodimers of Elo and E3 subunits aggregate
peripherally around this E20 core. Approximately full activity
of the enzyme complex has been demonstrated with 6 Elo
dimers and 6 E3 dimers bound, although other experiments
have shown that the isolated E2o core can bind up to 18 Elo
dimers (Reed, 1974). Electron microscopy and low-resolution
(ca. 18 A) X-ray diffraction studies of proteolyzed complexes
have suggested that E3 binds diagonally to the faces of the
truncated cube, thus reducing the symmetry of the E3-E2
complex to that of space group P2,3; furthermore, it is believed
that E1 probably binds to the edges of the cube (Oliver &
Reed, 1982; Yang et al., 1985; Wagenknecht et al., 1987; Reed
& Hackert, 1990).

The E2 chain has attracted particular attention because of
the multiple critical design features that it embodies. Three
domains of the E20 chain have been identified by limited
proteolysis experiments on the E. coli 2-OGDH complex. The
E. coli E20 chain contains an N-terminal domain (approxi-
mately 80 residues) with a single lipoylated lysine residue and
a larger C-terminal domain (approximately 300 residues) with
Elo- and E2o-binding sites and succinyltransferase activity.
Between these two domains is a small folded domain of ap-
proximately 50 amino acids which is believed to contain a site
necessary for binding E3 to the E2o core since limited pro-
teolysis conditions that detach this middle domain from the
core also cause release of E3; moreover, this fragment selec-
tively binds E3 (Packman & Perham, 1986). It has also been
suggested that this fragment may play a role in binding E1,
although perhaps only in icosahedral complexes (Behal et al.,
1989; Perham, 1991). On both sides of the central E3-binding
domain are interdomain segments of polypeptide chain which
are particularly rich in certain amino acids such as alanine,
proline, and those with charged side chains. Conformational
flexibility in these segments is believed to account for the
extremely sharp high-field (methyl) resonances noted in the
1D 'H NMR spectra of intact 2-oxo acid dehydrogenase
complexes (Perham et al., 1981; Texter et al., 1988; Radford
et al.,, 1989a) and to facilitate the movement of the lipoyl
domains between the successive active sites as a crucial part
of the enzymic mechanism (Radford et al., 1989b; Perham,
1991). The interdomain segments appears to be conforma-
tionally extended as well as flexible (Radford et al., 1989a;
Wagenknecht et al., 1990), which may help to keep the do-
mains apart while still allowing them to move as required. The
E2 chains of the PDH and branched-chain 2-oxo acid de-
hydrogenase complexes have analogous structures, except that
among the PDH complexes the number of lipoyl domains per
chain can vary from one to three according to the phylogeny
of the source (Perham & Packman, 1989; Reed & Hackert,
1990; Perham, 1991).

Current knowledge about the structure of the E2 core or
the interface between E2 and E3 is limited, in large part
because of the lack of crystals of the intact enzyme complexes
(DeRosier et al., 1971; DeRosier & Oliver, 1971), which may
be attributable to the flexible regions linking the lipoyl domains
at or near the surface of the enzyme particles. However, X-ray
structures of the dimeric E3 subunits from Saccharides cer-
evisiae (4.5-A resolution; Takanaka et al., 1988) and Azoto-
bacter vinelandii (2.2-A resolution; Mattevi et al., 1991) have
been published. The domain-and-linker structure of the E2
chain has motivated us to employ an alternative approach,
namely, NMR spectroscopy, to study individual domains de-
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rived from E2. Progress has already been made with the lipoyl
domain (Dardel et al., 1990, 1992). In this paper, we present
the determination of the solution structure of a synthetic
peptide comprising the E3-binding domain of the lipoyl suc-
cinyltransferase core, E20, from E. coli 2-OGDH, thereby
providing high-resolution conformational details of a key
structural element of this multienzyme complex.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. The peptide studied comprises the amino
acid sequence from position 103 to 152 deduced from the DNA
sequence of the gene encoding the E20 chain of the E. coli
2-OGDH complex reported by Spencer et al. (1984), with an
additional Tyr added at the N-terminus. It incorporates the
E3-binding domain as defined by limited proteolysis of the
intact complex (Packman & Perham, 1986, 1987). It was
prepared by solid-phase peptide synthesis (Merrifield et al.,
1982) on an Applied Biosystems 430A peptide synthesizer.
The final protected resin was cleaved by using the low/high
HF cleavage method (Tam et al., 1983). The extracted peptide
(5% aqueous acetic acid) was purified by HPLC on a Vydac
C4 semipreparative reverse-phase column using an aceto-
nitrile-water solvent gradient containing 0.1% trifluoroacetic
acid. The identity of the synthetic peptide was established by
amino acid sequence analysis, mass spectrometry, and by the
NMR assignment procedure. Samples for NMR spectroscopy
contained 2 mM peptide in either 99.996% D,0 or 90%
H,0/10% D,0 at pH 5.3.

NMR Spectroscopy. The following spectra were recorded
at 600 MHz on a Bruker AM600 spectrometer at 15 and/or
25 °C in both H,0 and D,0: HOHAHA (Braunschweiler
& Ernst, 1983; Davis & Bax, 1985) with mixing times ranging
from 18 to 51 ms, NOESY (Jeener et al., 1979) with mixing
times of either 50 or 150 ms, P.COSY (Marion & Bax, 1988),
and PE-COSY (Mueller, 1987) with a 35° mixing pulse. All
spectra were recorded in pure phase absorption mode using
the time-proportional incrementation method (Marion &
Wiithrich, 1983). HOHAHA spectra were recorded with a
WALTZ17y anisotropic mixing sequence sandwiched between
1.5-ms trim pulses (Bax, 1989). Water suppression for the
NOESY and HOHAHA spectra was achieved using a semi-
selective jump-return read sequence (Platéau & Guéron, 1982;
Bax et al., 1987), while the COSY-type spectra employed weak
presaturation together with the SCUBA technique (Brown et
al., 1987). 3Jyn, coupling constants were derived from the
P.COSY spectra recorded in water as described previously
(Forman-Kay et al., 1990; Omichinski et al., 1990).

NMR Assignments. Sequential resonance assignment was
accomplished by conventional 2D NMR methods (Wiithrich,
1986; Clore & Gronenborn, 1987, 1989). Through-bond
connectivities were established from HOHAHA and COSY-
type spectra, while through space connectivities were identified
from the NOESY spectra. Examples of the 150-ms mixing
time NOESY spectrum recorded in H,O are shown in Figure
1; a schematic summary of the short-range NOEs is shown
in Figure 2. Stereospecific assignments and ¢, ¥, and x;
torsion angle restraints were obtained from 3J,5 and 3/yp,
constants derived from the PE-COSY and P.COSY spectra,
respectively, and intraresidue and sequential NOEs observed
in the 50-ms mixing time NOESY involving the NH, C*H,
and CPH protons, employing the conformational search pro-
gram STEREOSEARCH (Nilges et al., 1990). A complete list
of assignments is presented in Table 1.

The most distinctive features of the secondary structure,
namely, the two short helices from residues 13-23 and 4048,
are evident from a qualitative interpretation of the short-range
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FIGURE 1: (A) NH(F, axis)-NH(F, axis) and (B) NH(F, axis)—aliphatic (¥, axis) regions of the 600-MHz NOESY spectrum (150-ms mixing
time) of the E3-binding domain (2 mM) recorded in 90% H,0/10% D,0 at 25 °C and pH 5.3. A series of NH({))-NH(i+1) and C*H({)-NH(i+1)
sequential NOE connectivities are indicated in panels A and B, respectively. Also shown in panel B are some C°H(})-NH(i+1) NOEs. Residue
labels in panel B are at the position of the intraresidue CaH(/)-NH(/) and CPH(i)-NH(;) cross peaks, the latter denoted by the letter 3.
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Table I: Protein Resonance Assignments of the E3-Binding Domain of E2o at 25 °C, pH 5.3°

residue NH C*H C*H other

Tyr-1 4.20 3.16, 3.07 C*H 7.11, 7.11; C*H 6.82, 6.82

Ala-2 8.56 4.39 1.36

Ser-3 8.28 4.45 3.99, 3.89

Leu-4 8.47 4.27 1.64, 1.60 C"H 1.63; C°H 0.92, 0.87

Glu-5 8.37 4.19 2.03, 1.96 C"H 2.29, 2.29

Glu-6 8.15 4.20 2.08, 2.00 C"H 2.29, 2.29

Glin-7 8.21 4.14 2.09, 1.96 CYH 2.32; N<H 7.44*, 6.82

Asn-8 8.37 4.67 2.84, 2,79 N°®H 7.59*%, 6.90

Asn-9 8.34 4.68 2.84, 2.78 N®H 7.59*, 6.90

Asp-10 8.19 4.53 2.73, 2.68

Ala-11 8.04 4.24 1.39

Leu-12 7.92 4.45 1.69%, 1.39 C"H 1.65; C*H 0.87, 0.87°

Ser-13 8.06 4,71 4.28, 4.01

Pro-14 4.29 2.42,2.07* CYH 2.21, 2.21; C*H 3.99, 3.91
Ala-15 8.17 4.11 1.41

Ile-16 7.60 3.79 2.04 C"H 1.61, 1.15; C*™H 0.90; C*H 0.80
Arg-17 8.43 3.89 1.87*, 1.59 CYH 1.73, 1.73; C*H 3.27, 3.18; N‘H 7.27
Arg-18 8.04 4.14 1.91*,1.75 C"H 1.60, 1.60; C°*H 3.21, 3.21; N‘H 7.27
Leu-19 7.52 4.25 1.85, 1.71* C"H 1.70; C*H 0.99%, 0.92

Leu-20 8.30 3.96 1.92, 1.75 C”H 1.84; C*H 0.90*, 0.85

Ala-21 7.95 4.25 1.53

Glu-22 8.39 4.01 2.13, 1.90* C"H 2.40, 2.40

His-23 7.46 4.70 3.57, 2.81* C%H 17.61; CH 8.69

Asn-24 7.99 4.44 3.05, 2.74 C’H 7.42%, 6.82

Leu-25 8.16 4.53 1.61%, 1.31 C"H 1.63; C*H 0.90, 0.85*

Asp-26 8.22 4.69 2.71, 2.61

Ala-27 8.76 3.83 1.38

Ser-28 8.33 4.22 3.95, 3.90

Ala-29 7.71 4.33 1.43

Ile-30 7.37 3.96 1.68 C"H 1.23, 0.57; C™H 0.66; C°H 0.45
Lys-31 8.33 4.28 1.78, 1.78 C7H 1.45, 1.45; C*H 1.72, 1.72; C*H 2.98
Gly-32 8.50 4,34, 3.63*

Thr-33 9.67 4.52 4.46 C'H 1.16

Gly-34 8.68 4.20, 3.63

Val-35 8.39 3.86 1.96 CYH 1.05, 0.95*

Gly-36 9.10 3.94, 3.86

Gly-37 8.17 4,02%, 3.53

Arg-38 6.94 4.15 1.75, 1.75 C”H 1.70, 1.70; C*H 3.21, 3.21; N*H 7.19
Leu-39 8.30 4.52 1.65, 1.52 C"H 1.68; C*H 0.92*, 0.87

Thr-40 9.05 4.65 4,57 C'H 1.21

Arg-41 8.94 3.77 1.80, 1.80 C"H 1.53, 1.53; C'H 3.17, 3.17; N‘H 7.43
Glu-42 8.75 4.02 2.04*%, 1.90 CYH 2.27, 2.27

Asp-43 7.87 4.35 3.10%, 2.65

Val-44 7.57 3.55 2.25 C'H 1.01, 0.81*

Glu-45 8.50 3.87 2.06, 2.06 C"H 2.41, 2.23

Lys-46 8.29 4.08 1.87, 1.87

His-47 7.77 4.35 3.36*, 3.14 C#H 17.00; C*'H 8.40

Leu-48 7.86 4.12 1.72*, 1.42 C”H 1.67; C*H 0.63, 0.53*

Ala-49 7.68 4.24 1.40

Lys-50 7.80 4.25 1.85,1.75 C"H 1.45, 1.45

Ala-51 7.81 4.10 1.32

2Chemical shifts are reported with respect to 4,4-dimethyl-4-silapentane-1-sulfonate. Stereospecific assignments are denoted as follows: for the
C? methylene protons, the asterisk indicates the H#* proton; for the C* methylene protons of Gly, the asterisk indicates the H*! proton; for the NH,
protons of Asn and Gln, the asterisk indicates the H®! proton that is cis to C? and the H! proton that is cis to C7, respectively; for the methyl
protons of Val and Leu, the asterisk refers to the C”! and C?! methyl group, respectively. ®At 15 °C, pH 5.3, the two methyl resonances of Leu-12
are no longer degenerate and have shifts of 0.86 and 0.76 for the C?2 and C* methyl groups, respectively.

of NOEs, in particular the consecutive stretch of relatively
strong NH(i/)-NH(i+1) NOEs together with the presence of
C*H(i)-CPH(i+3) NOEs and C*H(i)-NH(i+2,3,4) NOEs.

Structure Calculations and Experimental Restraints.
Structures were computed from the experimental NMR data
using the hybrid distance geometry—dynamical simulated an-
nealing method of Nilges et al. (1988a). This makes use of
the program DISGEO (Havel & Wiithrich, 1984; Havel, 1986)
to calculate an initial set of substructures comprising about
one-third of the atoms by projection from n-dimensional
distance space into Cartesian coordinate space, followed by
simulated annealing with all atoms using the program XPLOR
(Briinger et al., 1986; Briinger, 1988). The dynamical sim-
ulated annealing protocol involves minimization of a target
function comprising quadratic harmonic terms for bonds,
angles, improper torsion angles (which relate to planarity and

chirality restraints), a quartic van der Waals repulsion term
for the nonbonded contacts, and square-well quadratic po-
tential terms for interproton distance and torsion angle re-
straints (Nilges et al., 1988a—). No electrostatic, hydro-
gen-bonding, or 6-12 Lennard-Jones van der Waals energy
terms are used in the simulated annealing calculations.
NOEs were identified in the 150-ms NOESY spectra and
classified on the basis of the 50- and 150-ms NOESY spectra
into strong, medium, weak, and very weak, corresponding to
interproton distance restraints of 1.8-2.8, 1.8-3.3, 1.8-5.0, and
2.5-6.0 A, respectively (Williamson et al., 1985; Clore et al.,
1986). Upper limits for nonstereospecifically assigned
methylene protons and methyl protons were corrected ap-
propriately for center averaging (Wiithrich et al., 1983). In
addition, 0.5 A was added to the upper limits of distances
involving methyl protons (Clore et al., 1987; Wagner et al.,
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FIGURE 2: Summary of the short-range NOEs involving the NH, C*H,
and CPH protons, as well as the C°H protons of proline, and of the
3JuNq coupling constants. The C*H(i)-C°H(i+1) NOE is shown as
a hatched box along the same line as the C*H(i)~-NH(i+1) con-
nectivities. The thickness of the lines reflects the intensity of the NOEs.
3Jung less than 6 Hz and greater than 8 Hz are represented as open
and closed circles, respectively. In the case of the Gly residues, with
one 3Jyn, > 8 Hz and the other < 6 Hz, a half-open circle is used.

1987). The minimum ranges employed for the ¢, ¥, and x,
torsion angle restraints derived from the program STEREO-
SEARCH (Nilges et al., 1990) were £30°, £50°, and £20°,
respectively (Kraulis et al., 1989), except for Pro, where a
range of £20° for ¢ was used. All peptide bonds were re-
strained to be trans.

As described in previous structure determinations from this
laboratory (Kraulis et al., 1989; Omichinski et al., 1990;
Forman-Kay et al., 1991; Clore et al., 1990, 1991; Gronenborn
et al., 1991), an iterative strategy was employed by carrying
out a series of successive calculations with more restraints
incorporated at each successive stage. Analysis of the initial
low-resolution (determinancy) structures allowed the identi-
fication of additional interproton distance restraints and ste-
reospecific assignments, as well as verification of the existing
restraints. The final simulated annealing (SA) structures were
calculated on the basis of 630 approximate interproton distance
restraints, made up of 169 sequential (Ji — j| = 1), 102 medium
range (1 < |i — j| £ 5), and 44 long-range (i — j| > 5) in-
terresidue NOEs and 315 intraresidue NOEs and 101 torsion
angle restraints comprising 46 ¢, 35 ¥, and 20 x, angles. (The
complete list of restraints has been deposited in the Brookhaven
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Protein Data Bank together with the coordinates.) The in-
terproton distances include NOEs to 12 stereospecifically
assigned g-methylene protons (out of a total of 33 8-methylene
groups), to the stereospecifically assigned a-methylene protons
of two of the three Gly residues, to the stereospecifically as-
signed methyl groups of the two valine residues, and to the
stereospecifically assigned methyl groups of six (all except
Leu-4) of the seven Leu residues. It should be noted that all
the B-methylene protons that could not be stereospecifically
assigned involve residues with disordered «, side chain torsion
angles, as judged by 3/, coupling constant values of 6-8 Hz.
No hydrogen-bonding restraints were used, as backbone amide
exchange was too fast to observe any NH resonances more
than 2 h after dissolving lyophilized peptide in D,0O.

RESULTS AND DISCUSSION

The Converged Structures. A total of 56 SA structures were
calculated, and superpositions of the backbone atoms are
shown in Figure 3. The structural statistics are summarized
in Table II, and the atomic rms distribution of the individual
structures about the mean coordinate positions as a function
of residue number is shown in Figure 4. All the structures
satisfy the experimental restraints with no interproton distance
or torsion angle violations greater than 0.3 A and 1°, re-
spectively, and the deviations from idealized covalent geometry
are small. In addition, the nonbonded contacts are good as
judged by the calculated Lennard-Jones van der Waals energy,
which has an average value of —~104.0 % 9.7 kcal-mol™!, and
the ¢,y angles of all the residues in the ordered regions of the
structure lie in the allowed regions of the Ramachandran plot.

The precision of the atomic coordinates can be assessed from
the atomic rms distribution about the mean coordinate posi-
tions (cf. Table IT and Figure 4). This shows that the N- and
C-termini are very poorly defined and that the orientation of
the irregular loop from residues 31-38 relative to the main
body of the protein cannot be determined from the present
data. The same picture emerges from the values of the mean
of the angular deviation (Zar, 1986) for the backbone ¢ and
¥ angles. The ordered portion of the structure from 14 ¢ to
31 ¢ and from 38 ¥ to 48 ¢ has a mean ¢, angular deviation
of 15.7° £ 5.1°. Similar low values are obtained when the
regions of regular secondary structure are analyzed individu-
ally. The irregular loop (31 ¢ to 38 ¢), on the other hand,

FIGURE 3; Stereoview showing a best fit superposition of the backbone atoms of the 56 final SA structures (residues 12-48) of the E. coli

E3-binding domain of E2o.
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side-chain atoms as a function of residue number, together with the
mean surface accessibility of each residue. The mean values are
represented as solid circles, and the error bars indicate the standard
deviations in these values.

has a mean ¢, angular deviation of 35.4° £ 12.1°, while the
highly disordered C- and N-termini of the synthetic peptide
(1 ¢ to 13y and 48 Y to 51 ¢) exhibit a mean ¢, angular
deviation of 48.1° % 17.0°.

Description of the Structure. The overall folding topology
of the E3-binding domain of the E. coli E20 chain is illustrated
by the backbone atom superpositions of the individual SA
structures in Figure 3 and by the schematic ribbon drawing

of the restrained minimized mean (SA)r structure in Figure
5. The structure consists of two parallel helices (residues
14-23 and 40-48) at an angle of approximately 25°, two short
extended strands (residues 12-13 and 24-26), a well-ordered
five-residue helix-like turn (26-30), and an irregular and more
disordered loop (residues 31-39). The five-residue turn starts
out with 3, helix character and finishes with type I g-turn
character, as evidenced by the (—60°, =30°) ¢,} angles of
Asp-26 and Ala-27, and the (—90°, —60°) ¢,y angles of Ser-28.
The irregular loop appears to form a finger-like structure,
consisting of two antiparallel extended regions (residues 31-33
and 38-40) with a tight turn at the tip of the finger (residues
34-37). The N-terminal 11-13 residues and the C-terminal
three residues are disordered, as judged by the almost complete
absence of any medium- or long-range NOEs, although it was
possible to obtain 'H resonance assignments for these residues.
It should be noted that the relative disorder of the C- and
N-termini and the irregular loop confirms the dictum that the
precision and accuracy of NMR-derived structures is directly
correlated to the number of restraints (Clore & Gronenborn,
1989, 1991a,b).

Most of the ordered side chains are in the hydrophobic
interior of the structure which consists of Ile-16, Leu-19,
Leu-20, His-23, Leu-25, Ala-27, Ile-30, Leu-39, Val-44, and
perhaps the hydrophobic hydrocarbon chain areas of Arg-41;

Robien et al.

FIGURE 5: Schematic ribbon drawing of the restrained minimized

mean {§K)r structure. Side chains of conserved charged residues are
also shown. This schematic was produced with the program MOLSCRIPT
(Kraulis, 1991).

of these residues, Leu-19, His-23, Ala-27, and Arg-41 are more
peripherally situated around the hydrophobic core (Figure 6).
The majority of the remaining side chains are disordered
around ¥, as judged by *J,4 coupling constant values of 6-8
Hz, consistent with their high surface exposure (Figure 4).

Comparison of the E3-Binding Domain of E20 with Those
of Other E2 Sequences: Predictions of Structural Features.
An alignment of the amino acid sequences of the E3-binding
domains of the E20, E2p, and E2b chains from several eu-
karyotic and prokaryotic species is shown in Figure 7. These
sequences are aligned relative to the E. coli E20 sequence in
such a manner as to give strict sequence identity at the N-
termini of the two helices and similarity at positions close to
the C-termini of the two helices.

Comparison of the aligned sequences reveals several residues
that are either absolutely conserved or highly conserved. Four
patterns emerge from a consideration of the aligned sequence
and the structure.

The hydrophobic core, including the interhelical contacts,
is quite highly conserved in all the sequences shown. Thus,
in all the sequences presented, there are hydrophobic residues
at the positions corresponding to Ile-16, Leu-20, Leu-25,
Ala-27, Ile-30, Leu-39, and Val-44. Given their lack of surface
accessibility (cf. Figure 4) and the observation that they
constitute the hydrophobic interhelical contacts between helices
I and II (Figure 6), it seems likely that they play a crucial role
in determining and stabilizing the polypeptide fold.

There is sequence conservation at the positions corre-
sponding to those residues which have positive ¢ angles in tight
turns. Gly and Asn are the two amino acids that are most
commonly found in these positions with positive ¢ angles
(Richardson, 1981); 13 of the 15 sequences have a Gly or an
Asn at residue 24 in the tight turn following helix I. The other
tight turn which is located at the tip of the irregular loop has
an absolutely conserved Gly at position 37 in all the sequences
listed.

Proline, which can be regarded as a structurally restrictive
amino acid, occurs at position 14 in the E. coli E3-binding
domain and is also absolutely conserved in all the sequences
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Table II: Structural Statistics and Atomic rms Differences®

(A) Structural Statistics

(SA) (SA)r

rms deviations from experimental distance restraints (A)?

all (630) 0.005 £ 0.003 - 0.002

interresidue sequential (Ji - j| = 1) (169) 0.005 £ 0.004 0.002

interresidue medium range (1 < |/ - j| < 5) (102) 0.005 £ 0.004 0.001

interresidue long range (|i — j| > 5) (44) 0.004 = 0.003 0.004

intraresidue (315) 0.003 = 0.005 0.001
rms deviations from experimental dihedral restraints (deg) (110)%° 0.105 = 0.009 0.004
Fyoe (keal'mol™')4 0.632 % 0.745 0.766
F,y (kcal-mol™!)4 0.014 £ 0.014 0.000
Fepet (kcal'mol )4 3.293 + 0.981 2.714
Ep_y (kcal-mol™)* -920+8.7 -101.7
deviations from idealized covalent geometry

bonds (&) (779) 0.003 £ 0.000 0.003

angle (deg) (1409) 1.675 £ 0.003 1.675

improper (deg) (278) 0.468 £ 0.006 0.476

(B) Atomic rms Differences (A)

residues 12-48

residues 14-30 and 39-47

all excluding

all excluding

disordered side disordered side
backbone atoms all atoms chains# backbone atoms all atoms chains#
(SA) vsSA_ 1.24 £ 0.36 1.68 % 0.32 1.33 + 0.34 0.77 £ 0.23 1.55 = 0.26 0.89 £ 0.22
(S_A) vs (S_A)r 1.31 £ 0.36 1.81 £ 0.33 1.42 £ 0.34 0.80 £ 0.23 1.73 £ 0.26 0.94 £ 0.22
(SA)r vs SA 0.42 0.69 0.50 0.22 0.77 0.30

aThe notation of the structures is as follows: (SA) are the 56 final simulated annealing structures; SA is the mean structure obtained by averaging
the coordinates of residues 14-30 and 39-47 of the individual 56 SA structures best fitted to each other; (SA)r is the restrained minimized structure

obtained by restrained minimization of SA (Nilges et al., 1988a). The number of terms for the various restraints is given in parentheses. *None of
the structures exhibited interproton distance violations greater than 0.3 A or dihedral angle violations greater than 1°. ¢The torsion angle restraints
comprise 46 ¢, 35 ¢, and 20 x, angles. “The values of the square-well NOE and torsion angle potentials [cf. eqs 2 and 3 of Clore et al. (1986)] are
calculated with force constants of 50 kcal-mol™-A-2 and 200 kcal'molrad2, respectively. The value of the quartic van der Waals repulsion term
([cf. eq 5 in Nilges et al. (1988a)] is calculated with a force constant of 4 kcal-mol-'-A~ with the hard-sphere van der Waals radii set to 0.8 times
their standard values used in the CHARMM empirical energy function (Brooks et al., 1983). ¢E;_;is the Lennard-Jones 6—12 van der Waals energy
calculated with the CHARMM empirical energy function (Brooks et al., 1983). It is not included in the target function for simulated annealing and
minimization. /The improper torsion terms serve to maintain planarity and chirality; they also maintain the peptide bond of all residues in the trans
conformation. £The side-chain heavy atoms from the C” position onward are excluded for Ser-13, Asn-24, Asp-26, Ser-28, Glu-45, and Lys-46 and
from the C? position onward for Arg-17, Arg-18, Glu-22, Arg-41, Glu-42, and Asp-43.

Ha7

H23

'
L20
L38

<K

FIGURE 6: Stereoview of side chains in the hydrophobic core of the E3-binding domain of E2o.

shown. Proline commonly occurs at the N-termini of helices,
so that Pro-14 may serve as an N-terminal boundary to further
extension of helix I. In addition, it seems that the region from
Leu-12 to Pro-14 represents the N-terminal boundary of the
well-ordered E3-binding domain, as suggested both by the
current structural data and by the high frequency of certain
amino acids (Ala, Pro, GIx) characteristic of the interdomain
flexible regions (Perham & Packman, 1989) in the other E2
sequences at the positions corresponding to the 11 disordered
residues at the N-terminus. The only other position in which
there is a preponderance of Pro in the aligned sequences is at
position 35, which corresponds to the tip of the irregular loop.
Interestingly, the mean ¢ angle found in the calculated
structures for Val-35 is —62.9° and is relatively well-defined,
with a mean angular deviation of only 16°; thus, the ¢ angle

of Val-35 is compatible with the restricted ¢ angle found for
prolines (Richardson, 1981), suggesting that a Pro at position
35 may adopt a similar conformation in this irregular loop.

Many of the most conservatively substituted residues are
residues with basic or acidic side chains (Figure 7), most of
which have substantial surface accessibility in the structure
(Figure 4). Four positions are predominantly occupied by
positively charged residues and two by negatively charged
residues; these are the positions corresponding to Arg-17,
Arg-18, Arg-38, Arg-41, Glu-22, and Asp-43. Of the charged
residues, Arg-17, Arg-38, and Asp-43 are the most strictly
conserved, with only the unusual protein component X se-
quence having a nonconservative Argl7 — Alal7 substitution.
Although Asp-43 is absolutely conserved, it is the only charged
residue in the structure which has a relatively low solvent
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2-0GDH 01 - - - -[EIRRMLAEENLDASAIKETGVG[GRIL TREDV
02 ----SARKLAREKGIDL]S 0[V]p T G D|P|L|G R|V R[K[Q]D V
03 --- E[NA|Z[A2DSs I T[6 T G|K GG R|V TR E D[A
PDH Pl --- N[E]A K[V]X|G TG|R KGRI LR|EDV
P2 - - - RKﬂAREKGVDIRKVTGSGNNGRVVKEDI
P3 - - - REYJAREKGV[DIRLV[OGTGKNGRV[LKEDI
P4 --- ROILARE[FGVEL|AAINSTGP|RIGRILKEDYV
PS - - - K T I1A[LJE K G I|S|L|K D[V]H[G T G B|R K[AD I
P6 - - - KR[LAREKGIDLRNV[X|G S G PG EDV
P7 --- K[KLA[REK G IDL|T Q[V|K|G T GP|E DI
P8 --- KR LAJVIEK G IDL|T QV|X|G TGE|D K|K|D I

Robien et al.

PDH-X1 X1

BC-2CADH Bl ----[AVRE|RAILD A

SVSLLLAENNISKQKALKEIAPSG|SN

ELRYVHGSGPAGRILEDLD
AVRR|ILAME|NN[IKILISE|VIIGSGKDIGRILKEDI|LN|YL
AV R|R|L AJM|E|N N{I;K|L

SEVVIGSGKDIGRILEEDI|ILN

=i

FIGURE 7: Aligned E3-binding domain sequences of E20, E2p, E2b, and protein component X from several prokaryotic and eukaryotic species.
01, E. coli E20 (Spencer et al., 1984); O2, Bacillus subtilis E20 (Carlsson & Hederstedt, 1989); O3, A. vinelandii E20 (Westphal & de Kok,
1990); P1, E. coli E2p (Stephens et al., 1983); P2, B. subtilis E2p (Hemila et al,, 1990); P3, Bacillus stearothermophilus E2p (Packman et
al., 1988); P4, A. vinelandii E2p (Hanemaaijer et al., 1987); PS5, S. cerevisiae E2p (Niu et al., 1988); P6, Neurospora crassa MRP3 (believed
to be an E2 unit, possibly of PDH, from N, crassa mitochondrion) (Russel & Guest, 1991); P7, rat E2p (Gershwin et al., 1987); P8, human
liver E2p (Thekkumkara et al., 1988); X1, S. cerevisiae protein component X (Behal et al., 1989); B1, Ps. putida E2b (Burns et al., 1988);

B2 and B3, bovine and human E2b (Lau et al., 1988).

accessibility (19.6 £ 7.2%) in the calculated structure and
clearly plays a role in stabilizing the structure through potential
hydrogen bonds between its side-chain carboxylate and the
backbone amides of Thr-33 and Thr-40, as well as the side-
chain hydroxyl group of Thr-40 (Figure 5).

The remaining positions of the E3-binding domain are not
conserved in the 15 sequences shown. Since these residues,
however, have generally high surface accessibilities (Figure
4), they probably do not play a critical role in determining the
polypeptide fold or the structure of the E2-E3 interface of the
2-0xo acid dehydrogenase complexes.

The high identity and sequence similarity in the aligned
sequences is generally in agreement with other reports of
alignment of the entire E2 chain. The initial report of the
Pseudomonas putida E2b sequence, however, indicated no
significant similarity between the E3-binding domain of Ps.
putida E2b and E. coli E20 or E2p (Burns et al.,, 1988). On
the basis of the present structure determination, we suggest
that the correct alignment should be E. coli E20 (115-149),
E. coli E2p (330-364), and Ps. putida (139-174), as proposed
recently by Russel and Guest (1991). The current alignment
shown in Figure 7 provides a cautionary example of the po-
tential instabilities of sequence alignment algorithms, partic-
ularly when not based on three-dimensional experimental
structures.

Implications for the Nature of the E3-E2 Interface. A few
general criteria for assessing which residues are likely to be
important participants in the E2-E3 interface can be advanced.
First, the residues of the E3-binding domain which interact
with E3 should have highly solvent-accessible side chains and
are likely to occur in areas of high similarity in the aligned
sequences. Second, as in general only one E3 chain for all
2-0x0 acid dehydrogenases is produced within a single or-
ganism, it is likely that the contact residues are conserved in
pairs of E2 chains from the same species. Third, it seems
reasonable to suggest that electrostatic interactions (salt
bridges and/or hydrogen bonds) are likely to be particularly
prominent features of the E2-E3 interface. Fourth, the contact
residues should form an approximately contiguous surface on
the protein. On this basis, we suggest that the front surface
of the two helices, in the view depicted in Figure 5, may be
involved in the contact site through the conserved charged side
chains: namely, Arg-17, Arg-18, and Glu-22 in helix I, Arg-38

at the end of the irregular loop leading into helix II, and
Arg-41 and Glu-42 in helix II. Direct experimental analysis
of the areas of contact between E3 and the E3-binding domain
can now be undertaken to test this and other possibilities.

Registry No. E2o, 9032-28-4; E3, 9001-18-7; Elo, 9031-02-1;
51-residue synthetic peptide, 139375-81-8.
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