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ABSTRACT: Deletion of two of the three homologous lipoyl domains that form the N-terminal half of each
dihydrolipoamide acetyltransferase (E2p) polypeptide chain of the Escherichia coli pyruvate dehydrogenase
complex can be achieved by in vitro deletion in the structural gene aceF. A site-directed mutagenesis of
this shortened aceF gene was carried out to replace the glutamine residue at position 291 (wild-type
numbering) with a histidine residue. Residue 291 is near the middle of a long segment (about 30 amino
acid residues) of polypeptide chain, rich in alanine, proline, and charged amino acids, that links the remaining
lipoyl domain to the dihydrolipoamide dehydrogenase (E3) binding domain in the E2p chain. A fully active
enzyme complex was still assembled, and despite the enormous size of the particle (M, approximately 4
X 10%), sharp resonances attributable to the single new histidine residue per E2p chain could be detected
in the 400-MHz 'H NMR spectrum of the complex. The sharpness of these resonances, their chemical
shifts (7.94 and 7.05 ppm), and the apparent pK, (6.4) of the side chain were all consistent with this histidine
residue being exposed to solvent in a conformationally flexible region of the E2p polypeptide chain. These
experiments provide direct proof for the conformational flexibility of this region of polypeptide chain, which
is thought to play an important part in the movement of the lipoyl domain required for active site coupling
in the enzyme complex. The major sharp resonance (at 1.39 ppm) in the 400-MHz 'H NMR spectrum
of the mutated complex, which is derived from the 8-CH; protons of alanine residues in the long (alanine
+ proline)-rich region of the E2p chain, was somewhat smaller than expected, suggesting that the insertion
of the histidine residue at position 291 had diminished the flexibility of some at least of the alanine residues
in this segment of polypeptide chain. Another sharp peak (at 1.52 ppm) was also clearly visible in the
spectrum, tentatively attributed to a smaller (alanine + proline)-rich region in the E2p chain at positions
370-377. This could provide for conformational flexibility between the E3-binding domain and the catalytic
(and inner core forming) domain of the E2p chain, which may also be contributing to the mechanism of

289

Site-Directed Mutagenesis and 'H NMR Spectroscopy of an Interdomain Segment

Department of Biochemistry, University of Cambridge, Tennis Court Road, Cambridge CB2 1QW, England, and Department of

active site coupling in the complex.

’Ee structural core of the pyruvate dehydrogenase multi-
enzyme (PDH) complex of Escherichia coli is composed of
24 dihydrolipoyl acetyltransferase (E2p, EC 2.3.1.2) poly-
peptide chains arranged with octahedral symmetry. To this
are bound multiple copies of pyruvate decarboxylase [pyruvate
dehydrogenase (lipoamide), Elp, EC 1.2.4.1] and dihydro-
lipoamide dehydrogenase (E3, EC 1.8.1.4, formerly EC
1.6.4.3) subunits. The lipoyllysine residues, which act as
swinging arms to transfer substrate between successive active
sites in the mechanism, are housed in lipoyl domains of the
E2p chains that protrude between the E1p and E3 components
[for reviews, see Reed (1974) and Perham (1983)].

The complex is encoded by three genes, aceE (Elp), aceF
(E2p), and Ipd (E3), which form the aceEF-Ipd operon, the
complete DNA sequence of which is known (Stephens et al.,
1983a~c). The N-terminal half of the E2p polypeptide chain
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(Stephens et al., 1983b) comprises three highly homologous
lipoyl domains, each of about 80 amino acid residues, in
tandem array. These can be released by limited proteolysis
of the complex (Bleile et al., 1979; Hale & Perham, 1979a)
and recovered as three independently folded entities that retain
their function as substrates for reductive acetylation by Elp
(Packman et al., 1984). The lipoyl domains are separated from
each other and linked to a further domain, which consists of
about 50 residues and is intimately involved in binding the E3
component (Packman & Perham, 1986), by means of long
segments (20-30 amino acids) of polypeptide chain rich in
alanine, proline, and charged amino acid residues (Stephens
et al., 1983b). The E3-binding domain is in turn linked to the
remainder of the E2p chain by a somewhat similar but shorter
and less conspicuous sequence (Stephens et al., 1983b; Pack-
man & Perham, 1986, 1987). The C-terminal portion (M,
28 000) of the E2p chain is currently envisaged as a larger
domain which is responsible for binding E1p and other E2p
chains as well as providing the acetyltransferase active site
(Packman & Perham, 1987; Radford et al., 1987).
Genetic reconstruction of the aceF gene has demonstrated
that the overall catalytic activity of the PDH complex and the
system of active site coupling are not detectably affected by
the removal of one or even two lipoyl domains per E2p chain
(Guest et al., 1985). The complex encoded by plasmid
pGS110, in which each E2p chain contains only one lipoyl
domain (Figure 1), is thus a structurally simpler and con-
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FIGURE 1: Amino acid sequence of the pGS110-encoded E2p chain of the E. coli PDH complex inferred from the DNA sequence of the aceF
structural gene (Stephens et al., 1983b; Guest et al., 1985). The residue numbering is that of the wild-type E2p chain (Stephens et al., 1983b).
The covalently bound lipoyl group is indicated (®), and the (alanine + proline)-rich regions are underlined. The cleavage sites expected for
limited proteolysis with trypsin (T) and S. aureus V8 proteinase (V) are taken from Packman and Perham (1987). The amino acid sequence
of the pGS156-encoded complex is identical except that residues 284-295 are deleted. The residue GIn-291 (marked with an arrow) was changed

to a histidine residue in the pGS178-encoded complex.

venient system for further study. For example, it has been
found that the complex encoded by plasmid pGS156, in which
a deletion of 12 residues (positions 284-295) has been engi-
neered in the long (alanine + proline)-rich segment that links
the single lipoyl domain to the E3-binding domain (Figure 1),
is also without detectable change in catalytic activity or active
site coupling (Miles et al., 1987).

Active site coupling in the complex involves movement of
the lipoyl domains (Berman et al., 1981; Stepp et al., 1981),
and strong evidence in favor of the existence of conforma-
tionally flexible regions in the E2p chains has come from 'H
NMR spectroscopy (Perham et al., 1981; Roberts et al., 1983).
A major source of the unusually sharp signals seen in the 'H
NMR spectrum of the complex is thought to be the three long
(alanine + proline)-rich sequences which link the lipoyl do-
mains to each other and to the E3-binding domain (Spencer
et al., 1984; Packman et al., 1984; Radford et al., 1986, 1987).
In addition, there is evidence that other sharp signals in the
'H NMR spectrum of the complex may arise from the shorter
(alanine + proline)-rich segment of E2p chain which tethers
the E3-binding domain to the catalytic domain (Radford et
al., 1987).

In the present paper we describe a site-directed mutagenesis
of the pGS110-encoded complex that replaces the glutamine
residue at position 291 in the E2p chain (Figure 1) with a
histidine residue. Histidine was chosen because it has two
characteristic resonances located in the aromatic region of the
'H NMR spectrum (Jardetzky & Roberts, 1981), a region
conveniently devoid of sharp signals in the 'H NMR spectra
of the wild-type and pGS110-encoded E. coli PDH complexes
(Perham et al., 1981; Radford et al., 1987). A typical complex
(M, approximately 4 X 10%) was found to be assembled and
to be fully active. Despite the enormous size of the particle,
resonances arising from the single new histidine residue per
E2p chain could be detected in the 400-MHz 'H NMR
spectrum of the complex. This provides formal proof that the
peptide chain surrounding the histidine residue is conforma-
tionally flexible and has enabled us to study the long (alanine
+ proline)-rich region directly. It is likely that such use of
protein engineering techniques could find widespread appli-
cation in studies of conformational flexibility in proteins.

MATERIALS AND METHODS

Materials. Restriction endonucleases, T, DNA ligase, T,
polynucleotide kinase, and DNA polymerase (Klenow frag-

ment) were purchased from Bethesda Research Laboratories
and Boehringer Corp. The 17-mer “universal” primer was
from Celltech, and the remaining sequencing primers were
either gifts from G. D. Searle Ltd., ICI Pharmaceuticals plc,
and New Brunswick Instrument Corp. or were synthesized on
an Applied Biosystems 381 A machine. «-[*S]Thio-dATP and
[2-*C]pyruvate were supplied by New England Nuclear, and
[y-*?PJATP was from Amersham International. Soybean
trypsin inhibitor and 3-(trimethylsilyl)-2,2,3,3-tetradeuterio-
propionic acid (TSP) were obtained from BDH Biochemicals.
Trypsin [ N*-tosylphenylalanine chloromethyl ketone (TPCK)
treated] was purchased from Worthington, and Staphylo-
coccus aureus V8 proteinase was from Miles Laboratories.
Deuterium oxide (99.8%) was a product of Norsk Hydro.

E. coli Strains, Plasmids, and Bacteriophages. The PDH
complex deletion strain, JRG1342 (aceEF-Ipd ArecA), used
for nutritional complementation tests and to provide a suitable
background for mutant PDH complex expression, has been
described by Guest et al. (1985). Strains JM101, for propa-
gating M13 phages, and BMH71-18mutL, for improving
mutagenic frequency, have been described elsewhere (Messing,
1979; Kramer et al., 1984). Plasmid pGS110, which expresses
the “one-lipoyl domain” PDH complex, has also been described
previously (Guest et al., 1985). Bacteriophages M13mpl18 and
M13mpl9 were from Pharmacia P-L Biochemicals.

Oligonucleotide-Directed Mutagenesis. The 17-mer oli-
gonucleotidle GCGAAACACGAAGCGGC (S5) was syn-
thesized by the phosphotriester method (Sproat & Gait, 1984)
and purified by denaturing gel electrophoresis (Atkinson &
Smith, 1984). The “two-primer extension plus ligation” me-
thod (Zoller & Smith, 1984) was used for mutagenesis with
primer S5 and the universal (17-mer) sequencing primer. The
products of the mutagenesis reaction were used to transfect
BMH?71-18mutL, but the plaques were generated by plating
in a lawn of JM101 to avoid unnecessary exposure of the
phages to the mutator strain (Carter et al., 1985). Mutant
phages were identified by the dot-hybridization procedure
using *’P-labeled mutagenic primer as a probe (Zoller &
Smith, 1983).

Cassette Replacement. A cassette-replacement method was
used, transferring the mutation from M13 to a plasmid for
expression of the novel PDH complex. The 1.68 kilobase pair
(kbp) Kpnl-Sphl fragment of pGS110 was replaced by a
double-stranded DNA fragment prepared from the mutant
M13 clone by primer extension (Hong, 1981) according to the
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FIGURE 2: Cassette-replacement approach to in vitro mutagenesis of
the aceF’ gene. Plasmid pGS110 contains an ace-Ipd operon with
a mutant agceF gene (aceF’) encoding the E2p-110 chain with only
one lipoyl segment (stippled bar) and (alanine + proline)-rich sequence
(solid bar); the E1p and E3 components are wild type. The 1.68-kbp
Kpnl-Sphl fragment (Kp-Sp) was subcloned into M13mp19 to give
mpl9KSI. The remaining 11.5-kbp fragment served as the receptor
for recloning the mutant fragment. After primer extension across
the mutation, the Kpnl-Sphl fragment was recloned to give a
pGS110-like derivative plasmid, pGS178.

mploKST Mutate

procedure of Miles and Guest (1987). The newly synthesized
DNA was restricted with Kpnl plus Sphl and the relevant
fragment cloned into the gel-purified receptor fragment of
pGS110 according to standard procedures (Figure 2).

Plasmid Characterization. Small-scale plasmid preparations
were made according to Birnboim and Doly (1979). The
procedures used for digestion with restriction endonucleases
and agarose gel electrophoresis have been described (Guest
et al, 1983). Plasmid dot-blots were prepared using the
denaturation/neutralization procedure of Maniatis et al.
(1982), and the mutant plasmids were identified by using the
same hybridization and washing procedure as for the M13
clones.

Nucleotide Sequence Analysis. Single-stranded M13
templates were prepared and sequenced by the dideoxy
chain-termination method using a-{>’S]thio-d ATP and salt-
gradient gels (Sanger et al., 1980; Biggin et al., 1983). A series
of synthetic oligonucleotides was used to confirm the sequence
of the 1.68-kbp KpnI-Sphl fragment (Figure 3).

Nutritional Complementation Tests. The Ace+/- and
lpd+/— nutritional phenotypes of plasmid-containing trans-
formants of JRG1342 were tested by the method of Guest et
al. (1985).
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Enzyme Purification and Characterization. The pGS110-
and pGS178-encoded complexes were purified by the method
of Danson et al. (1979), as modified by Guest et al. (1985).
PDH complex activity was measured by the NAD*-reduction
assay (Packman et al., 1983). Polypeptide chain ratios
(E1p:E2p:E3) were measured by using the radioamidination
method of Hale and Perham (1979b), at pH 10.0. To assess
the extent of active site coupling, samples were prepared in
which the E1p component was partly inhibited by the tran-
sition-state analogue thiamin thiothiazolone pyrophosphate
(Gutowski & Lienhard, 1976). For each sample the proportion
of the E2p component acetylated by incubation with [2-
C]pyruvate, at 37 °C, in the absence of coenzyme A, was
then determined to generate an acetylation curve (Packman
et al., 1983).

Limited Proteolysis. The pGS110- and pGS178-encoded
complexes [5 mg/mL in 20 mM sodium phosphate buffer, pH
7.0, containing 2.7 mM ethylenediaminetetraacetic acid
(EDTA) and 0.02% NaN,] were digested at 0 °C with trypsin
(0.5% w/w) or S. aureus V8 proteinase (0.5% w/w), as de-
scribed by Packman et al. (1984). At various times, samples
were removed and assayed for PDH activity, and others were
taken and examined by polyacrylamide gel electrophoresis in
the presence and absence of sodium dodecyl sulfate (SDS)
(Packman et al., 1984).

'H NMR Spectroscopy. Samples for '"H NMR spectros-
copy were dialyzed exhaustively against 2H,O buffer con-
taining 20 mM potassium phosphate, 2.7 mM EDTA, and
0.02% NaN,, p*H 7.0. 'H NMR spectra were obtained at
400 MHz with a Bruker AM400 spectrometer, using a 10-kHz
spectral width and a 90° pulse. The sample temperature was
ca. 25 °C. Before Fourier transformation, the free induction
decay was multiplied by a negative exponential corresponding
to a line broadening of 2 Hz. Chemical shifts are expressed
relative to internal TSP. Spin-echo spectra were obtained by
using the pulse sequence

(90°—+-180°—t—acquire-T),

where the variable delay ¢ was 0.5 ms and the relaxation delay
T was 10 s (equivalent to 57 of the methyl protons of TSP).
The intensity of the peaks was evaluated by cutting them out
from chart paper and comparing the weight of the peaks with
that of a peak arising from a known concentration of TSP.

’
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5'=GCAGCGCCTGCGGCAGCTCCTGCGAARCAGGAAGCGGCAGCGCCGGCACCGGTAGCARAAGCTGAAGCCCTIGGCAGCAGCAT
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FIGURE 3: GIn-291 — His mutation of the pGS110-encoded E2p chain. The 1.68-kbp Kpnl-Sphl (Kp-Sp) fragment of pGS110 is represented
by a solid line. It encodes a C-terminal portion of Elp and an N-terminal portion of E2p-110 containing the lipoyl domain (stippled bar),
the (alanine + proline)-rich sequence (solid bar), and the E3-binding domain (open bar). The nucleotide sequence and the 32 residues of the
(alanine + proline)-rich sequence are numbered according to Stephens et al. (1983a,b). The 17-mer mutagenic primer S5 was used to direct
the mutation of the GIn-291 codon (CAG) to CAC, the preferred codon for histidine. Synthetic primers, used for resequencing the mutant
Kpnl-Sphl fragment, are shown as horizontal arrows; a rightward orientation indicates priming on the XpnI-Sphl fragment when cloned in

M13mpl9 and leftward when in M13mpl8.
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To determine the pK, of the histidine residue (His-291) in
the pGS178-encoded complex, the p*H of the sample (77
mg/mL in the 2H,O buffer described above) was adjusted by
small additions of either 2.7 M 2HClI or 0.75 M NaO?H, and
spectra were recorded as already described. The p*H of the
solution was measured directly in the NMR tube by using a
5 mm diameter electrode, and the values recorded were un-
corrected meter readings.

Preparation of the Tryptic Core of the pGS178-Encoded
Complex for '"H NMR Studies. The pGS178-encoded com-
plex (20 mg, 26 mg/mL in 20 mM sodium phosphate buffer,
pH 7.0, containing 2.7 mM EDTA and 0.02% NaN3;) was
incubated with trypsin (0.1% w/w) at 0 °C. When the cat-
alytic activity of the complex had fallen to less than 5% of its
original value, the digestion was arrested by adding a tenfold
excess (w/w over trypsin) of soyabean trypsin inhibitor. The
tryptic core of the complex was then purified by gel filtration
on a Superose 12 column in S0 mM sodium phosphate buffer,
pH 7.0, containing 2.7 mM EDTA and 0.02% NaN,. The
protein that emerged at the void volume of the column was
collected, diluted twofold with 2.7 mM EDTA, and concen-
trated by ultracentrifugation (122000g for 3 h). The protein
pellet was resuspended in the 20 mM 2H,0 buffer described
above and dialyzed exhaustively against the same buffer.

RESULTS

Gin-291 — His Mutation in the E2p Chain of the
pGS110-Encoded Complex. In order to provide an amino acid
residue in the long (alanine + proline)-rich sequence of the
pGS110-encoded E2p chain whose side chain would give rise
to signals that might be distinguished in the aromatic region
of the 'H NMR spectrum of the intact complex, it was decided
to substitute histidine for glutamine at position 291 (Figure
1). Glutamine-291 was selected because it could be changed
to an aromatic yet polar amino acid, histidine, by a single point
mutation in the aceF gene.

The PDH complex is expressed from two transcripts, one
encoding the Elp and E2p components (aceEF; —4600 nu-
cleotides) and the other encoding all three components
(aceEF-Ipd; ~6400 nucleotides) (Spencer & Guest, 1985).
This regulatory organization of the PDH complex genes ne-
cessitates the manipulation of the entire 6.4-kbp aceEF-Ipd
operon in protein engineering studies. However, because the
operon is too large for stable cloning in bacteriophage M13,
a cassette-replacement approach was adopted for mutagenesis
of the PDH complex (Figure 2). The unique 1.68-kbp
Kpnl-Sphl fragment from pGS110 was cloned into M13mp19
to produce a recombinant phage (mp19KS1) containing the
3’ end of the aceE (Elp) gene and a 5 portion of the aceF’
(E2p-110) gene encoding the lipoyl domain and long (alanine
+ proline)-rich segment (Stephens et al., 1983a,b; Figures 2
and 3). This derivative is therefore ideally suited for use as
the template in mutagenesis in experiments designed to in-
vestigate the (alanine + proline)-rich sequence.

The 17-mer oligonucleotide GCGAAACAC*GAAGCGGC
(S5) is complementary to positions 4651-4667 in the aceF’
gene cloned in mp19KS1 (Figure 3), except for a single C-C
mismatch (*) at position 4659. It directs the mutation of the
GIn-291 codon (CAG) to CAC, the preferred codon for his-
tidine in E. coli (Grosjean & Fiers, 1982). A computer search
of the mp19KS1 sequence using SEQFIT (Staden, 1977) re-
vealed no potential hybridization sites except the one of in-
terest.

Following mutagenesis with the S5 and universal primers,
some 36 derivatives of mp19KS1 were tested by the dot-hy-
bridization procedure. All gave positive signals at 20 °C, but
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only three gave signals after washing at their estimated 7
(Wallace et al., 1981) of 58 °C. The putative mutants were
reprobed after plaque purification, and all were found to
contain the desired mutation when partially sequenced by using
the 16-mer primer (S4; Figure 3).

The mutant 1.68-kbp Kpnl-Sphl fragment was transferred
to the gel-purified 11.5-kbp receptor fragment of pGS110
(Figure 2). Because there is no phenotypic selection for the
mutation, the restructured plasmids were probed with the
mutagenic primer (S5): those containing the desired mutation
hybridized at 58 °C whereas pGS110 did not. A representative
mutant plasmid, designated pGS178, was characterized by
restriction analysis with HindII1, Kpnl, Nrul, and Sphl and
by sequencing the entire 1.68-kbp fragment after recloning
in M13mp18 (Figure 3). The restriction patterns were in-
distinguishable from those of pGS110, and no mutations other
than the desired G — C change at position 4659 were found.
It was concluded that pGS178 contains an ace-/pd operon
encoding an E2p-110 chain in which GIn-291 is replaced by
a histidine residue.

Functional Characterization of the Mutation. The gross
functional consequences of the GIn-291 — His mutation were
investigated by transforming an aceEF-ipd deletion strain
(JRG1342) with pGS178 and testing the transformants on a
variety of selective media (Guest et al., 1985). These showed
that pGS178 is indistinguishable from pGS110 in its ability
to complement the ace and Ipd lesions and indicated that
pGS178 expresses a functional PDH complex.

Characterization of the pGS178-Encoded Complex. The
pGS178-encoded complex was purified as described under
Materials and Methods. When examined by SDS-poly-
acrylamide gel electrophoresis (Figure 4a), the complex ap-
peared identical with the pGS110-encoded complex as would
be expected if the two complexes differ by only a single amino
acid residue in E2p. The specific catalytic activity of the
pGS178-encoded complex was 29 umol/(min-mg), which is
similar to that [23~30 umol/(min-mg)] of the pGS110-encoded
complex (Guest et al., 1985).

Substitution of His-291 into E2p did not prevent the ag-
gregation of the Elp, E2p, and E3 subunits into a large
macromolecular structure, as evidenced by the emergence of
the complex at the usual void volume during gel filtration on
Sepharose 6B. This is consistent with the fact that the binding
sites for Elp, E2p, and E3 are located in the C-terminal half
of E2p (between residues 317 and 619) (Packman et al., 1984).
The polypeptide chain ratios (E1p:E2p:E3) of the pGS110-
and pGS178-encoded complexes were found to be 0.8:1:0.9
and 0.9:1:1.2, respectively.

The intramolecular coupling of active sites in the pGS110-
and pGS178-encoded complexes was also assayed (data not
shown). The acetylation curves of the two complexes were
found to be indistinguishable, and since the departure of this
curve from linearity measures the extent of active site coupling
in a complex (Packman et al., 1983), it is evident that in both
complexes probably all 24 E2p chains can participate in
transacetylation reactions. The substitution of His-291 into
the E2p chain evidently does not disrupt the assembly, the
catalytic activity, or the system of the active site coupling in
the enzyme complex.

Limited Proteolysis. The E2p chain in the PDH complex
is highly susceptible to proteolysis and is rapidly cleaved with
S. aureus V8 proteinase and with trypsin, the cleavage sites
for which have been mapped (Packman et al., 1984; Packman
& Perham, 1987). Since many of these sites (Lys-301,
Lys-312, and Lys-316 for trypsin; Glu-292 and Glu-318 for
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FIGURE 4: SDS-polyacrylamide gel electrophoresis of the pGS110- and pGS178-encoded PDH complexes and the products of their limited

proteolysis with trypsin and S. aureus V8

(a) Examination of the pGS110- and pGS178-encoded PDH complexes by SDS—polyacrylamide

gel electrophoresis (20% T, 0.3% C). The gel was stained with Coomassie Blue. (b) Each complex was treated with trypsin (T) and S. aureus
V8 proteinase (V), as described under Materials and Methods. The products of digestion were examined by SDS-polyacrylamide gel electrophoresis
(27% T, 0.3% C). The gel was stained with Coomassie Blue. In this gel system, the E2p and E3 bands are not resolved. The fragment of
M, ca. 45000 present in the digest of the pGS178-encoded complex with S. aureus V8 proteinase probably arises from the Elp subunit.

S. aureus V8 proteinase) are clustered between residues 292
and 316 of E2p (wild-type numbering), the effect of substi-
tuting a histidine at residue 291 in E2p was examined.
Tryptic digestion of the pGS110- and pGS178-encoded
complexes, as described under Materials and Methods, pro-
ceeded at the same rate. Examination of the products of
digestion by SDS—polyacrylamide gel electrophoresis (Figure
4b) revealed that cleavage of the pGS178-E2p chain had
occurred at all the expected sites, releasing residual fragments
of E2p of the appropriate size (36.5, 35.5, and 35.0 kDa for
cleavage at Lys-301, Lys-312, and Lys-316, respectively). As
expected, the lipoyl domains released from the pGS110- and
pGS178-E2p chains did not differ in size (data not shown).

Similarly, cleavage of the two complexes with S. aureus V8
proteinase occurred at similar rates (even though the histidine
residue lies immediately adjacent to the cleavage site at
Glu-292). Cleavage took place at both Glu-292 and Glu-318,
as judged by the release of fragments of molecular mass 37.2
and 34.5 kDa (Figure 4b), respectively, and of lipoyl domains
of the same apparent size (data not shown).

'H NMR Spectroscopy of the pGS178-Encoded Complex.
The aromatic region (ca. 6-9 ppm) of the '"H NMR spectra
of the pGS110- and pGS178-encoded complexes are shown
in Figure 5 (panel A). Whereas the wild-type complex
(Perham et al., 1981) and the pGS110-encoded complex
display no sharp signals in this region of the spectrum, the
spectrum of the pGS178-encoded complex contains two new
sharp peaks (at 7.94 and 7.05 ppm). It is tempting to suppose
that these signals arise from the histidine residue that has been
engineered into the (alanine + proline)-rich region of the
pGS110-encoded E2p chain. The chemical shifts of these two
peaks correspond closely to the shifts expected for the C2 and
C4 protons (8.12 and 7.14 ppm, respectively) of histidine
residues in small peptides (Jardetzky & Roberts, 1981), and
attempts to measure the intensity of these peaks (using spin-
echo spectra) gave values consistent with ca. 1 mobile histidine
residue per E2p chain for each peak.

To confirm that His-291 in the E2p chain is the source of
the new sharp signals, the pGS178-encoded complex was
submitted to limited proteolysis with trypsin at 0 °C and pH
7.0 (as described under Materials and Methods). The 'H
NMR spectrum of this tryptic core complex (Figure 5, panel
A) was found to lack both the sharp peaks at 7.94 and 7.05

ppm. This is consistent with the expected tryptic cleavage of
the E2p chain at Lys-316, releasing the N-terminal region
(including His-291) and leaving a residual tryptic core complex
(Packman et al., 1984).

'H NMR studies have often been used to investigate the
pK, values of ionizable residues in proteins (Jardetzky &
Roberts, 1981). Histidine residues are particularly amenable
to this kind of study since the C2 and C4 protons resonate in
the aromatic region of the spectrum and are generally well
resolved and more easily distinguished. Spectra of the
pGS178-encoded complex were recorded at various p?H values,
and the chemical shifts of the supposed C2 and C4 protons
of His-291 were measured relative to internal TSP (data not
shown). As expected, both peaks shifted upfield when the p’H
was raised from 7.0 to ca. 10.0. Similarly, lowering the p*H
resulted in a downfield shift of both peaks. A full titration
curve and precise pK, value could not be determined since the
enzyme complex precipitated from solution below p?H 5.7.
From the curve obtained, however, it is probable that the pK,
value of the histidine residue is ca. 6.4 and lies in the “normal”
range, for which values of between 5 and 8 have been reported
(Jardetzky & Roberts, 1981).

Aliphatic Region of the 'H NMR Spectrum of the
pGS178-Encoded Complex. The aliphatic regions (06 ppm)
of the '"H NMR spectra of the pGS110- and pGS178-encoded
complexes are shown in Figure 5 (panel B). The two spectra
are extremely similar, consisting of a broad envelope of
overlapping resonances, upon which are superimposed many
sharp peaks. For the wild-type and pGS110-encoded com-
plexes, the dominant sharp peak at 1.39 ppm has been assigned
to the methyl side chains of alanine residues in the long
(alanine + proline)-rich sequence(s) in the E2p chains
(Radford et al., 1986, 1987). Closer inspection of the two
spectra, however, revealed that the intensity of this peak for
the pGS178-encoded complex was significantly smaller than
that of the same peak for the pGS110-encoded complex. This
was surprising since the number of alanine residues in the long
(alanine + proline)-rich regions in the two complexes is
identical (Figure 1). By use of spin-echo spectra (which, with
a total delay time of 1 ms, reduces the intensity of the broad
envelope but leaves the intensity of the sharp peaks virtually
undiminished), an attempt was made to compare the intensity
of the peaks at 1.39 ppm for the two complexes. For the
pGS110- and pGS178-encoded complexes, the intensity of
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FIGURE 5: 400-MHz 'H NMR spectra of the pGS110- and
pGS178-encoded complexes. (Panel A) Aromatic region (ca. 6-9
ppm) of the spectra: (a) pGS110-encoded complex; (b) pGS178-
encoded complex; (¢) pGS178-encoded tryptic core complex (36-kDa
E2p). (Panel B) Aliphatic region (ca. 0—6 ppm) of the spectra: (a)
pGS110-encoded complex; (b) pGS178-encoded complex; (c)
pGS178-encoded tryptic core (36-kDa E2p). The very sharp reso-
nances marked E and X arise from EDTA and nonprotein contam-
inants, respectively. The vertical gain of each spectrum has been
adjusted according to the protein concentration used, so that the spectra
are more directly comparable.
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these resonances corresponds to the equivalent of about 16 and
7 mobile alanine residues per E2p chain, respectively. The
number of alanine residues in potentially flexible regions of
these E2p chains is assumed to be 20, the number of such
residues in the long (alanine + proline)-rich segment of E2p,
as designated in Figure 1, although the precise length of the
flexible region is not yet known (Packman et al., 1984). Given
this and the unavoidable errors in calculating the areas of the
sharp peaks that derive from the uncertainty in drawing an
appropriate base line in the !H NMR spectra, the correlation
between the observed and potential number of flexible alanine
residues in the pGS110 complex is good. However, the cor-
relation is significantly poorer for the pGS178-encoded com-
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plex. Substitution of a histidine residue at position 291 in the
E2p chain of the pGS110-encoded complex appears to impair
the conformational flexibility of about half of the alanine
residues generating the sharp signal at 1.39 ppm.

The spectrum of the pGS178-encoded complex also clearly
displayed another sharp peak (at 1.52 ppm) which was present,
but only poorly resolved, in the spectrum of the pGS110-en-
coded complex (Figure 5, panel B). A peak of similar size
resonating at 1.52 ppm is also clearly visible in the 400-MHz
'H NMR spectrum of the pGS156-encoded complex (Radford
et al.,, 1987). One strong possibility is that this peak arises
from the short (alanine + proline)-rich region of the E2p chain
which separates the E3-binding domain from the C-terminal
catalytic domain (Figure 1), about S alanine residues per E2p
chain being required to account for its size (Radford et al.,
1987). To test whether this possibility might also apply to the
pGS178-encoded complex, the 'H NMR spectrum of the
tryptic core of the complex, generated by cleavage of the E2p
chain at Lys-316 (Figure 1), was examined. The peak at 1.39
ppm, assigned to alanine residues in the long (alanine +
proline)-rich region of the E2p chain (Radford et al., 1986,
1987), was absent from the spectrum, but that at 1.52 ppm
was indeed retained and was undiminished in intensity (Figure
3).

DiscussioN

The very large size of the E. coli PDH complex (M, ca. 4.5
X 10°) and the correspondingly long rotational correlation time
of ca. 10~ s (Ambrose & Perham, 1976) suggest that the 'H
NMR spectrum of the complex should contain only very broad
signals with line widths of the order of 10 kHz. The existence
of large sharp peaks in the spectrum is therefore surprising
and has been attributed to the presence of conformationally
flexible segments within the E2p polypeptide chains (Perham
et al., 1981; Roberts et al., 1983). The size and chemical shift
(1.39 ppm) of the major sharp peak (Perham et al., 1981)
points to the three long sequences rich in alanine, proline, and
charged amino acid residues in the E2p chain as being those
primarily responsible (Spencer et al., 1984; Packman et al.,
1984). This view is strongly supported by '"H NMR spec-
troscopy of a synthetic peptide with the same sequence as the
innermost of the long (alanine + proline)-rich regions of E2p
(Radford et al., 1986) and of PDH complexes in which specific
deletions of lipoyl domains and the (alanine + proline)-rich
sequences had been engineered (Radford et al., 1987).

To test this hypothesis directly, we engineered the re-
placement of GIn-291 with a histidine residue in the single long
(alanine + proline)-rich segment of the E2p chain of the
pGS110-encoded PDH complex (Figures 1 and 2). The re-
sultant complex, encoded by plasmid pGS178, was found to
be unimpaired in its assembly, as indicated by its content of
Elp, E2p, and E3 polypeptide chains (Figure 4), or in its
specific catalytic activity and active site coupling. When the
complex was examined by '"H NMR spectroscopy (Figure 5),
two sharp signals were observed in the aromatic region of the
spectrum, with chemical shifts (7.94 and 7.05 ppm) very close
to those normally found for the C2 and C4 protons (8.12 and
7.14 ppm, respectively) of histidine residues in small peptides
(Jardetzky & Roberts, 1981). The identification of the new
histidine residue in E2p as the source of these two peaks was
supported by their intensity, which was consistent with one
such histidine residue per E2p chain, and by the pH depen-
dence of their chemical shifts. Although a full titration curve
could not be obtained because the enzyme complex precipitated
at p’H values below 5.7, the peaks appeared to be arising from
a side chain with a pK, of ca. 6.4, which lies in the range
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normally expected for histidine residues in peptides (Jardetzky
& Roberts, 1981).

There are 23 histidine residues in Elp, 5 in E2p, and 13 in
E3 (Stephens et al., 1983a—c), giving a total of about 40 in
the protomer of the pGS110-encoded PDH complex (a pro-
tomer is defined as a !/,th part of the complex, since the
complex is assembled around an octahedral core of 24 E2p
chains). None of these produces a signal visible in the aromatic
region of the 400-MHz 'H NMR spectrum (Figure $), pre-
sumably because each resides within structured and relatively
immobile regions of the various polypeptide chains in this very
large enzyme complex. Detection of the signal from the single
histidine residue inserted in the long (alanine + proline)-rich
segment of each E2p chain of the pGS178-encoded complex
provides unequivocal evidence that this residue must be in-
habiting a region of polypeptide chain that enjoys significant
conformational flexibility with respect to the bulk of the en-
zyme complex.

Comparison of the aliphatic regions of the 'H NMR spectra
of the pGS110- and pGS178-encoded complexes, however,
revealed some small but significant differences (Figure 5). The
peak at 1.39 ppm, which arises from the methyl side chains
of alanine residues in the long (alanine + proline)-rich se-
quences in E2p (Radford et al., 1986, 1987), was significantly
reduced in intensity for the pGS178-encoded complex com-
pared with the pGS110-encoded complex, and the peak at 1.52
ppm was in consequence much better resolved. Since the two
complexes differ only by a single amino acid replacement (Gln
— His) in the E2p chain, the number of alanine residues in
the long potentially flexible region should be the same. The
peak arising from these alanine residues (at 1.39 ppm) is
unexpectedly small in the pGS178-encoded complex, sug-
gesting that the presence of the new histidine residue has
significantly diminished the flexibility of some at least of the
alanine residues in this segment of polypeptide chain.

This effect of the histidine residue is not clearly understood.
An ionic interaction of the positively charged histidine side
chain with a glutamic or aspartic acid residue elsewhere in
the enzyme complex is unlikely, since the intensity of the peak
at 1.39 ppm did not alter when the p*H of the buffer was
changed from ca. 5.7 to 10.0. Nor did the histidine residue
affect the susceptibility of the E2p chain to attack by trypsin
or S. aureus V8 proteinase at nearby sites (Figure 4). An
NMR study of a synthetic peptide with the same amino acid
sequence as that of the long (alanine + proline)-rich region
of the pGS110-encoded E2p polypeptide chain has revealed
that this sequence confers some curious structural properties
on the peptide in free solution, e.g., the all-trans configuration
of its Ala-Pro peptide bonds (Radford et al., 1986). Similar
studies of this synthetic peptide with the appropriate Gln —
His change may throw light on the effect of the histidine
residue, if any, on the conformation of the peptide.

The small sharp peak at 1.52 ppm in the 'H NMR spectra
of the wild-type and pGS110- and pGS156-encoded complexes
(Radford et al., 1987) and the pGS178-encoded complex
(Figure 5) may be arising from the shorter (alanine + pro-
line)-rich sequence in the E2p chain (residues 370-377; Figure
1) that links the E3-binding domain to the large C-terminal
catalytic domain (Radford et al., 1987). The better resolution
of the peak at 1.52 ppm in the 400-MHz 'H NMR spectra
of the pGS156-encoded (Radford et al., 1987) and pGS178-
encoded (Figure 5) complexes, compared with the spectra of
the wild-type and pGS110-encoded complexes (Radford et al.,
1987), is probably due to the smaller size of the adjacent peak
at 1.39 ppm in the former two complexes. Conformational
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flexibility in the region of residues 370-377 of the E2p chain
might explain fluorescence data which suggest that the E3
component bound to the PDH complex is quite mobile (Grande
et al., 1980). Substitution of the histidine residue at position
291 had no apparent effect on this peak.

The detection of a single introduced histidine residue in the
'H NMR spectrum of an enzyme complex of this large size
is a striking result and provides unequivocal evidence for
conformational flexibility in the target region of the E2p po-
lypeptide chain. The use of such a marker to probe for con-
formational flexibility in large proteins is a novel application
of site-directed mutagenesis, which can be adapted to study
conformational mobility in many other protein systems.

Registry No. S5, 111524-37-9; Elp, 9014-20-4; E2p, 9032-29-5;
L-Gln, 56-85-9; L-His, 71-00-1.
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Chemical Modification of the Cu, Site Affects the Proton Pumping Activity of

Cytochrome ¢ Oxidase'™*
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ABSTRACT: Cytochrome ¢ oxidase in which the Cu, site has been perturbed by extensive modification of
the enzyme with the thiol reagent p-(hydroxymercuri)benzoate has been reconstituted into phospholipid
vesicles. The reconstituted vesicles lack respiratory control, and the orientation of the enzyme in the vesicles
is similar to that of the native cytochrome ¢ oxidase. In the proton translocation assay, the vesicles containing
the modified enzyme behave as if they are unusually permeable to protons. When the modified and native
proteins were coreconstituted, a substantial portion of the latter became uncoupled as revealed by low
respiratory control and low overall proton pumping activity. These results suggest that the modified enzyme
catalyzes a passive transport of protons across the membrane. When milder conditions were used for the
chemical modification, a majority of the thiols reacted while the Cu, site remained largely intact. Re-
constitution of such a partially modified cytochrome ¢ oxidase produced vesicles with respiratory control
and proton translocating activity close to those of reconstituted native enzyme. It thus appears that the
appearance of a proton leak is related to the perturbation of the Cu, site. These observations suggest that
the structure of Cu, may be related to the role of this site in the proton pumping machinery of cytochrome

¢ oxidase.

Cytochrome ¢ oxidase fills a central function in the energy
transduction of aerobic organisms. In eukaryotes, the enzyme,
which spans the mitochondrial membrane, catalyzes the re-
duction of molecular oxygen to water. The reductant, cyto-
chrome ¢, donates the electrons from the cytosolic side of the
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membrane while the protons consumed in the reaction are
taken up from the mitochondrial matrix. In addition, one
proton is actively transported from the matrix to the cytosol
for each electron transferred (Wikstrom, 1977; Casey et al.,
1979a,b). The reaction is thus electrogenic and contributes
to the electrochemical potential gradient across the inner
mitochondrial membrane. It has been suggested (Wikstrom
et al., 1981) that the proton translocating activity is necessary
for the full utilization of the redox span between cytochrome
c and molecular oxygen. While a great ideal is known about
the oxygen reduction in cytochrome ¢ oxidase [see Malmstrém
(1982), Naqui et al. (1986), and Wikstrom et al. (1981) for
reviews; Blair et al., 1985], the molecular mechanism of proton
translocation remains largely unknown.

The enzyme contains four redox-active metal centers, two
irons in cytochromes a and a; and two copper ions which are
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