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Constraints on Amino Acid Substitutions in the N-Terminal Helix of Cytochrome

¢ Explored by Random Mutagenesis'
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ABSTRACT: The interaction of the N- and C-terminal helices is a hallmark of the cytochrome ¢ family.
Oligodeoxyribonucleotide-directed random mutagenesis within the gene encoding the C102T protein variant
of Saccharomyces cerevisiae iso-1-cytochrome ¢ was used to generate a library of mutations at the evolutionary
invariant residues Gly-6 and Phe-10 in the N-terminal helix. Transformation of this library (contained
on a low-copy-number yeast shuttle phagemid) into a yeast strain lacking a functional cytochrome c, followed
by selection for cytochrome ¢ function, reveals that 4—10% of the 400 possible amino acid substitutions are
compatible with function. DNA sequence analysis of phagemids isolated from transformants exhibiting
the functional phenotype elucidates the requirements for a stable helical interface. Basic residues are not
tolerated at position 6 or 10. There is a broad volume constraint for amino acids at position 6. The amino
acid substitutions observed to be compatible with function at Phe-10 show that the hydrophobic effect alone
is sufficient to promote helical association. There are severe constraints that limit the combinations consistent
with function, but the number of functionally consistent combinations observed exemplifies the plasticity
of proteins.

rEle pairing of a-helices is one of the most fundamental types
of protein tertiary structure. The cytochromes ¢ are a family
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by a grant from the Petroleum Research Foundation (21597-G).
* Address correspondence to this author.

of evolutionarily conserved a-helical proteins, and the pairing
of the N- and C-terminal helices is found in all cytochromes
¢ (Matthews, 1985). Examination of the crystal structure of
iso-1-cytochrome ¢ from the yeast Saccharomyces cerevisiae
(Louie & Brayer, 1990) shows that the helical axes are inclined
at approximately 90° and their interaction involves the packing
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of the invariant residues Leu-94 with Gly-6 and Phe-10 with
Tyr-97 (throughout this paper, the numbering system for
higher eukaryotic cytochromes c is used (Cutler et al., 1987)].
Roder et al. (1988) have shown that the association of the N-
and C-terminal helices represents an early event along the
folding pathway. Helices that pack perpendicularly to one
another are found in other proteins including DNA binding
proteins (Richardson & Richardson, 1988a; Efimov, 1984).
The N- and C-terminal helices of cytochrome ¢ were chosen
as a model system for the study of this structural motif.

Cytochrome c is the penultimate electron-transfer protein
of the eukaryotic respiratory chain. S. cerevisiae contains two
systems for energy production: the Embden—Myerhof pathway
in the cytosol and oxidative phosphorylation in the mito-
chondria. Only the latter requires a functional cytochrome
c. Yeast grow on fermentable carbon sources (e.g., glucose
and sucrose) without a functional cytochrome ¢, but growth
on the nonfermentable carbon source glycerol requires a
functional cytochrome ¢, and growth on the nonfermentable
carbon source lactate requires exclusively a functional iso-1-
cytochrome ¢ (Sherman et al., 1974). Therefore, genetic
selection can be applied to identify altered proteins ranging
from nonfunctional to fully functional (Hampsey et al., 1986).
In addition, a wealth of structural information is available for
this family of proteins (Dickerson et al., 1971; Takano &
Dickerson 1981a,b; Louie & Brayer, 1990). The proton nu-
clear magnetic resonance (NMR)! spectrum of the C102T
protein variant of iso-1-cytochrome ¢ has been nearly com-
pletely assigned in both oxidation states (Pielak et al., 1988a,b;
Gao et al., 1990). The paramagnetic nature of oxidized cy-
tochrome c¢ allows the use of NMR to detect small confor-
mational shifts including differences in hydrogen bonding that
occur upon a change in oxidation state (Feng et al., 1990; Gao
et al., 1991a; Pielak et al., 1991). The combination of well-
defined genetics, a powerful selection strategy, and an array
of structural, functional, and evolutionary data makes iso-1-
cytochrome ¢ an excellent system for the study of protein
structure/function relationships.

Random mutagenesis coupled to genetic selection is a
powerful tool for the study of protein structure/function re-
lationships (Shortle, 1989; Shortle et al., 1985; Olson-Reidhaar
et al., 1990). In the case of eukaryotic cytochrome ¢, the
amino acid sequence of over 100 natural protein variants has
been determined. This has revealed evolutionarily conserved
and invariant residues [see Figure 3 of Cutler et al. (1987)].
However, the progressively selective nature of evolution and
the inherent degeneracy of protein folding often make the
existence of conserved or invariant residues enigmatic (Dill,
1990). Cytochrome ¢ exhibits structural flexibility even at
invariant residues. For instance, the evolutionarily invariant
residue Phe-82 of iso-1-cytochrome ¢ can be replaced with all
19 other naturally occurring amino acids without loss of
function (Pielak et al., 1985; Hilgen & Pielak, 1991). The
F82S mutation is accommodated by reorganization at both
local and distant sites (Pielak et al., 1986; Louie et al., 1988;
Gao et al., 1991b). The goal of our research is to understand
the interaction of the N- and C-terminal helices at the mo-
lecular level. To begin, the ability of the N-terminal helix
(Figure 1) to tolerate amino acid substitutions at the helical
interface has been explored by random mutagenesis of the
codons for Gly-6 and Phe-10.
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FIGURE 1: Sequence of the N-terminal helix.

MATERIALS AND METHODS

Strains and Molecular Biology Techniques. All manipu-
lations were carried out using a yeast shuttle phagemid con-
structed from the CENG-based vector pRS315 (Sikorski &
Hieter, 1989) by cloning the CYCI gene into the polylinker
region. The phagemid contains the LEU?2 gene for selection
in yeast, the AmpR gene for selection in bacteria, and the f1
origin for the production of single-stranded DNA. The CEN6
gene ensures mitotic stability and a copy number of 1-2 for
the yeast-borne phagemid. This vector is used in bacteria to
produce mutants and in yeast to analyze phenotype and express
variant proteins.

Escherichia coli strain JM101 [Alacpro supE thi F'traD36
proAB lact ZAM15 (Messing, 1983)] and the helper phage
R408, a derivative of K07 (Vieira & Messing, 1987), were
used for preparation of DNA for sequence analysis and
cloning. Uracil-containing single-stranded template DNA for
mutagenesis was made by using the E. coli strain RZ1032
[HfrKL16 PO/45 Zbd-279::Tnl0 lysA(61-62) thil relAl
supE44 dutl ungl (Kunkel et al., 1987)]. Bacterial trans-
formations were carried out by the method of Miller et al.
(1989) or by electroporation (Dower et al., 1988) using a
home-built electroporator. DNA sequence analysis was per-
formed by the method of Ner et al. (1988) using dideoxy
sequencing (Sanger et al., 1977).

The yeast strain GM-3C-2 [MAT o leu2-3 leu2-112 trpl-1
his4-519 cycl-1 cyp3-1 (Faye et al., 1981)?] was used for both
selection and expression. Yeast transformations were carried
out by the lithium acetate procedure (Ausubel et al., 1988).
Phagemid-bearing colonies were identified by their growth on
petri plates containing complete media without leucine (Cm-
Leu; Ausubel et al., 1988). Phagemids were isolated from
yeast by using a modification of the shperoplast method (Rose,
1987), and electroporation was used to reintroduce phagemids
into JM101.

Random Mutagenesis. A combination of a mutagenic ol-
igodeoxyribonucleotide and uracil-containing single-stranded
template DNA (Kunkel et al., 1987) was used to produce a
library of mutations at the codons for Gly-6 and Phe-10. This
primer, 5-CATCTAGTCTT[G/A/CINNAAGTGTAGC-
[G/A/C/INNTTTCTTAGCAG-3 (where N = 25% of each
base and G/A/C = 33% of each), is complementary to the
coding strand of the CYCI gene. Thymine was left out at the
5’ end of each codon in the noncoding strand to eliminate the
production of ochre and opal codons. This allows 48 possible
codons that encode all 20 amino acids as well as the amber
codon at each position.

Mutagenesis was carried out by the two-primer method
(Norris et al.,, 1983), The second primer, 5'-
CCTTCAGCTTGACC-3, anneals 79 nucleotides upstream
of the mutagenic oligodeoxyribonucleotide. Oligodeoxyribo-
nucleotides were phosphorylated at their 5’ end by using the
method of Zoller and Smith (1983). The reaction mixture
for mutagenesis comprised single-stranded uracil-containing
template DNA /mutagenic oligodeoxyribonucleotide/upstream

! Abbreviations: CM-Leu, complete media lacking leucine; NMR,
nuclear magnetic resonance; YPG, rich media containing glycerol; YPL,
rich media containing lactate; YPS, rich media containing sucrose.

2 In the past, CYC7 and CYP3 have been used interchangeably to
refer to the gene encoding iso-1-cytochrome ¢ from S. cerevisiae (Ver-
diere & Petrochilo, 1979; Sherman et al., 1975).
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primer in a ratio of 1:1:8. Extension was allowed to proceed
for 1 hat 0 °C, followed by 1 h at ambient temperature, and
then 2.5 h at 37 °C using T7 DNA polymerase, T4 gene 32
protein, and T4 DNA ligase.

Nomenclature. The term mutant is used to describe pha-
gemids that contain mutations and to denote specific alleles.
The C102T mutant of the wild-type gene encoding iso-1-cy-
tochrome c is denoted CYCI. The C102T mutant is used in
place of the true wild-type gene because removal of the sole
free cysteine sulfhydryl stabilizes the protein (S. Betz and G.
J. Pielak, unpublished results) but does not have a measurable
effect on function (Cutler et al., 1987; Pielak et al, 1988Db).

Transformants harboring the CYCI gene grow on rich
media containing glycerol (YPG) and rich media containing
lactate (YPL; Sherman et al., 1965) at both 30 and 37 °C.
Transformants that grow on YPG and YPL at 30 °C are
defined as possessing a functional cytochrome ¢. The terms
Cyct, Cyc®, and Cyc define three mutually exclusive phe-
notypes: (1) Transformants possess the Cyct phenotype if they
grow on YPG and YPL at 30 and 37 °C, (2) the Cyc* phe-
notype if they grow on YPG and YPL at 30 °C but fail to
grow on YPG and YPL at 37 °C, or (3) the Cyc™ phenotype
if they fail to grow on YPG and YPL at 30 °C. Mutants
isolated from Cyc* and Cyc® transformants are functional
mutants, and the amino acids at positions 6 and 10 found
among these mutants are compatible with function. Mutants
isolated from Cyc™ transformants are nonfunctional mutants.
Missense mutations alter the deduced wild-type amino acid
sequence. Mutationally altered forms of cytochrome ¢ are
referred to as protein variants. Missense mutants and their
concomitant protein variants are denoted by their deduced
amino acid substitution(s) using the one-letter code. Dou-
ble-missense mutations within one allele are separated by a
semicolon (e.g., G6V;F10L).

Protein Purification. Protein variants were prepared from
Cyc* and Cyc® transformants by a modification of the method
of Sherman et al. (1968). A 5-mL overnight culture grown
in YPG was inoculated into 0.5 L of YPG and grown to
saturation at 30 °C. Protein variants were prepared from Cyc™
transformants by growth in YPS at 30 °C. After batch
chromatography, the amount of iso-1-cytochrome ¢ was de-
termined by measuring the absorbance at 410 nm using an
extinction coefficient of 106 100 M~! cm™ (Margoliash &
Frohwirt, 1959). Depending on the mutant, the yield of cy-
tochrome ¢ from all transformants exhibiting the Cyc* or the
Cyc" phenotype was between 10% and 80% of the yield ob-
tained from yeast harboring the C102T mutant. The protein
variants G6A;F10L and G6V were examined for temperature
sensitivity in vitro by comparing their visible absorption spectra
at 65 and 25 °C to those of the C102T protein obtained under
identical conditions.

RESULTS

Properties of the Library. A number of methods exist for
the introduction of randomized codon windows into protein
coding regions (Dunn et al., 1988; Mandecki, 1990). In the
present study, it was desirable to use a method that would
generate a large number of mutations at codons 6 and 10
simultaneously. Therefore, the oligodeoxyribonucleotide-di-
rected strategy was chosen. A mixture of G/C/A was in-
corporated at each wobble base so that the number of codons
for each amino acid is still large, but two-thirds of the stop
codons are eliminated.

The first round of mutagenesis yielded a library of mutations
at codons 6 and 10 with 85% efficiency. To increase the
randomness of the library and the percentage of mutations,
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Table I: Percentages of Nucleotides in the Coding Strand®

base codon 6 codon 10
C 8 12 17 7 13 37
T 28 30 55 53 43 36
G 45 37 28 25 22 27
A 19 21 15 22

9The wild-type sequence is GGT for position 6 and TTC for position
10.

a second round of mutagenesis was performed using uracil-
containing single-stranded template DNA from the first round.
This was accomplished by transforming the reaction mixture
from the first round into RZ1032 in liquid media and isolating
single-stranded DNA. After the second round of mutagenesis,
the library contained 93% mutants over the target codons and
better approximated a random distribution of mutations. °

The percentage of nucleotides at each position in codons 6
and 10 was determined by DNA sequence analysis of 100
phagemids chosen at random from the library contained in
E. coli (Table I). In addition to the 93 sequences with base
pair changes, 1 insertion and 1 deletion were observed. There
is an overrepresentation of the wild-type nucleotide at each
position. Therefore, amino acids whose codons are close to
wild type are overrepresented in the library. This bias is not
surprising because oligodeoxyribonucleotides with the least
number of mismatches will form the most stable annealed
complexes. The lower representation of deoxycytosine is at-
tributed, at least in part, to the lower amount of deoxy-
guanosine in the oligodeoxyribonucleotide (the noncoding
strand) because of the lability of this nucleotide during
phosphoramidite synthesis (Dunn et al., 1988). Approximately
80% of the alleles in the library are double missense mutants.

Determination of Phenotype and Relative Growth Rate. S.
cerevisiae contains two isoforms of cytochrome ¢. In the strain
GM-3C-2, CYCI is deleted, and the gene for iso-2-cytochrome
¢ (CYC7) contains a double point mutation (Faye et al., 1981;
Sherman et al., 1974). Therefore, this strain does not grow
on nonfermentable carbon sources unless a functional cyto-
chrome c is introduced. This potent genetic selection was
exploited to identify novel functional mutants in the library
without the need to make assumptions about the functionality
of any particular mutation.

Of the 678 transformants that were examined for growth
on YPG and YPL (all were tested on both YPG and YPL),
217 possess a functional cytochrome ¢, and 461 exhibit the
Cyc™ phenotype. The phagemids from 82 of the 217 trans-
formants were isolated and subjected to DNA sequence
analysis. Among the 82 sequences, 36 are wild type, 8 are
mutants that do not alter the deduced-wild-type amino acid
sequence, and 38 are missense mutants. The 14 unique
missense mutants among these 38 are listed in Table II. The
14 mutants were further divided into those that give rise to
the Cyc* phenotype and those that give rise to the Cyc®
phenotype (Table IT). To confirm that the Cyc® phenotype
is caused by the mutations found in the phagemids, each was
retransformed into GM-3C-2. Fifty colonies from each
transformation were again examined for temperature sensi-
tivity. In every case, all transformants exhibit the Cyc®
phenotype. Phagemids were also isolated from 28 Cyc~
transformants and subjected to DNA sequence analysis. All
28 sequences contain exclusively missense mutations at position
6 and/or 10, and each is unique (Table II). The sequence of
the entire coding region was determined for the 14 unique
functional mutants and for the nonfunctional mutants G6L,
G6I;F10G, and G6N;F10K. No additional mutations were
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Table II: Characteristics of CYCI Alleles with Mutations at Position 6 and/or 10

missense mutants at?

position 6 position 10 positions 6 and 10
partially TS® normal/ TS¢

G6S (54 F10Y (2%) G6V;F10Y (2%) G6S;F10Y (3%)
TS F10W (24) G6A;FI0L (229)

G6D (13) FI10L (2% Nonfunctional®*

G6V (6% F10I (3%) G6V,FI0L G6L;F101 G6K;F10D
G6M (1hH F10V (3% G6V;FIOM G6L;F10C G6E;F101
nonfunctional4* F10M (3% G6V;F10C G6L;F10L G6N;F10K
G6L F10C (3% G6A;F10C G6L;F10Y G6D;F10G
G6F nonfunctional®# G6A;F101 G6Y;F10C G6I;F10G
G6K F10S G6S;F10I G6F;F10S G6L;FIOM
FI10R G6W;F10T G6T;F10C
F10G G6W;F10G G6P;F10S

4The number in parentheses represents the number of times this combination was observed, and its superscript denotes the relative growth rate of
the yeast harboring the particular mutant with respect to wild-type and nonfunctional controls on YPG and YPL at 30 °C (5 denotes the rate
observed for yeast harboring the C102T mutant, and O would represent no growth after 4 days). At 37 °C, this transformant grows more slowly
than a transformant harboring the C102T mutant at 37 °C. ¢Growth observed at 30 °C but not at 37 °C. 4No growth observed after 4 days at 30
°C. *All nonfunctional mutants are unique. /Growth observed at both 30 °C and 37 °C.

detected. The growth rate of the 14 transformants harboring
the unique functional mutants was assessed relative to yeast
harboring the CYCI gene. These relative growth rates were
determined on both YPG and YPL. Although all strains tested
grow more slowly on YPL than they do on YPG, the rank
order of growth rates was always independent of the nonfer-
mentable carbon source.

Statistical Analysis. The Monte-Carlo-based program
written by Olson-Reidhaar et al. (1990) was used to determine
the probability that all amino acids compatible with function
were observed at a particular codon. This possibility is de-
termined by three experimentally defined parameters: (1) the
randomness of the codon (Table I); (2) the number of pha-
gemids isolated from transformants harboring a functional
cytochrome ¢ and subjected to DNA sequence analysis (i.e.,
82; vide ultra); and (3) the number of different amino acids
observed at the codon as deduced from the DNA sequence
(Table II). When position 6 is used as an example, 6 different
amino acids (i.e., Gly, Ala, Ser, Asp, Val, and Met) are ob-
served among the 82 sequences. However, Asn is not observed.
The program was used to address the following question: If
Asn is compatible with function, what is the probability that
all 7 amino acids (the 6 in the list above, p/us Asn) would have
been observed among 82 sequences chosen at random from
the library? A probability of 1 suggests that the number of
transformants analyzed (in this case, 82) was sufficient to
identify the additional residue (e.g., Asn) if it was compatible
with function. In other words, a high probability suggests that
the reason the additional amino acid was not detected is that
this amino acid is incompatible with function. Six simulations
were carried out for position 6, and five simulations were
carried out for position 10 using different amino acids as the
additional residue.> For both position 6 and position 10, the
probability that all functional alleles were observed is greater
than 0.7.

Substitutions at Gly-6. Gly-6 is at position N4 of the
N-terminal helix (Figure 1) and is at the region of closest
approach between the N- and C-terminal helices. The ob-
servation that five different amino acid substitutions at this
position give rise to a functional cytochrome ¢ (Table II)
indicates that packing at this site is more flexible than pre-

3 The additional amino acids consisted of three groups: those that are
known to give rise to the Cyc™ phenotype (Table II), those whose effect
on phenotype is unknown and whose codons are present in the library at
a low frequency, and those whose effect on phenotype is unknown but
whose codons are well represented.

viously thought (Takano & Dickerson, 1981a). The proba-
bility that all amino acids compatible with function have been
observed at this position is 0.74. In other words, approximately
three-quarters of the allowed substitutions have been detected.
However, almost all functionally allowed substitutions give rise
to the Cyc®* phenotype (Table II). Changes in side-chain
volume consistent with function are liberal with increases
(relative to the wild-type amino acid Gly)* of up 100 A? (e.g.,
G6M) tolerated.

The G6A and G6C mutants were observed among the 100
phagemids isolated from the library contained in E. coli, but
were not detected among the 82 phagemids isolated from
transformants harboring a functional cytochrome ¢. On the
basis of the observation that G6A;F10L is compatible with
function (Table II), it is expected that the G6A mutant is also
compatible. In addition, Hampsey et al. (1986) found that
the G6C mutant gives rise to a low level of growth on YPL.
To test the prediction concerning G6A and to investigate the
potential conflict concerning G6C, both mutants were sepa-
rately transformed into yeast. Transformants containing the
G6A mutant possess the Cyc* phenotype and grow at a rate
indistinguishable from yeast harboring the C102T mutant. In
contrast, transformants harboring the G6C mutant give rise
to the Cyc® phenotype and exhibit a greatly reduced level of
growth on both YPG and YPL, consistent with the observation
of Hampsey et al. (1986).

Substitutions at Phe-10. Phe-10 is at position C4 of the
N-terminal helix, and its side chain interacts with Tyr-97 of
the C-terminal helix. Seven different amino acid substitutions
at this position give rise to the Cyc* phenotype (Table IT). The
probability that all amino acids consistent with function have
been observed for position 10 is 0.73, again indicating that
nearly three-quarters of the substitutions consistent with
function have been detected at this position. Changes in
side-chain volume (relative to the wild-type amino acid Phe)*
consistent with function are extremely broad, ranging from
an increase of 38 A2 for tryptophan to a decrease of 80 A3 for
cysteine. Substitutions that result in the abolition of function
comprise two groups: those that further decrease the volume
and basic residues.

Substitutions at Positions 6 and 10. Of the 14 unique
functional alleles, only 3 are double missense mutants, and

4 The change in side-chain volume is defined as the volume of the side
chain in the wild-type protein minus the volume of the side chain in the
protein variant. Volumes are from Zamyatnin (1972).
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yeast harboring these double mutants all possess the Cyc'
phenotype. On the other hand, 22 out of 28 double missense
mutants give rise to the Cyc™ phenotype (Table II). Substi-
tutions that by themselves are compatible with function often
give rise to the nonfunctional phenotype when combined.

DISCUSSION

A library of mutants has been made at codons 6 and 10 of
the CYCI gene. Genetic selection was applied to identify
substitutions compatible with function. A low copy number
vector, the natural promoter, and the natural terminator were
utilized to more closely approximate physiologically relevant
conditions. The fact that only 7% of the library contains the
wild-type codons at positions 6 and 10 yet over half of all
transformants harboring a functional cytochrome ¢ contain
the wild-type amino acid sequence shows the power of genetic
selection.

Sherman et al. (1974) showed that yeast containing as little
as 10% of the wild-type amount of iso-1-cytochrome ¢ exhibit
normal growth on YPL. Although the G6L and G6L;F101
mutants give rise to the Cyc™ phenotype, the yield of the protein
variants obtained from the transformants harboring these
mutants would have been sufficient to produce the Cyc*
phenotype had these protein variants been functional. This
observation shows that for these nonfunctional mutants, defects
in the holoprotein cause the Cyc™ phenotype. However, dis-
cussion of the other nonfunctional mutants in terms of effects
on the holoprotein cannot be justified because their constituent
mutations may act at one or more events in the “life cycle”
of cytochrome ¢. These events include mRNA stability and/or
legibility, translocation of the apoprotein across the mito-
chondrial outer membrane (Jordi et al., 1989; Nye & Scra-
pulla, 1990; Nicholoson et al., 1989), heme insertion, and
turnover of the holoprotein (de Jongh & de Kruijff, 1990;
Goldberg & Dice, 1974; Goldberg & St. John, 1976). If a
decrease in mRNA legibility and/or stability was the cause
of the Cyc™ or Cyc" phenotype, mutants that do not change
the amino acid sequence might be expected to be found among
phagemids isolated from yeast exhibiting these phenotypes.
However, all transformants harboring such mutants exhibit
the Cyc* phenotype, and phagemids isolated from trans-
formants exhibiting the Cyc® and Cyc™ phenotypes bear ex-
clusively missense mutations. The observations tend to rule
out effects on mRNA as the cause of the Cyc* and Cyc™
phenotypes. Ferrocytochrome ¢ from Cyc® transformants
harboring the G6A;F10L and G6V mutants exhibits an altered
electronic absorption spectrum at 65 °C compared to the
C102T protein variant under identical conditions, showing that
the holoproteins themselves are affected. In summary, for the
G6L, G6S;F101I, G6V, and G6A;F10L mutants, no matter
where else in the life cycle the mutation acts, they affect the
holoprotein.

Although double missense mutants comprise approximately
80% of the library, only 3 are observed among the 14 unique
functional mutants (Table IT). Furthermore, some combi-
nations of single missense mutants have additive or synergistic
effects on phenotype. For example, transformants containing
the G6A, F10L, or F10I mutants possess the Cyc* phenotype,
but the double mutant G6A;F10L give rise to the Cyc" phe-
notype, and G6A;F10I results in the Cyc™ phenotype. Such
effects have been noted for other proteins (Alber, 1989; Wells,
1990).

How many different combinations of amino acids at posi-
tions 6 and 10 are compatible with function? From inspection
of the evolutionary record, it appears that only one combination
has been maintained. However, Hampsey et al. (1986) have
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pointed out that evolutionary invariance does not necessarily
mean functional invariance. From the data in Table II, the
minimum number of different combinations is 14. Other
functional combinations probably exist among the trans-
formants that harbor a functional cytochrome ¢ but whose
phagemids were not subjected to DNA sequence analysis (e.g.,
G6A and G6C, vide ultra). When the above observations are
combined with the volume constraints at position 6 and the
observation that certain amino acids and combinations of
amino acids result in nonfunctional mutants (Table II), we
estimate that a maximum of approximately 40 different
combinations give rise to a functional cytochrome c.

An independent method for estimating the number of
functional combinations is to use a simulation program based
on Monte-Carlo analysis (Olson-Reidhaar et al., 1990). These
simulations indicate that the probability that all amino acids
compatible with function have been identified at positions 6
alone and at position 10 alone is greater than 0.7. Therefore,
the probability that all possible functional missense mutants
at positions 6 and 10 have been observed is approximately 0.5
(0.7%). This probability, taken together with the fact that 17
unique combinations of amino acids at positions 6 and 10 are
compatible with function (i.e., the wild-type protein, the 14
in Table II, G6A, and G6C), suggests that a maximum of
approximately 34 combinations give rise to a functional cy-
tochrome c. This number is consistent with that estimated
above from examination of the functional and nonfunctional
mutants. However, only 9 different combinations give rise to
the Cyc* phenotype (i.e., the wild-type protein, those under
the heading “normal” in Table II, and G6A). From this
observation, and the statistical argument above, it is concluded
that a maximum of approximately 18 different combinations
result in the Cyc* phenotype. In summary, it is estimated that
4-10% of the 400 possible combinations of amino acids at
positions 6 and 10 give rise to a functional cytochrome ¢ but
only approximately half of these result in the Cyc* phenotype.

Three interrelated explanations are presented to explain why
positions 6 and 10 so greatly restrict the polypeptide chain.
First, to interact, the stability of the helices must be preserved.
Second, the residues are buried in the hydrophobic core of the
protein. Third, the orientation of the helices must be preserved
because these residues are intimately involved in the earliest
detectable folding event (Roder et al., 1988). These expla-
nations are discussed below.

There have been many studies of residues that stabilize
isolated a-helices (Pandmanabhan et al., 1990; Degrado &
O’Neil, 1990; Lyu et al., 1990). The amino acids substitutions
observed in this study are not expected to disrupt the N-ter-
minal a-helix (Richardson & Richardson, 1988b). Further-
more, the invariance to Gly-6 cannot be rationalized from the
standpoint of a-helical stabilization because any other amino
acid (except proline) at this position will yield a more stable
helix. Takano and Dickerson (1981a) have proposed that
Gly-6 is invariant because there is no room for a side chain
at this position due to the shimming of Leu-94 into this site.
Unfavorable interactions with the C-terminal a-helix doub-
tlessly occur in many of the position 6 protein variants, and
these interactions probably explain the Cyc® phenotype. Stable
helical packing is probably produced by satisfying constraints
other than those that define helices.

The side chains of Gly-6 and Phe-10 are buried within the
hydrophobic core of the protein (Louie & Brayer, 1990).
However, one charged amino acid (G6D) and one polar amino
acid (G6A) are compatible with function. Although the
ionization state of Asp-6 is unknown, stabilization of a negative
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charge is possible via interaction with the helix dipole (Baldwin
et al., 1989) or with the large number of basic residues found
in this region. Increased solvation of the Asp-6 protein variant
in its unfolded form could explain the Cyc® phenotype observed
for transformants harboring this mutant. Preservation of
hydrophobicity is the only invariant property of functional
mutants at position 10. Recently, tyrosine at position 10 has
been observed in the cytochrome ¢ from the nematode Cae-
norhabditis elegans (Vanfleteren et al., 1990). In addition,
two mutants, F10C and F10M, possess sulfur-containing am-
ino acids. Aromatic—aromatic and aromatic—sulfur interactions
have been shown to stabilize proteins (Burley & Petsko, 1988;
Serrano et al., 1991).

Conformational shifts in interacting helices can allow
plasticity at interhelical interfaces. In their study of insulin,
Chothia et al. (1983) noted that helical movements of 1-2 A
occur by side-chain rotations and that changes in the helix—
helix axis torsion angle occur on a scale of +15°. Conservative
amino acid substitutions such as G6A, F10Y, and F10L are
probably accommodated by side-chain rearrangements and
small changes in the helix—helix torsion angle. However, for
mutants such as F10C and G6M, larger rearrangements must
occur. In a comparative study involving cytochrome ¢ and
cytochrome c¢s5; Chothia and Lesk (1985) showed that de-
formations within the N- and C-terminal helices occur so as
to accept amino acid substitutions, but these deformations
result in alteration of the heme pocket. Therefore, some of
the functionally acceptable substitutions listed in Table II may
result in conformational shifts at sites remote from the helical
interface. Biophysical studies of the protein variants isolated
from the transformants listed in Table II as well as a com-
plementary study of the interfacial residues in the C-terminal
helix are underway.
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ABSTRACT: The Escherichia coli D-galactose and D-glucose receptor, an aqueous periplasmic receptor that
triggers sugar sensing and transport, possesses a single Ca?* binding site similar in structure and specificity
to the EF-hand class of sites found in eukaryotic Ca®* signaling proteins including calmodulin and its
homologues. A universal feature of these sites is the use of a pentagonal bipyramidal array of seven oxygens
to coordinate bound Ca?*. Here we investigate the mechanisms used by this coordinating array to control
ion specificity. To vary the cavity size and charge of the array, we have replaced axial glutamine 142 in
the prokaryotic site with asparagine, glutamate, and aspartate. The ion selectivities of the resulting engineered
sites have been quantitated by measuring dissociation constants for a series of spherical metal ions, differing
in increments of radius and charge, from groups Ia, Ila, and I1la and the lanthanides. Dramatic specificity
changes are observed: sites containing an engineered smaller side chain (Asn or Asp) bind the largest cations
up to 50-fold more tightly than the native site; and sites containing an engineered negative side chain (Glu
or Asp) exhibit preferences for trivalent over divalent cations up to 1900-fold higher than the native site.
The results indicate that the cavity size and negative charge of the coordination array play key roles in selective

Ca?* binding and that the array can be engineered to preferentially bind other cations.

Rotein Ca?* binding sites selectively bind Ca?* even in the
presence of up to 103-fold higher concentrations of Na*, K*,
and Mg?*. This specificity is particularly important for reg-
ulatory sites in Ca?* signaling proteins, which must remain
unoccupied until a Ca?* signal appears (Persechini et al.,
1989), and for Ca?* channel sites, which provide selective Ca?*
fluxes (Tsien et al., 1987; Alsobrook, 1988; Catteral et al.,
1990). We are using protein engineering to probe the mo-
lecular basis of Ca?* selectivity. Ca2* sites are well suited for
the protein engineering approach for two reasons. First, they
exhibit substantial heterogeneity in primary structure and are
thus likely to tolerate engineered sequence changes, and,
second, the spherical ion is the simplest type of substrate. Such
a substrate requires optimization of relatively few geometrical

t Acknowledgment is made to the donors of the Petroleum Research
Fund, administered by the American Chemical Society, and to the Na-
tional Institutes of Health for support of this work.

variables, and its electrostatic field is likely to impose optimal
ordering of the coordinating side chains. In a favorable system
such as this, it may be possible to apply rational design
methods to generate predictable changes in substrate selec-
tivity.

The D-galactose and D-glucose receptor of Escherichia coli
possesses a single Ca?* site that shares key structural elements
with the important EF-hand class of Ca?* sites, the latter
commonly found in eukaryotic Ca?* signaling proteins [see
previous structural comparisons by Vyas et al. (1987) and
Snyder et al. (1990)]. The structure of the receptor, deter-
mined to 1.9-A resolution by Quiocho and co-workers (Vyas
et al., 1987), reveals a coordinating array of seven oxygens
arranged in a pentagonal bipyramid geometry around the
bound Ca?*, as typically observed in EF-hand sites (Strynadka
& James, 1989). In the prokaryotic site the coordinating
array, illustrated in Figure 1A, consists of four coordinating
oxygens provided by three side-chain carboxylates (mono-

0006-2960/91/0430-8690$02.50/0 © 1991 American Chemical Society



