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THE turns joining segments of secondary structure have been
proposed to be key elements in dictating the folded structures of
native proteinsl'g. An alternative view assumes that turns play a
passive role and are merely default structures that occur as a
consequence of interactions between antiparallel segments of
secondary structure, with chain reversal being dictated by the
context surrounding the turn and not by the sequence of the turn
itself'®!!, The solvent-exposure of turns and their tolerance to
evolutionary variance suggests that they may have little or no
effect on the formation of native structures. Previous investiga-
tions have focused on various types of [-turns that connect
antiparallel $-strands!-3-12-13. with comparatively little reported
on the structural role of interhelical turns. Here we probe the
structural importance of such a turn in an antiparallel 4-helix
bundle by randomly substituting an interhelical tripeptide in
cytochrome b-562 with many different amino-acid sequences.
Thirty-one of the resulting substituted proteins were charac-
terized and all of them were shown to fold into stable, native-like
structures. These results suggest that this interhelical turn does
not does not play a dominant role in determining the folded
structure of this antiparallel 4-helix bundle.

Cytochrome b-562 is a small (M, 12,000) haem protein found
in the periplasm of Escherichia coli. In the crystal structure (1.4
A at R=01.164) of this four-helix bundle!#15, the third and fourth
helices are joined by the tripeptide Glug,-Glyg,-Lysgs (Fig. 1).
By substituting this interhelical turn with randomly generated
tripeptides, it is possible to construct 8,000 (20%) possible turn
sequences. Among these sequences, those that can form turns
compatible with the correctly folded structure can be distingu-
ished by a simple colour assay: cells expressing mutants that fold
correctly will bind haem and yield bright red periplasmic
extracts (Fig. 2), whereas cells expressing mutant proteins with
turns incompatible with a native-like structure will fail to bind
haem and yield colourless extracts.

As the Glug,-Glyy-Lyse; turn sequence is located distal to the
haem site, we would expect haem binding to be affected only if
local perturbations in the turn disrupt the overall native
structure. If the sequence of the wild-type turn is essential in
directing the 4-helix bundle into its native structure, most of the
8,000 possible sequences will prevent proper folding and
produce colourless extracts. If, however, local interactions in
the turn do not exert a dominant influence on the structure of the
protein (that is. if the turn is passive) then most, perhaps all, of
the substitutions should yield bright red samples.

We constructed a library of cytochrome mutants using
cassette replacement mutagenesis'®!® to randomize codons
81-83. The resulting library encodes all possible tripeptide turn
sequences. From this library, 45 independent clones were
characterized by DNA sequence analysis and by the red/white

§To whom correspondence should be addressed.

355



LETTERS TO NATURE

colour assay (Table 1). Of these. 9 contain termina*ion codons
and 31 code for mutant tripeptide sequences (the remaining 5
contain deletions). Of those mutants containing alternative
tripeptides in place of the wild-type turn, all 31 sequences give
rise to red extracts (Table 1; Fig. 2). The only members of the
collection that yield colourless extracts are those encoding
nonsense or deletion mutants. These results demonstrate that all
the randomly generated tripeptide turn sequences shown in
Table | are compatible with a stable native-like structure
capable of binding haem.

To extend the results of our visual colour assay, mutant
proteins with a variety of different turn sequences were purified
and characterized. The secondary structures of these proteins
were probed by circular dichroism (CD) spectroscopy!®. Figure
3a shows that the CD spectrum of a mutant protein (Prog,-Valg,-
Ala,,) 18 superimposable, within experimental error, upon the

FIG. 1 Ribbon diagram of cytochrome b-562. The haem is shown in red;
the sequence Glug,-Glyg,-Lyss;, which forms an interhelicai turn
connecting a -helices 3 and 4, is shown in yellow. The ¢/¢ angles for
these residues are —93.7/8.4, 78.6/9.9 and —93.0/70.9 for residues
81, 82 and 83 respectively. Coordinates are taken from file 256b in
the Brookhaven Data bank34.

METHODS. A 53-mer having the sequence 5 -GCGGGCGGAAGCTTGC-
AAATNNNNNNNNNGTAAAAGAAGCGCAGGCTGCTGCA-3' (N represents
an equimolar ratio of A, G, C and T) was annealed with a primer
oligonucleotide 5’-GCAGCCTGCGCTTCT-3'. Synthesis of the comple-
mentary strand was accomplished using DNA polymerase (Sequenase
version 2.0; US Biochemical). A Pstl sticky end was present after
annealing and synthesis, and a Hindlll sticky end was generated by
restriction digestion. This semi-random cassette was then ligated into
a newly constructed vector, pRW-2. This plasmid is a derivative of
pEMBL-18 (ref. 35), into which the cytochrome b-562 gene3®,
including its natural signal sequence, is expressed under /ac control.
The Pstl site cccurs naturally in the wild-type gene for cytochrome
b-562. The Hindlll site was introduced by changing the Leu,4 codon
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spectrum of the wild-type protein (Glug -Glyy,-Lysgs). Similar
results were obtained for proteins with the turn sequences
Ileg;-Aspga-Leugs, Tyrg-Lysg>-Leugs, and  Sery -Leug,-Sery;
(data not shown). Calculations of the per cent helix (using
PROSEC software; Aviv) for each of these proteins indicates a
helicity within 3% of the value for the wild-type protein.

The structures of the mutant and wild-type proteins were also
compare using absorption spectroscopy to probe the tertiary
structure of the haem binding site. As the absorption spectrum
of haem is extremely sensitive to its electronic environment, the
spectrum of cytochrome b-562 tests whether varying the
interhelical turn disrupts the overall protein structureX’2!, As
the spectrum of cytochrome b-562 is affected by the oxidation
state of the iron®!, spectra were measured for both the oxidized
and reduced forms; both forms of the Serg,-Leuy,-Sery; mutant
are compared to those of the wild-type protein in Fig. 3 b and c.

(Wild type)

Glu-Gly-Lys Leu-Ala-Ala Deletion

Cys-Leu-Arg

FIG. 2 Periplasmic fractions from E. coli cells expressing high levels of
wild-type or mutant forms of cytochrome b-562. The red colour results
from the accumulation of native folded haem—protein. The tube on the
right represents a control experiment showing the periplasmic fraction
from cells harbouring plasmid pRW-2, which contains a large deletion
and a frameshift at the end of a -helix 3.

METHODS. Cultures of E. coli strain MV1i90 bharbouring the
appropriate sequence derivative of the overexpressing plasmid were
grown in 2 X YT medium to A;,,=1. IPTG was added to a concentration
of 100 ug mi™! and growth was continued overnight. Cells were
collected by centrifugation then washed in 50 mM Tris HCI, pH 8.0,
200 mM NaCl, and centrifuged again. The cell pellet was subjected to
four cycles of freezing and thawing to disrupt the outer membrane,
then taken up in water to release the peripiasmic contents. Spherop-
lasts were removed by centrifugation, vielding a bright red supernatant
with the characteristic absorption peaks of reduced cytochrome b-562
at 426 nm (the Soret band) and 562 nm. This solution was further
enriched for cytochrome b-562 by adjusting the pH to 4.2 with sodium
acetate (final concentration, 50 mM) and removing acid-insoluble
contaminants by centrifugation. Extracts from cells harbouring the
control plasmid pRW2 are colourless, indicating that background
leveis of cytochrome are negligible.

from CTG to CTT by site-directed mutagenesis3”. But in pRW-2, the
wild-type Hindlll-Pstl fragment (encoding amino acids 77—91) has
been replaced by a 20-bp ‘dummy’ fragment. In this fragment a
frameshift is introduced, and a new restriction site {Sall) is included.
Use of the pRW-2 vector for constructing our library of turns has two
advantages: (1) the true wild-type sequence does not enter the system
except as one of the 8,000 possible sequences in the random library;
and (2) after ligating the semi-random synthetic restriction fragment
into the pRW-2 backbone, the ligation mix can be cut with Safl to
destroy any of the pRW-2 vector that may have re-closed without
receiving a new synthetic piece.
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Similar results were obtained for proteins with the turn
sequences Prog-Valg-Alay,, Ileg-Aspg,-Leug; and Tyrg;-Lysg,-
Leug; (data not shown). In both oxidation states, the spectra ot
all four mutants are superimposable, within experimental error,
upon the spectrum of the wild-type protein.

These results show that replacing the wild-type turn by a
different sequence does not significantly perturb the structure of
cytochrome b-562. Although minor changes in local structure
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FIG.3 a, Circutar dichroism spectra of wild-type and mutant cytoch-
rome b-562. The wild-type turn sequence is Glug,-Glyg,-Lysg,; the
mutant (number 5-1) turn sequence is Prog,-Valg,-Alag,. Proteins were
purfied by ion-exchange chromatography over an S-Sepharose fast-
flow column (Pharmacia) using a salt gradient from 0—1.0 M NaCl in a
buffer containing 50 mM sodium acetate, pH 4.5. Before CD
spectroscopy, proteins were dialysed into 10 mM sodium phosphate,
pH 7.5, 50 mM NaF. Protein solutions were 5 uM and optical path was
1 mm; spectra were recorded using an Aviv model 62DS instrument.
The data were collected in triplicate from 260 nm to 185 nmwith a step
size of 0.5 nm. Similar results were obtained for the rmutants
leg-ASpg,-Leugs, Tyrg,-Lysg,-Leug; and Serg,-Leug,-Sery, (data not
shown). b and ¢, Absorption spectra of reduced (b) and oxidized (c)
forms of wild-type and mutant cytochrome b-562. The mutant 4-8 turn
sequence is Serg,-Leug,-Sery,. Conditions as in a, except that optical
path length was 1 cm and spectra were recorded in a Hewlett-Packard
8452A diode array spectrophotometer. Dithionite (final concentration
0.5 ng mi~* was used as reducing agent. Similar results were
for mutant lleg,-Aspyy-Leugs, Tyrgi-Lysg,-Leug; and Prog,-Valg,-Alag,
(data not shown).
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TABLE 1 Mutations in the third interhelical turn of cytochrome b-562

Red mutants

Mutant DNA sequence* Amino-acid sequence
Wild type GAA.GGT.AAA Glu-Gly - Lys
1-2 AGT.TCT.AGG Ser - Ser - Arg
1-10 TIG.TGG.CGA Leu-Trp-Arg
2-5 AAC.CTG.CGC Asn-Leu - Arg
2-10 CGT.ACT.AAA Arg - Thr - Lys
3-7 TTC.TTC.AGT Phe - Phe - Ser
3-9 CTA.TTT.ATG Leu - Phe - Met
3-10 AGA.GGA.ATG Arg - Gly - Met
4-3 ATT.TCT.GCG lle - Ser - Ala
4-4 TAT.CTT.CAC Tyr - Leu - His
4-5 GAC.TTT.CGT Asp - Phe - Arg
4-6 TGC.CGG.GCG Cys-Arg-Ala
4-7 TGC.TTC.ATG Cys - Phe - Met
4-8 TCG.CTG.TCC Ser - Leu - Ser
4-10 TTG.GGA.CGG Leu-Gly - Arg
5-1 CCC.GTC.GCA Pro - val - Ala
5-3 TGT.TTG.AGA Cys- Leu - Arg
5-5 AGG.GGA.GTT Arg - Gly - Val
5-7 CTT.AAC.GCG Leu-Asn -Ala
5-9 ATT.GAC.CTT lle -Asp - Leu
5-10 TAT.TAC.GAC Tyr - Tyr - Asp
6-1 AGT.AGG.GAG Ser - Arg - Glu
6-2 TTA AGC.ATA Leu - Ser - lle
6-4 TCATGT.TTIC Ser - Cys - Phe
6-5 CTG.GCT.GCG Leu - Ata - Ala
6-9 TAC.AAG.TTA Tyr-Lys - Leu
6-10 TTA.TGG.CTA Leu-Trp-Leu
7-5 TIT.GTT.AAC Phe - Val - Asn
7-7 GCG.GTA.AAG Ala-Val - Lys
7-9 AGC.ATG.CGC Ser - Met - Arg
7-10 GAA.GAT.TTT Glu - Asp - Phe
8-7 CAT.GAAACT His - Glu - Thr

White mutants (stop codons)

1-3 TAG.TTA.TGT STOP - Leu - Cys
1-5 TAG.AGC.GTG STOP - Ser - Val
3-8 GTG.TAG.AGG Va!- STOP - Arg
5-2 AAG.TAG.TAT Lys - STOP - Tyr
6-3 TGC.TAG.GTC Cys - STOP - val
6-7 CCG.TAA.TGG Pro - STOP - Trp
7-1 CGT.TGA.GGA Arg - STOP - Gly
9-3 GTA.TGA.TCT Val - STOP - Ser
9-9 TIT.GTA.TAG Phe - Val - STOP

Not listed are five deletion mutants that introduced frameshifts and
were therefore discarded. Phagemid DNA was prepared by standard
technigues™? using phage M13-KO7 as helper phage. The sequencing
primer is a synthetic oligonucleotide with the sequence 5'-
AGTTCCCTGTTACCTGAGTGC-3'. DNA was sequenced by the dideoxy
method®® using single-stranded phagemid DNA as template. We have
analysed 32 randomly chosen sequences from among the 8,000
possible tripeptides. The probability (P) of observing the native-like
fold in all 32 of them is

31
P= 11 (R-//(8,000-/)
i=0

where R is the total number of tolerated tripeptides in the collection of
8,000. In this formula, if Ris less 7,286 (if less than 91% of the turn
sequences give rise to native-like conformations), then the probability
of randomly choosing 32/32 tolerated sequences would have been
<5% (ref. 22). Thus we can say with 95% certainty that >91% of all
possibie tripeptides are tolerated.
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around the turn are possible, the overall secondary structure of
the 4-helix bundle and the specific tertiary structure around the
haem must be similar in the wild-type and mutant proteins.

Our results indicate that the turn connecting helices 3 and 4 in
cytochrome b-562 is not crucial in determining the folded
structure of this protein. Although we cannot exclude the
possibility that among 8,000 possible tripeptide sequences there
exist some that prevent formation of the correct native
structure, our results suggest that such sequences must be rare.
A statistical analysis indicates with 95% certainty that >91% of
all possible tripeptides are tolerated®? (see Table 1 legend).

It is important to consider the impact of these mutations on
both the kinetics of protein folding and the thermodynamics of
protein stability. Our experiments cannot rule out the possibility
that some of the mutant proteins may fold at rates different from
the wild type, but they do show that all 31 mutants fold
sufficiently rapidly to escape proteolytic degradation in vivo;
this indicates that for cytochrome b-562 there is no obligatory
folding pathway requiring a specific tripeptide in the turn
connecting helices 3 and 4.

For a turn whose side chains are exposed to solvent, sequence
changes might be expected to influence stability either by
introducing conformational strain in the folded state? or by
affecting interactions with the solvent (in either the folded or
unfolded state)*25, For example, replacement of the wild-type
Gly 82 might strain the native structure, because the ¢ and ¢
angles of this glycine (79° and 10°) fall in a region of the
Ramachandran plot®® rarely observed for other residues®’.
However, substitution of this glycine by virtually any other
amino acid can be tolerated (Table 1), indicating that the region
around residue 82 can relax to accommodate turn conformations
different from the wild-type.

Replacement of Glu 81 or Lys 83 might be expected to
destabilize the protein by disrupting a favourable electrostatic
interaction between these residues. Butitis unlikely that such an
interaction contributes to stability because these side chains
point in opposite directions in the crystal structure. Neither does
the interaction of these charged residues with the solvent
contribute to the stability of the protein, because many different
side chains can be tolerated at positions 81 and 83 (Table 1).
Even in the extreme case in which the substituents are Ile 81 and
Leu 83 the protein is stable and its T, only slightly reduced
(A.P.B.,E.S.H. and M.H.H., manuscript in preparation).

We conclude that individual interhelical turns play only a
minor part in determining protein structure. Although our
mutant tripeptides undoubtedly differ in their intrinsic tenden-
cies to form particular structures in solution, they can all be
constrained to adopt conformations consistent with a properly
folded structure. This finding argues that local effects can be
overcome by long-range interactions between residues not
adjacent in sequence. The tolerance of interhelical turns to
alterations in sequence, even of different hydrophobicity
patterns, has implications not only for our understanding of
natural proteins, but also for the design of novel proteins?-3!
and for designing active sites into engineered proteins. g
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