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ABSTRACT By means of genetic screens, a
great number of mutations that affect the folding
and stability of the tailspike protein from Salmo-
nella phage P22 have been identified. Temperature-
sensitive folding (tsf) mutations decrease folding
yields at high temperature, but hardly affect ther-
mal stability of the native trimeric structure when
assembled at low temperature. Global suppressor
(su) mutations mitigate this phenotype. Virtually all
of these mutations are located in the central domain
of tailspike, a large parallel b-helix. We modified
tailspike by rational single amino acid replace-
ments at three sites in order to investigate the
influence of mutations of two types: (1) mutations
expected to cause a tsf phenotype by increasing the
side-chain volume of a core residue, and (2) muta-
tions in a similar structural context as two of the
four known su mutations, which have been sug-
gested to stabilize folding intermediates and the
native structure by the release of backbone strain,
an effect well known for residues that are primarily
evolved for function and not for stability or folding
of the protein. Analysis of folding yields, refolding
kinetics and thermal denaturation kinetics in vitro
show that the tsf phenotype can indeed be produced
rationally by increasing the volume of side chains in
the b-helix core. The high-resolution crystal struc-
ture of mutant T326F proves that structural rear-
rangements only take place in the remarkably plas-
tic lumen of the b-helix, leaving the arrangement of
the hydrogen-bonded backbone and thus the sur-
face of the protein unaffected. This supports the
notion that changes in the stability of an intermedi-
ate, in which the b-helix domain is largely formed,
are the essential mechanism by which tsf mutations
affect tailspike folding. A rational design of su mu-
tants, on the other hand, appears to be more diffi-
cult. The exchange of two residues in the active site
expected to lead to a drastic release of steric strain
neither enhanced the folding properties nor the
stability of tailspike. Apparently, side-chain interac-
tions in these cases overcompensate for backbone
strain, illustrating the extreme optimization of the
tailspike protein for conformational stability. The
result exemplifies the view arising from the statisti-
cal analysis of the distribution of backbone dihedral
angles in known three-dimensional protein struc-

tures that the adoption of f/c angles other than the
most favorable ones is often caused by side-chain
interactions. Proteins 2000;39:89–101.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

Parallel b-sheets have long been perceived as rather
unstable structures compared to their antiparallel counter-
parts, due to their more distorted inter-strand hydrogen
bonds, and reflected by the low abundance of large parallel
sheets in known protein structures. Before the discovery of
a parallel b-helix in the pectate lyase PelC,1 the small
number of protein structure types included all-a-helical
domains, entities composed of mixed a-helices with paral-
lel b-sheets, all antiparallel b-structures, and a class of
small proteins rich in disulfides or containing metal bind-
ing sites.2,3 Parallel b-sheets were thought to only coexist
in domains with other, more stable structural elements
and had never been observed at all with their outer surface
exposed to solvent.4 Although this has changed with the
PelC structure and the identification of parallel b-helices
in a number of other proteins since,1,5–18 little is known
about the interactions stabilizing such all-parallel b-struc-
tures and about the requirements for their efficient fold-
ing.

Apart from the two left-handed structures found so
far,10,11 all parallel b-helices are formed by coiling a
b-strand into a right-handed helix.19 Except for alkaline
protease, each turn around the helix axis is completed by
typically three b-strand segments, connected by turns or
loops of varying length. The b-strands of consecutive turns
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are aligned to form parallel b-sheets. Two of them, usually
called PB1 and PB2 (in pectate lysases), or C and A (in P22
tailspike), respectively, form a parallel b-sandwich. One
side of the sandwich is closed either by turns of variable
length or very short b-strands (PB1a in rhamnogalacturo-
nase). On the other side lies a third longer b-sheet (PB3 or
B), giving the cross-section of each coil an L-shaped
appearance. All of the known enzymes with a parallel
b-helical fold are involved in the recognition and cleavage
of large polysaccharides. Whether this reflects a particular
suitability of this fold for polysaccharide binding, and if so,
whether these enzymes are homologous or analogous
structures, remains to be determined. Sequence alignment
studies so far offer only very limited information on this
question, as they are hampered by the low accuracy of
prediction methods for b-structure, the different lengths of
regular structure in each coil, and the high variability of
size and composition of the loops protruding from the
parallel b-helix. But, although it is not yet possible to
identify a distinctive sequence pattern characterizing all
b-helices, certain features typical of some of the known
structures, like internal Asn ladders or the high content of
aromatic and large hydrophobic groups oriented towards
the helix core, will possibly aid the identification of further
candidates with the new motif.20

P22 Tailspike Protein

In search of factors contributing to the stability and folding
of b-helices, we chose to approach the problem by rational
site-directed mutagenesis of the P22 tailspike endorhamnosi-

dase, a b-helix protein for which a large amount of biochemi-
cal and biophysical data are available. Bacteriophage P22
attaches to its host Salmonella via six trimeric tailspikes
non-covalently linked to the baseplate. The receptor is the
lipopolysaccharide structure on the surface of the enterobac-
terium, containing 4 to 30 O-antigenic tetrasaccharide re-
peats. It is bound and hydrolyzed in the long groove of the
b-helix domain of tailspike (Fig. 1). Both oligosaccharide
binding and hydrolysis have been thoroughly character-
ized,41 and the crystal structures of several protein-oligosac-
charide complexes have been determined.21,7

The central domain of tailspike is a 13-turn parallel
b-helix (Fig. 1) with a tightly packed hydrophobic core
containing very few polar or charged side chains. It does
not contain the stacked Asn residues typical of some other
b-helix proteins. The terminal domains of the three sub-
units are intertwined and thereby responsible for the
thermostability of the trimer. This thermostability, com-
bined with a resistance towards denaturation by SDS,
allowed the identification of SDS- and heat-sensitive assem-
bly intermediates, leading to an extensive characteriza-
tion of the folding and assembly pathway in vivo22,23 and
in vitro.24,25 Moreover, King and co-workers identified a
large number of amino acid substitutions in the central
part of tailspike, which affect the yield of folding and
assembly.26 Tailspike folding yields decrease dramatically
with increasing temperature, with very similar dependen-
cies in vivo and in vitro.27,28 The temperature sensitivity is
more drastic for a type of mutants designated temperature
sensitive for folding or tsf.29–31 These tsf mutations pre-

Fig. 1. Stereo ribbon drawing of one sub-
unit of the trimeric TSPDN prepared with
MOLMOL.59 The domain formed by the large
right-handed b-helix is in dark grey. Thirteen
complete turns wind around the helix axis and
form a long binding groove for the lipopolysac-
charide receptor of phage P22 present on the
surface of its host Salmonella. Bound octasac-
charide, a product of the hydrolysis catalysed
by the endorhamnosidase, is indicated by
thick lines. The mutation sites addressed here
are indicated as light spheres. The N-termi-
nus is located in the lower left.
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vent the formation of the native trimer at restrictive
temperature and promote aggregation, but once as-
sembled at a lower permissive temperature, the mutant
tailspike trimers have full biological activity at high
temperatures.32 Tsf-mutations have been identified at
some 60 sites exclusively in the central b-helix domain.33

A second class of mutations, isolated as global suppressors
(su) of the tsf phenotype, have the opposite effect: they
increase the yield of correctly assembled tailspikes at
higher temperature, thus compensating for the effect of tsf
mutations.34,35 Only four such su mutations have been
identified so far.36 An analysis of the refolding pathways of
wild-type tailspike and of a number of single- and double-
mutant proteins at varied temperature has confirmed that
both types of mutations act by altering the global stability
of well-structured, native-like folding intermediates. 25,37,38

Accordingly, there is a good correlation between the effect
of a mutation on tailspike folding and its effect on the
stability of the finally folded structure.39

tsf and su Analogs

In view of this wealth of data, we set out to investigate
the effects of substituting amino acids not previously
identified as sites of folding mutations. We selected three
positions in the central part of the parallel b-helix, close to
the oligosaccharide-binding site. Two of the sites corre-
spond to active-site residues associated with unfavorable
backbone dihedrals in the high-resolution crystal struc-
ture, such that stabilization by glycine or alanine substitu-
tions might be expected. The side chain of the third residue
(Thr326) is directed towards the b-helix core. Residues of
varying side-chain volume were introduced at this site as a
further test of our model for the mechanism of action of
temperature-sensitive folding mutations. The results of
these mutations on the one hand prove that the tsf
phenotype can be generated by rational mutation designed
to moderately destabilize the native parallel b-helix fold,
and on the other hand illustrate the remarkable amount of
plasticity in the b-helix lumen.

MATERIALS AND METHODS
Chemicals

Ultrapure urea was obtained from ICN Biochemicals.
Concentrations of urea solutions were determined by
refractive index measurements.40 Dithioerythritol was
from Roth, Karlsruhe; Tween 20, SDS, and electrophoresis
chemicals were from Serva (Heidelberg). Oligonucleotides
were obtained from MWG-Biotech (Munich), and enzymes
were from Boehringer-Mannheim Biochemicals (Indianap-
olis, IN), Pharmacia (Gaithersburg, MD) or New England
Biolabs (Beverly, MA). Other chemicals were analysis
grade, and quartz-bidistilled water was used throughout.
Lipopolysaccharide fragments from Salmonella enteritidis
and dodecasaccharide fragments labelled with 7-amino-4-
metylcoumarin41 were generously provided by A. Wein-
traub and U. Baxa.

Site-Directed Mutagenesis and Protein Purification

The plasmid pTSF1 used here is a derivative of pASK30
with an insert coding for an amino-terminal methionine

followed by residues 109 to 666 of P22 tailspike protein,
i.e., for the tailspike protein lacking its amino-terminal
head-binding domain.39 Site-directed mutagenesis was
carried out essentially as described by Kunkel et al.42 with
slight variations.43 The oligonucleotides used for mutagen-
esis were:

T326V: 59-GGGCGCTACTTACGGATCCATAGCTGA-
CTCGTCCGCCAATG-39

T326S: 59-GGGCGCTACTTACGGATCCATAGCTGCT-
TCGTCCGCCAATG-39

T326F: 59-GGGCGCTACTTACGGATCCATAGCTGA-
ATCGTCCGCCAATG-39

E359A: 59-CAAGTTTTAACGCCCGAGGCCCCAGCGC-
GATATG-39

E359G: 59-TTGCCAAGTTTTAACGCCGGATCCCCC-
AGCGCGATATGAAGT-39

W391A: 59-AAATCGAATCCGTCAGCGACTGGGTA-
AATAACGAC-39

W391G: 59-CCTAAATCGAATCCGTCTCCTACGGGG-
TAAATAACGACC-39

The double mutant E359G/G244R was constructed by
restriction fragment exchange between the plasmid coding
for the G244R mutant protein (pTSF6; Ref. 39) and the
plasmid containing a mutation leading to the exchange
E359G created here using the unique restriction sites
NheI and HindIII. The mutations introduced were con-
firmed by DNA chain termination sequencing. Amino-
terminally shortened tailspike protein was expressed and
purified as described.6,39 Protein concentrations were de-
termined using a specific absorbance at 280 nm of
A1 mg/ml 5 1.20 for wt.39 Extinction coefficients for the
mutants involving exchange of aromatic residues (T326F,
W391A, and W391G) were determined according to Pace et
al.44 by measurement of the absorbance of solutions of
equal protein concentration in neutral buffer and 6 M
guanidinium chloride. Purified protein was stored as a
suspension in 40% saturated ammonium sulfate, 50 mM
Tris/HCl, pH 8.0 at 4°C.

Octasaccharide Binding Isotherms and
Determination of Endorhamnosidase Activity

Dissociation constants for the specific binding of tail-
spike protein mutants to octasaccharide fragments from
Salmonella enteritidis lipopolysaccharide were deter-
mined by fluorescence titration41 exploiting the static
fluorescence quench of two Trp residues located in the
saccharide binding groove. The protein concentration used
was 10 mg/ml (170 nM binding sites) in 50 mM sodium
phosphate buffer pH 7.0. Data were fit to the equation

F 5 F0 1 DF~E0 1 L0 1 KD

2 ~~E0 1 L0 1 KD!2 2 4L0E0!
1/2!/2E0

by nonlinear regression to determine the dissociation
constants, where F is the measured fluorescence, F0 is the
fluorescence of the free protein, DF is the change in
fluorescence at saturation relative to F0, E0 and L0 are the
total concentrations of protein and oligosaccharide, respec-
tively, and KD is the dissociation constant.
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Endorhamnosidase activity was measured using la-
belled dodecasaccharide derived from Salmonella lipopoly-
saccharide.41 At varied times, samples were removed from
the reaction vessel containing 0.17 mM tailspike and 10
mM substrate, the reaction was stopped by acidification of
the sample and analyzed by reversed phase HPLC using
fluorescence detection. Relative amounts of labelled tet-
rasaccharide and unhydrolyzed labelled dodecasaccharide
were determined from the elution profiles by integration
using the program PeakFit (Jandel Scientific, Corte
Madera, CA).

Protein Denaturation and Reconstitution

Tailspike protein was dissociated and unfolded in 5 M
urea, pH 3.0 (50 to 65 mM H3PO4) for $ 30 min at room
temperature.45 For measurements of folding kinetics, a
solution of denatured protein was diluted to a final urea
concentration of 50 mM and a final protein concentration
of 10 mg/ml. In order to guarantee rapid mixing, the
refolding buffer (50 mM sodium phosphate, 1 mM EDTA, 1
mM dithioerythritol (pH 7.0)) was stirred vigorously using
the thermostatted cell holder of a Spex Fluoromax spec-
trofluorimeter. Fluorescence emission was observed at 342
nm using an excitation wavelength of 280 nm. For the
reconstitution yields at different temperatures, refolding
was performed in Eppendorf tubes pre-treated by a rinse
with 5% (v/v) Tween 20 (polyoxyethylenesorbitan monolau-
rate) followed by drying to avoid loss of protein to the
vessel walls. Refolding was initiated by rapid dilution of
denatured protein solution with refolding buffer to a final
urea concentration of 100 mM and a final protein concen-
tration of 25 mg/ml. The samples were then incubated at
constant temperature for 16 hr (above 20 °C) or 70 hr (20°C
and below) to ensure completion of the refolding reaction.
After SDS polyacrylamide gel electrophoresis and Coomas-
sie Blue staining, the ratios of the intensities of monomer
to native trimer bands were determined densitometri-
cally.46,39

Thermal Unfolding in the Presence of SDS

For each time point, 40 ml of protein solution containing
50 mM Tris/HCl, 150 mM 2-mercaptoethanol, 20 g/l SDS
at pH 7.0 at room temperature28 were incubated sub-
merged in a thermostatted water bath using thin-walled
reaction vessels (for PCR, Roth, Karlsruhe) to maximize
the heating rate of the solution.39 The unfolding reactions
were stopped by rapidly cooling the samples corresponding
to the respective times in a water/ice mixture. Electrophore-
sis and densitometry were used as described above to
monitor the decrease in intensity of the detergent-
resistant trimer band relative to the increasing intensity
of the monomer band. Although the specific staining
intensities of monomer and native trimer bands are differ-
ent, the time courses analyzed under these rigorously
identical experimental conditions can well be compared
between the mutants.

Crystallization and Structure Determination

The hanging droplet method was used for crystallization
with ammonium sulfate as a precipitant.6 After one week,

cube-shaped crystals of approximately 0.2 to 0.4 mm were
harvested and X-ray intensities measured using a MARe-
search image plate (MAResearch, Hamburg) with CuKa-
radiation from a Rigaku RU 200 X-ray generator operated
at 5.4 kW at 16°C. Data were processed with MOSFLM,47

and the mutant was analyzed by difference Fourier using
phases of the wild-type structure7 after energy-restrained
crystallographic refinement with X-PLOR and parameters
derived by Engh and Huber.48 The coordinates have been
submitted to the Protein Data Bank (entry codes 1QQ1
(E359G), 1QRB (T326F), 1QRC (W391A)).

RESULTS
Selection of Mutation Sites

The mutations were introduced into the N-terminally
shortened variant of tailspike that retains all functional
properties of the endorhamnosidase, as well as thermosta-
bility, SDS-resistance, and the folding pathway of the
complete protein, but allows the effects of su- and tsf-
mutations on the stability of the native structure to be
more readily detected in thermal denaturation kinet-
ics.28,39

Two of the mutation sites, 359 and 391, are partially
solvent-exposed and located at equivalent positions in two
successive turns of the b-helix in the sections containing
b-sheets B and C and forming one rim of the saccharide
binding groove. Five residues located in the corresponding
position of consecutive b-helix coils—Asp 303, Val 331, Glu
359, Trp 391, and Gly 438—form a stack with very similar
backbone dihedral angles (Fig. 2). In a Ramachandran
diagram, their f/c coordinates correspond to the border of
an “additionally allowed region” (in ProCheck terminol-
ogy49) for Val 331 (f 5 2121°, c 5 145°) and a “generously
allowed region” for Glu 359 (f 5 2122°, c 5 2104°) and
Trp 391 (f 5 2107°, c 5 2109°), thus indicating substan-
tial steric strain in these residues. Indeed, if Val 331 is
mutated to Ala or Gly, an increase in stability of the native
protein is observed, along with higher renaturation yields
at elevated temperature. Accordingly, V331A and V331G
are the most potent mutations suppressing the folding
defect of tsf mutants in tailspike. The reason why these
mutants have not evolved as the wild-type is probably
their diminished receptor binding affinity.50 As the back-
bone strain is even more prominent for Glu 359 and Trp
391, the question was whether exchanging these residues
to Ala or Gly would have similar effects, although these
mutations had never shown up in the extensive genetic
screens for su sites. A possible improvement of folding and
stability caused by these mutations might have been
compromised by their effects on the function of the endo-
rhamnosidase, as structural and biophysical data indicate
that Trp 391 is important for saccharide binding and
suggest a possible role of Glu 359 in substrate hydrolysis
(see below).

The other site chosen for directed mutagenesis is Thr
326, stacked between Ser 354 and Pro 298 in b-sheet B,
and pointing to the interior of the b-helix (cf. Fig. 7). In the
crystal structure, neither hydrogen bonds to other resi-
dues nor any neighboring cavities are detectable, thus
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minimizing the possible factors contributing to changes in
stability brought about by the introduction of other side
chains. Under these conditions, mostly changes in hydro-
phobicity and size of the amino acid should influence
stability and folding. A threonine residue was chosen,
because valine could be introduced as an isosteric and
serine as another uncharged polar substitution, giving us
the possibility to observe the effect of very slight changes
on the structure. Additionally, Thr 326 was exchanged to
Phe in order to test the tolerance of the b-helix domain
towards a major increase in side-chain volume and the
resulting steric hindrance. In the case of a possible destabi-
lization of the protein, a tsf phenotype was expected, in
correspondence with the mechanism of folding mutations
in tailspike presented above, which suggests a crucial role
of native-like intermediates at the switch between folding
and aggregation on the assembly pathway of the protein.

Effects on Tailspike Function

Both binding of an octasaccharide and hydrolysis of a
dodecasaccharide fragment derived from Salmonella enteri-
tidis lipopolysaccharide have been characterized in detail
for tailspike protein.41 We used the methods described to
investigate a possible influence of the mutations on the
functional properties of tailspike (Fig. 3). As expected for
conservative exchanges like T326S and T326V of a residue
that is not involved in function according to the crystal
structure, no significant reduction in substrate affinity
was observed. Only for the bulky Phe mutation, a slight
but significant increase of the dissociation constant by
about a factor of two was observed compared to wt (Fig. 3c,
Table I). More prominent effects are caused by mutating
residues Glu 359 and Trp 391. As indicated by the crystal
structure, both residues interact with the substrate, and
for Glu 359 an involvement in the catalytic mechanism is

Fig. 2. Stereo plot of the vicinity of the
stack consisting of Asp 303, Val 331, Glu
359, Trp 391, and Gly 438 (from bottom to
top), which are drawn with increased bond
radius for clarity; N atoms are colored blue
and O atoms red. The bound octasaccha-
ride is yellow, water molecules found in the
crystal structure are indicated by light blue
balls. To the right of Trp 391, Asp 392, and
Asp 395 can be recognized, which are
probably involved in oligosaccharide hydro-
lysis. The water molecule assumed to be
responsible for the attack on the C1-atom of
rhamnose I (upper end of the oligosaccha-
ride as depicted here) is hydrogen bonded
to Glu 359, Ser 360, and Asp 395 below
rhamnose I. The group of residues drawn to
the left of Trp 391 belong to the dorsal fin
subdomain of tailspike and strongly contrib-
ute to the hydrophobic side-chain interac-
tions of Trp 391. Among other interactions,
Glu 359 is involved in a salt bridge to Lys
363, here to the right of Glu 359. Plot drawn
using MOLMOL.59

Fig. 3. Fluorescence titrations with octasaccharide for the determina-
tion of the dissociation constants at 10°C. The dotted line indicates the
binding isotherm for wt tailspike, for the purpose of comparison. All data
were normalized by the fluorescence intensity of unliganded protein as

obtained from the fit. The variation in the amplitude of the fluorescence
quench is due to the slightly different content of impurities in different
oligosaccharide preparations, and the missing tryptophan residue in the
case of W391G and W391A.

RATIONAL MUTATIONS IN THE P22 TAILSPIKE PROTEIN 93



suggested (Fig. 2, see below). A clear increase in KD for
octasaccharide binding by a factor of about 30 to 60 in the
four mutants compared to wt confirms the essential role of
these two residues in receptor binding in the wt structure
(Fig. 3a and b, Table I). It should also be noted that
removal of the Trp residue at position 391 coincides with a
drastic decrease in the total amplitude of the fluorescence
quench upon titration with octasaccharide by almost a
factor of two, in agreement with the assumption that static
quench of both Trp 365 and Trp 391 is responsible for the
quench amplitude found in wt protein.

Similarly, exchanging Gly or Ala for Glu 359 or Trp 391
obliterates the activity of the protein as measured by
hydrolysis of fluorophore-labelled dodecasaccharide. Pro-
longed incubation (up to 88 h) of the mutant proteins with
this substrate at 37°C yields specific but minute amounts
of product, with a corresponding decrease in the catalytic
rate by at least a factor of 104 compared to wt. This
impairment of tailspike activity would certainly be suffi-
cient to exclude a detection of the corresponding mutations
in an in vivo screen relying on intact function of the protein
during host infection by the virus. Consequently, it corrobo-
rates the assumption that possible changes in folding and
stability brought about by mutating Glu 359 or Trp 391
can only be investigated by directed mutagenesis and an in
vitro analysis independent of protein function.

Effects on Tailspike Stability

Equilibrium folding transitions, the method usually
employed to measure the conformational stability of pro-
teins, can neither be applied for the complete nor for the
N-terminally shortened tailspike (TSPDN) used here, as
its unfolding at high concentrations of denaturant or
elevated temperature is not reversible on an accessible
timescale. Hence, denaturation curves exhibit marked
apparent hysteresis and cannot be analyzed thermody-
namically, which forces us to resort to unfolding kinetics at
high temperature to obtain information about the differ-
ences in stability brought about by mutations.39 Protein
unfolding kinetics reflect the difference in stability be-
tween the native state and the rate-limiting transition
state of unfolding, and may thus be affected by changes in
either state. However, because many native interactions
are broken in the transition state, unfolding kinetics are
very sensitive to changes in the native structure, and there
is a good correlation between the unfolding rates and the
free energies of folding for a series of mutants of a given
protein.51 Moreover, a clear correlation between the rate of
thermal unfolding and the folding phenotype has been
found for the tailspike mutants investigated so far.28,39 In
this context, it should also be noted that effects on the
stability of the unfolded state of the protein do not affect
unfolding kinetics, which is of particular importance for
mutations to Gly leading to an increased conformational
entropy of the unfolded state. Ignoring the lag phase at the
beginning of the denaturation kinetics, thermal unfolding
of the N-terminally shortened tailspike can be described
by a single exponential.39 The fits and resulting rate
constants for the different mutants are shown in Figure 4
and Table I. In order to obtain optimal differentiation of
the unfolding rates, the experiments had to be performed
at slightly different temperatures, as the absolute rates
are very sensitive to this parameter. But, assuming the
approximate applicability of Arrhenius’ law for these
reactions, the ratios of the reaction rates measured with
different mutants at the same temperature should not
vary significantly with temperature, if the differences in
temperature are small compared to the value of the
absolute temperature used. Experiments performed at
different temperatures with the same mutants support
this approximation (unpublished results). In the following
we thus only discuss acceleration or deceleration of unfold-
ing compared to wt (Table I).

For the mutations at position 326, the slightest varia-
tion was observed for 326 Ser, which accelerated unfolding
by only a factor of 2. Slightly more pronounced is the effect
of Val with an acceleration factor of 3. As expected for the
large Phe side chain, which can only with difficulties be
accommodated in the interior of the tightly packed b-helix,
a more drastic destabilization of the native structure is the
outcome. An increase by a factor of 5.0 is still relatively
small compared to known temperature sensitive mutants
(see discussion), but a folding phenotype different from wt
might already be expected. A more complex picture arises
for the substitutions of Glu 359 and Trp 391. Removing the
atoms distal to Cb from the side chain leads to a slight

TABLE I. Binding, Stability and Folding
of Tailspike Mutants

TSPDN
mutant KD (mM)a kdenat

b
kfold

(1022 s21)c
Refolding

yieldsd

wt 0.8 6 0.1 1.0 1.5 6 0.2 0
T326S 0.8 6 0.2 1.7 1.8 6 0.2 0
T326V 1.1 6 0.2 2.5 1.6 6 0.1 0
T326F 1.5 6 0.2 5.0 0.66 6 0.04 2
E359A 36 6 7 16 1.6 6 0.1 0
E359G 36 6 5 2.0 1.4 6 0.1 0
W391A 25 6 3 1.8 1.8 6 0.2 0
W391G 48 6 11 1.9 1.5 6 0.1 0
su V331A 10 6 3f 0.20 2.6 6 0.2e 1e

su V331G (1.7 6 0.3) z 102 f 0.20 2.0 6 0.1e 1e

tsf G244R n.d. 10 1.1 6 0.1e 2e

aDissociation constants for octasaccharide binding as determined by
fluorescence titration at 10°C.
bRate of denaturation at 71°C (E359A and W391A), 73°C (E359G and
W391G) or 69°C (T326S, T326V, and T326F) relative to wt (3.6 z 1023

min21 at 71°C, 1.9 z 1022 min21 at 73°C, and 1.4 z 1022 min21 at 69°C).
The values shown result from global fits of at least five independent
measurements to single exponentials. Different temperatures had to
be used to optimize the differentiation of the unfolding rate constants.
Assuming the applicability of Arrhenius’ law for these reactions, the
ratios of reaction rates do not vary significantly with temperature if
the differences in temperature are small compared to the absolute
temperature used (see text).
cRate of subunit folding at 25°C (as determined by nonlinear regres-
sion using single exponentials) 6 standard deviation (at least 3
independent measurements).
dInfluence on the temperature dependent refolding yields relative to
wt. 0: no significant difference; 1: higher yields than wt at tempera-
tures above 25°C; 2: lower yields than wt at temperatures above 25°C.
eTaken from Miller et al.39 for the purpose of comparison.
fTaken from Baxa et al.50 for the purpose of comparison.
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destabilization at position 391, reflected by an acceleration
of unfolding by a factor of 2, but has a huge effect in the
case of Glu 359: here, thermal unfolding is accelerated by a
factor of 20, a value higher than for several genetically
isolated tsf mutants. The mutation to Gly leaves the
stability unaffected at site 391 (acceleration factor 2), but
the exchange of Ala 359 to Gly leads to a drastic decrease
in the rate of unfolding—only a factor of 2 compared to wt
as opposed to 20 in E359A. Summing up, all mutations
lead to an increase in the rate of thermal unfolding,
probably corresponding to a destabilization of the native
state.

Effects on Tailspike Folding

Two parameters have proved particularly useful to
measure the effect of genetically isolated tailspike folding
mutations on the folding process: subunit folding kinetics
and the temperature dependence of refolding yields.25 We

thus use the same experiments here to analyze the gener-
ated mutants.

Two phases are observed during refolding of tailspike
monitored by fluorescence or CD, the first of which is
complete in the dead time of manual mixing24 and low-
resolution stopped flow experiments (;100 ms, unpub-
lished results). The second phase, on the other hand, with
a half-time of about 0.6 min for wt at 25°C, corresponds to
the folding at the subunit level24 and can easily be
observed using fluorescence. Neither T326S nor T326V
show any significant differences to the folding kinetics of
wt (Table I), again confirming the conservative character
of these mutations. T326F, in contrast, exhibits folding
kinetics very much resembling those of known tsf mutants:
both folding rate and amplitude of the observable phase
are clearly decreased (Fig. 5a). All mutations investigated
at positions 359 and 391 are not significantly different
from wt protein in their folding kinetics (Table I).

TABLE II. Data Collection and Refinement for the Mutants

T326F E359G W391A

Data collection
Resolution range (Å) 15 to 2.0 8 to 1.8 15 to 2.5
Total observations 167323 232408 54352
Unique reflections 38358 53301 19727
Completeness (%) 96.8 (15 to 2.0 Å) 98.8 (8.0 to 1.8 Å) 96.2 (15 to 2.5 Å)

79.7 (2.11 to 2.0 Å) 98.3 (1.84 to 1.80 Å) 97.2 (2.63 to 2.5 Å)
Rmerge (%)a 9.4 (15 to 2.0 Å) 7.1 (8.0 to 1.8 Å) 13.2 (15 to 2.5 Å)

23.3 (2.11 to 2.0 Å) 32.4 (1.84 to 1.80 Å) 33.0 (2.63 to 2.5 Å)
Refinement

Resolution range (Å) 8.0 to 2.0 8.0 to 1.80 8.0 to 2.5
Unique reflections for I
. 0s(I)

37769 53301 19246

R.m.s.-deviation
bonds (Å) 0.009 0.009 0.010
angles (degree) 1.64 1.61 1.67
dihedrals 26.91 27.04 27.02
improper 1.29 1.302 1.36
R-factor (%)b for I . 0s(I) 15.6 18.4 14.9

aRmerge 5 ¥h ¥i iI(h, i)u 2 u^I(h)&i/¥h ¥i I(h, i); where I(h, i) is the intensity of the ith measurement of the reflection h,
^I(h)& is the mean of h for all i measurements of h. The sum is over all reflections.
bR 5 (¥uFo 2 Fcu)/¥ Fo; where Fo is the observed and Fc is the structure factor amplitude calculated from the model. The
sum is over all reflections.

Fig. 4. Thermal unfolding kinetics in the presence of SDS at 69°C (a),
73°C (b), and 71°C (c), respectively. At the times indicated, the reactions
were stopped by rapid cooling and analyzed by SDS gel electrophoresis

followed by densitometry. The fraction of monomer band intensity—
corresponding to denatured protein—is plotted against time. TSPDN wt
was included in each experiment for comparison.
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The more sensitive criterion for the influence of muta-
tions on tailspike folding is the temperature dependence of
the folding efficiency as depicted in Figure 5b. Although
the relative error is high with this method, clear differ-
ences can be observed between wt, mutants stabilizing,
and mutants destabilizing crucial folding intermedi-
ates.25,28 No significant deviations from wt behavior are
detectable for T326S and V, E359A and G, or W391A and
G, particularly in the upper temperature range, which is
very sensitive for differences in the thermostability of
folding intermediates.39 Again, T326F deviates markedly
from the wt reference. Whereas the folding yields for wt
converge to zero at about 40°C, no formation of native
protein is observed for T326F at 36°C already; at 30°C, the
yield is decreased by a factor of 8, but at low temperatures,
folding yields of T326F approach those of the wild-type.
This corresponds well to its decreased stability as mea-
sured by thermal denaturation kinetics, and resembles the
behavior known from tsf mutants. For all other mutants,
even those that show faster denaturation than wt, no effect
on folding could be observed.

Especially in one of the su mutations known for tail-
spike, A334I, the characteristic phenotype suppressing the
decrease in folding yields at elevated temperature brought

about by tsf mutations is not apparent for the su mutation
in wt background, but can only be observed in the tsf
mutant background. This can be explained by the muta-
tions having different or even reciprocal effects on the
stability of early and late folding intermediates or the
native structure.37 Therefore, we tested this possibility for
E359G, one of the mutants with presumptive release of
backbone strain isolated here, as a representative ex-
ample. The well-characterized tsf mutant G244R was
chosen as a background, and the results of the refolding
yields of wt, G244R and the double mutant G244R/E359G
are illustrated in Figure 6. Clearly, the double mutant
does not show any increase in yields compared to the tsf
mutant alone. The convergence to zero renaturation is
about 34°C in both cases; at lower temperature even a
slight decline in folding yields becomes apparent, whose
significance is doubtful in view of the relatively large error
inherent in this experimental technique. Consequently, no
suppression of the tsf phenotype of G244R results upon
combination with E359G, which excludes the possibility
that this mutation preferentially affects early folding
intermediates in a way similar to A334I.

Effects on Tailspike Structure

According to spectroscopic data, including UV absorp-
tion, fluorescence, and circular dichroism, all tailspike
mutations introduced in this study did not affect the
integrity of the native three-dimensional structure (unpub-
lished observations). Moreover, the octasaccharide bind-
ing experiments described above confirm the presence of
native structure, although for some of the mutants with
decreased receptor affinity. But to ensure complete valid-
ity of our conclusions, and to be able to assess the local
rearrangements resulting from mutating the protein, we
crystallized the mutants T326F, E359G, and W391A, and
solved the crystal structures by molecular replacement
(Table II). For E359G, there are no significant differences
detectable compared to the wt structure, apart from the
obviously missing side chain. In W391A, the side chains in

Fig. 5. Folding of T326F. a: Kinetics of refolding upon rapid dilution of
denatured protein in buffer without denaturant at 25°C, as measured by
the fluorescence increase at 342 nm. A representative wt trace is included
for the purpose of comparison. After a rapid increase of fluorescence in
the dead time of manual mixing, a slower phase corresponding to subunit
folding is observed. For T326F, both rate and amplitude of this phase are
clearly decreased (see Table I), resembling the characteristics of known
tsf mutants. Single exponential fits are represented by solid lines. b:
Temperature sensitivity of T326F refolding. Yields of renaturation are
plotted relative to the yields observed for wt at the same temperature.
Reconstitution yields of TSPDN wt trimers decrease from about 80% at
10°C to 0 above 40°C. No refolding is observed for T326F above 30°C.

Fig. 6. Effect of E359G on the temperature sensitivity of refolding of tsf
mutant G244R. Yields of renaturation are plotted relative to the yields
observed for wt at the same temperature. Reconstitution yields of TSPDN
wt trimers decrease from about 80% at 10°C to 0 above 40°C. No
significant differences could be detected for the double mutant in
comparison to the G244R single mutant, excluding an effect of E359G
analogous to known su mutations.
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the vicinity of the mutation site slightly rearrange, indicat-
ing relaxation due to the missing interactions of neighbor-
ing residues with Trp 391. In T326F, on the other hand, a
major reorganization of side chains in the interior of the
b-helix was observed (Fig. 7). The introduction of Phe 326
forces Phe 352 into a very unfavorable side-chain conforma-
tion (x1 5 177°, x2 5 69° for wt, x1 5 112°, x2 5 138° for
T326F52), associated with a displacement of the Phe-Cz by
2.9 Å, and leading to a slight propagation of the steric
clashes to the side chain of Val 362, located in b-sheet C on
the opposite side of the helix. Furthermore, Phe 326
induces a rotation of the Ile 306 side chain by 120° about
x1, causing Cz of Phe 284 to move by about 1 Å. Remark-
ably, no significant changes in the position of backbone
atoms and bond angles could be identified.

DISCUSSION

In search of a more detailed understanding of the factors
that stabilize the b-helix domain of P22 tailspike protein,
we introduced several mutations at three sites by directed
mutagenesis, and related their stability, folding, and
structural context to folding mutants of known phenotype.

Mutating Thr 326, which is situated in one of the
b-sheets, and whose side chain is buried in the interior of
the b-helix, to Ser, Val, and Phe leads to two distinct
folding phenotypes. The Ser and Val mutants on the one
hand differ from wt neither in their refolding kinetics,
refolding yields at varied temperature, nor oligosaccharide
binding. Only in the kinetics of thermal denaturation,
some destabilization relative to wt can be observed. This
indicates that neither removal of a methyl group (T326S)
nor substitution of a methyl- for a hydroxyl group (T326V)
cause any detectable impairment of folding, in spite of a
slight destabilization of the protein. The loss of stability by
decreased side-chain packing or introduction of a hydropho-
bic cavity is quite straightforward for T326S, but the
destabilization of Thr 326 by the nearly isosteric Val is less
obvious, as no hydrogen bond acceptor is apparent in the
vicinity of the side chain, although Ser 333 and Ser 354
might provide a hydrophilic environment. Here, the slight
rearrangements brought about by the changed character
of the side chain seem to be dominant over the dehydration
free energy that has to be summoned up for burying a
hydroxyl group in the core.

Fig. 7. a: Detectable changes in the
crystal structure of TSPDN caused by the
mutation T326F. The wt structure is drawn
in yellow, the mutant structure in red. The
side chains of residues F284, I306 T/F326,
F352, and V362 are colored, all other side
chains are in dark grey. For details, see text.
b: Stereoview of the 2F0 2 FC electron
density map of T326 and F326 in the super-
imposed wt and mutant structures con-
toured at 1s.
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The second phenotype found at position 326, repre-
sented by T326F, very closely resembles the behavior of
known, genetically isolated tsf mutants: its folding kinet-
ics are retarded, relative refolding yields show a pro-
nounced decrease at temperatures above 20 °C, and ther-
mal denaturation is accelerated by a factor of five with
respect to wt. Incorporation of an additional phenyl moiety
into the tightly packed core of the b-helix causes signifi-
cant deformation of neighboring side-chain packing and
interactions. Particularly striking is the altered conforma-
tion of Phe 352, which corresponds to a rotamer very rarely
found in known protein structures52 and is considered to
be energetically very unfavorable. The steric strain en-
forced by this mutation substantially destabilizes the
native state and at the same time, a tsf phenotype is
clearly observed. This is in agreement with the hypothesis
that an aggregation-prone, thermolabile folding intermedi-
ate with native-like structure on the assembly pathway of
tailspike is similarly destabilized by these mutations as
the native structure, and consequently shows increased
aggregation compared to wt at restrictive temperature.25

Yet, the core of the tailspike b-helix appears to be remark-
ably plastic, and tolerant of major distortions that can be
compensated for by structural rearrangements propa-
gated through large parts of the helix lumen, whereas the
backbone remains largely invariant, indicating enormous
rigidity due to optimized hydrogen bonding. This is in
agreement with the extremely low crystallographic tem-
perature factors found for backbone atoms in this part of
the structure.6,7 Accordingly, as the scaffolding of the
b-structure and thus the exterior remains invariant upon
mutation, the creation of specific aggregation sites on the
surface of the protein can be excluded as a mechanism for
its increased aggregation tendency.

Our findings with this tsf mutant—the first one gener-
ated by rational design—relate well to results from site-
saturation mutagenesis experiments at positions 334,36

235, 238, and 244.53 Ala 334 is located in the substrate
binding groove of tailspike with its side chain directed
towards the interior of the b-helix. Lee et al. found that
introduction of large polar (Gln, Asn) or hydrophobic (Met)
residues resulted in a tsf phenotype, whereas charged or
even larger side chains prevented folding completely, even
at low temperature. At the tsf sites 235, 238, and 244 in the
dorsal fin domain of tailspike, only the wt and one or two
very similar residues are tolerated, indicating that specific
native-like interactions have to be maintained in order to
sufficiently stabilize intermediates and thus prevent their
aggregation.

Residues Glu 359 and Trp 391 show aberrant backbone
dihedrals in the wt structure of tailspike, similar to those
of neighboring residues in a stack located in the turn
region between b-sheets B and C, next to the active site
(Fig. 2). Such Ramachandran outliers are rare in high-
resolution crystal structures of proteins and thus in many
cases represent residues with very specific requirements of
structure, often connected with function.54,55 Replacing
Glu 359 or Trp 391 by Gly is expected to release the
backbone strain completely, whereas replacement by Ala

almost exclusively obliterates side-chain interactions with
only little release of steric strain. The determination of the
three-dimensional structures of E359G and W391A con-
firmed our assumption that the removal of a mostly
solvent-exposed side chain does not strongly disturb the
structure.

In agreement with their role in substrate binding and
possibly catalysis suggested by the crystal structure, the
mutations at both positions decrease the binding free
energy for octasaccharide by about 10 kJ/mol, and essen-
tially eliminate activity. This would certainly be expected
for Glu 359, which is intimately involved in interactions
with the sugar and has been suggested to act as a general
base together with Asp 395 in the presumed catalytic
mechanism of the endorhamnosidase.7,21 The crucial role
of Trp 391 for function, on the other hand, is less under-
standable from the crystal structure. Its only obvious
interaction with the bound oligosaccharide is a hydropho-
bic contact to the 6-methyl group of the rhamnose. That it
does not seem to be dispensable may also be due to an
effect on the hydrophobic environment of Asp 392,7 which
probably serves as a general acid during hydrolysis. The
data show that there is a clear necessity for the protein to
conserve these amino acids in the course of evolution in
order to retain its specific function essential for replication
of the phage.

The effects of the Ala and Gly mutants are not only
similar in terms of function but also in terms of stability
and folding of P22 tailspike protein. The results (Fig. 4,
Table I) show that all four mutations destabilize TSPDN as
reflected by increased rates of denaturation at about 70°C.
Although this indicates already that backbone strain is not
a dominant destabilizing factor for Glu 359 and Trp 391,
the differential effects of Ala and Gly mutants are worth
noticing. For Glu 359, removal of the side chain down to
the methyl group in E359A accelerates thermal unfolding
by a factor of about 20, reflecting the loss of most of the
side-chain interactions while still retaining substantial
steric strain. Further removal of the methyl group in
E359G releases this steric strain with the only trade-off
being the non-covalent interactions of the methyl group.
Accordingly, stability is again increased compared to
E359A. But still, the Gly mutant is less stable than wt, the
inescapable conclusion of which is that interactions of the
side chain overcompensate for the destabilization of the
protein due to steric strain. A similar overcompensation is
found for Trp 391, although with other differential effects
for the two mutants. Here, both the Ala and the Gly
variant exhibit a twofold increase in the rate of thermal
denaturation. Two possible explanations are that either
(1) Trp 391 is less sterically strained than Glu 359,
reflected by the slightly closer proximity to the allowed
region in the Ramachandran diagram, or (2) mutating Trp
391 leads to a noticeable change of the energetics of the
transition state ensemble, thus rendering the conclusion
irrelevant that an acceleration of the thermal unfolding
kinetics corresponds to a destabilization of the native
state. At the present state of knowledge, this detail cannot
be answered, but leaves the corollary unaffected that in

98 B. SCHULER ET AL.



both cases the backbone strain in the native structure is
balanced, and even outweighed by side-chain interactions.

Regarding the folding phenotype of the protein as as-
sayed by fluorescence measurements of refolding kinetics
and the determination of renaturation yields at different
temperatures, no significant differences to wt were ob-
served for the 359 and 391 mutants. A related observation
has been made for A334I, located in the b-helix core:
although thermal denaturation is highly accelerated, this
mutant does not show a tsf phenotype, it even acts as a
global suppressor in a tsf background.36 This was ex-
plained by improved hydrophobic stacking mediated by
the enlarged hydrophobic side chain in loosely structured
intermediates on the one hand, but steric clashes in the
tightly packed native structure on the other hand.37 In
addressing the question of whether the mutants investi-
gated here might similarly act as suppressors of the tsf
phenotype, we additionally created a double mutant con-
taining both E359G and the well-characterized tsf muta-
tion G244R. E359G, in combination with the tsf mutation,
is not able to avoid the excessive aggregation of the
destabilized intermediates at elevated temperature, and
can thus not be classified as a suppressor mutation. Rather
do the mutants at positions 359 and 391 created here,
together with T326S and T326V, constitute a new folding
phenotype for tailspike, characterized by wt folding, but
simultaneously impaired stability of the native state. This
may be another example of different requirements upon
the side-chain geometry in intermediates and the native
structure, respectively.

This leaves the question why the mutations at positions
359 and 391 are so different from mutations at position
331. Val 331 is a typical example of an amino acid residue
with unfavorable backbone dihedral angles in so far as it is
involved in the function of tailspike. And although both
V331G and V331A result in a more stable protein with
improved folding properties, Val is invariably found in the
wt, because both mutants bind lipopolysaccharide with
much lower affinity.50 Similar observations of this evolu-
tionary compromise between protein stability and function
have been made for a large number of amino acid residues,
indicating that the structural requirements of function are
more stringent compared with those of folding and stabil-
ity (Shoichet et al.,55 and references therein). Of particular
relevance to this study, a statistical analysis of known
protein structures revealed that sterically-strained back-
bone conformations are very often located in regions
concerned with function.54 Making use of this rule, it is
often possible to find mutations of active-site residues that
lead to an increased conformational stability of the protein
while at the same time reducing activity or ligand binding
affinity. Whereas V331A and V331G agree with this rule,
the 359 and 391 mutants created here are even slightly
less stable than wt—apparently, because the side-chain
interactions present in the wt overcompensate for the
steric strain in the backbone. From the structure it is
evident that the possibilities for side-chain interactions
are much less prominent for Val 331 than for Glu 359 or
Trp 391 (Fig. 2). The highly solvent-exposed isopropyl

group of the former participates in very few non-covalent
interactions, whereas the hydrophilic Glu undergoes exten-
sive hydrogen bonding and seems to form a salt bridge to
Lys 363; Trp 391 packs against the dorsal fin of tailspike, a
long loop protruding from the b-helix domain that folds
back on the rim of the binding groove, and this way forms
various hydrophobic interactions. It seems as though
tailspike has managed to circumvent the destabilization
often caused by residues with unfavorable backbone angles
in these two cases by developing an extended network of
side-chain interactions that make up for the loss in
stability. This shows that thermostability is a dominant
factor in the evolution of this protein. Moreover, these
strong interactions formed by the long side chains Trp and
Glu obviously are an extreme example of a more general
observation made recently. The distribution of the main-
chain dihedral angels in crystallographic structures56

yields a value for the conformational entropy of Ala
relative to Gly very similar to the one found in experimen-
tal and computational analyses.57 But for other residues,
i.e., longer side chains, the data base approach grossly
overestimates the backbone conformational entropy, corre-
sponding to larger areas of allowed conformations in the
Ramachandran diagram. This might very well be caused
by the side-chain interactions being able to distort their
backbone geometry more than possible for Ala.

CONCLUSION

In our characterization of the effects of seven rationally
designed mutations on P22 tailspike protein and a compari-
son to the properties of known folding mutants, we find
that the tsf phenotype, which has been observed many
times in genetically isolated mutants, can be designed by
introducing an exchange in the protein core expected to
destabilize the b-helix domain of tailspike, realized here
by T326F. This supports the notion that changes in
stability of an intermediate in which the b-helix domain is
largely formed are the essential mechanism of tailspike
folding mutations. The crystal structure of T326F reveals
a high degree of plasticity of the side-chain arrangement in
the lumen of the b-helix, whereas the backbone involved in
b-sheet formation with neighboring helix coils appears to
be very rigid. T326F is the first tsf mutant of tailspike
created by rational design.

Finding locations in the tailspike protein that are not
optimized for stability, on the other hand, seems to be very
difficult. Even residues with a highly strained backbone,
which are frequently found in the active site regions of
proteins, are optimized for stability via an overcompensa-
tion of steric strain by extensive side-chain interactions, as
in the cases of Glu 359 and Trp 391. This finding is
supported by the fact that only two su mutations have
repeatedly been isolated by extensive genetic screening.58

Additionally, it exemplifies the view arising from the
statistical analysis of the distribution of backbone dihedral
angles in known three-dimensional protein structures that
the adoption of f/c angles other than the most favorable
ones can be caused by side-chain interactions, and illus-
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trates the extreme optimization of the tailspike protein for
conformational stability.
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