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ABSTRACT. The homotrimeric tailspike endorhamnosidase of phage P22 has been used to compare in
vivo and in vitro folding pathways and the influence of single amino acid substitutions thereon. Its main
structural motif, which contains the known folding mutation sites, consists of three large right-handed
parallels-helices. A thermodynamic analysis of the stability of tailspike is prevented by the irreversibility
of unfolding at high temperatures or high concentrations of denaturant, probably due to interdigitation of
the domains neighboring thehelix. We therefore expressed and isolated a tailspike fragment comprising
only its centralB-helix domain (residues 16%44). As shown by equilibrium ultracentrifugation, the
isolateds-helix is a monomer at concentrations below and trimerizes reversibly at higher protein
concentrations. Both the similarity of fluorescence and CD spectra, compared to the complete protein,
and the specific binding and hydrolysis of substrate suggest a nativelike structure. Moreover, urea
denaturation transitions of thg-helix domain are freely reversible, providing the basis for a future
guantitative analysis of the effects of the folding mutations on the thermodynamic stability of the domain
and of structural features responsible for folding and stability of the payadelix motif in general.

The tailspike endorhamnosidase Sélmonellabacterio- The 5-helices are associated side-by-side in parallel orienta-
phage P22 has been used to approach the protein foldingion in the trimer. The amino termini of the three receptor-
problem with the aid of genetic techniqus 2). It is one binding fragments form a bundle of sharthelices that is
of very few proteins for which the pathway of folding and connected-apparently by flexible linker peptidedo the
assembly in vivo, upon translation in intact cells, has been concave side of the dome-shaped structure made up from
compared with the reaction occurring in vitro, upon dilution the head-binding domains of the tailspike protéid). In
of the unfolded polypeptide from denaturant soluti¢ds contrast to theS-helical part, where polar side chains
6). The tailspike protein constitutes the adhesion organelle dominate at the subunit interface, the contact surfaces
by which the virus attaches to its receptor, tBeantigen between the carboxy-terminal segments (residues-666)
polysaccharide at the surface of its bacterial Bs8). Upon of the polypeptides are very hydrophobic, and the three
infection of Salmonellawith phage mutants defective in  polypeptides are highly interdigitat€dl). In agreement with
capsid assembly, or upon recombinant expression, respecthe crystal structure, biochemical data suggest that major
tively, the tailspike protein accumulates as a soluble homot- structural rearrangements in this carboxy-terminal part of the
rimer of 666-residue (71 kDa) polypeptides. Crystals suitable protein are responsible for the rate-limiting folding reaction
for X-ray diffraction have become accessible upon dissection occurring after subunit association during tailspike assembly
of the protein into head-binding and receptor-binding frag- in vivo and in vitro(4, 12) The trimer maturation reaction
ments, comprising residues-124 and 109666, respec- can be blocked by thiol reagents and may involve the
tively, and atomic structures of both parts and of complexes intermittent formation of disulfide$§13).
of the receptor-binding fragment wit@-antigen oligosac- The motif of a multiturn, right-handed paraljglhelix was
charides have been determin@d-11). The main structural  first found in the crystal structure of the bacterial pectate
feature in the central part of the tailspike protein (residues lyase PelQ14) and, besides the tailspike protein, has since
143-540) is a right-handed, parallgthelix of 13 complete been observed in three other pectate and pectin \{&Ses
turns (Figure 1). On its solvent-exposed face, several longer17), in an endogalacturonase frofispergillus (18) and in
loops inserted into thg-helix make up the walls of a long  pertactin, a surface protein from the human pathogen
groove that constitutes the oligosaccharide-binding(4® Bordetella pertussisnvolved in cell adhesion(19). The
ligand of pertactin is unknown, but the substrates of pectate
t Supported by the Deutsche Forschungsgemeinschaft (Se 517/10lyases, pectinases, and the endogalacturonase are long-chain
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and 16 helical turns in pectate lyase C and pertactin, terminally shortened tailspike prote{®, 9, 12, 31) The
respectively, but their L-shaped cross sections wjthsBieets oligonucleotide used to delete théehd of the structural
made up from multiple short parallel strands are very similar. gene and to introduce a sequence coding for a hexahistidine
Despite this structural similarity and the repetitive nature of tag followed by two stop codons has the sequence 5
the structural motif, there is no detectable sequence homologyGCTATCATAGCCGAATTACTAGTGGTGATGG-
between the tailspike protein, pertactin, and the pectate TGATGGTGCCCTTCTTCTGCCAA-3and introduces a
lyases, and, in contrast to the left-hangiebelices described  singularSpe restriction site. The resulting plasmid pBHX
recently (21, 22) there are no extensive internal sequence codes for residues D1695544 preceded by methionine and
repeats in the right-handed paralfehelices(14, 23) followed by six histidine residues. The coding sequence,
Although there are obvious structural features, such as verified by chain-termination sequencing, is under the control
stacks of hydrophobic residues and hydrogen-bonded “lad-of the lacUV5 promoter, and the plasmid, a derivative of
ders” of polar side chain§23), little is known about the =~ pASK40(32), contains the colE1 replication origin, tiéa
contributions of such interactions to the stability of the andlacl structural genes, and the fl1 intergenic region. For
B-helix motif and about their role in the folding pathway. In  protein expression, pBHX was introduced ifgocoli BL21
the8-helix of phage P22 tailspike protein, numerous mutation or JIM83(33, 34) cells were grown in rich media containing
sites have been identified, where single amino acid substitu-0.1 mg/mL ampicillin, aerated by shaking at 30 to an
tions affect the folding efficiency9, 24-26). To date, the  optical density at 550 nm of 1.0, expression from the lacUV5
effects of such folding mutations on the stability of the promoter was induced by adding IPTG to a final concentra-
B-helix domain could be inferred only indirectly from kinetic  tion of 1 mM, and incubation was continued overnight.
experimentg12, 27, 28) because unfolding of the tailspike Protein Purification. Cells franm a 2 L culture were
protein is irreversible at elevated denaturant concentrationsharvested by centrifugation in the cold, resupended in water,
(4). and disrupted by high-pressure lysis. The supernatant of a
We considered this irreversibility to be due to the strong 10000@ centrifugation (30 min in a Beckman Ti60 rotor)
interactions between the subunits at their carboxy termini, was brought to 35% saturation by addition of solid am-
and therefore attempted to isolate the parg@gibElix domain. monium sulfate at 84 °C; precipitated protein was collected
The present paper reports on the preparation and biophysica(20 min at 38000), resuspended in buffer A (50 mM Tris/
characterization of this central part of the tailspike polypep- HCI, 0.5 M NaCl, pH 7.5), cleared by centrifugation, and
tide comprising residues 18%44. The construct was applied at 4°C to a column (1.5x 15 cm) of Chelating
produced as a soluble protein upon recombinant expressiorSepharose Fast Flow (Pharmacia) loaded witfi*Zions
in Escherichia coli and was purified to apparent homogene- according to the procedure recommended by the manufac-
ity making use of a carboxy-terminal hexahistidyl tag. As turer. The column was eluted with a gradient ef@3 M
shown by analytical ultracentrifugation, the isolated domain imidazole in buffer A. Fractions containing protein were
was a monomer at protein concentrations belowM; its detected by their absorbance at 280 nm, immediately
reversible association at higher concentrations can be de-supplemented with EDTA~10 mM) and either directly
scribed as a monometrimer equilibrium. Circular dichro-  frozen in liquid nitrogen or first concentrated by ultrafiltration
ism, fluorescence spectroscopy, oligosaccharide binding, ando ~1 mg/mL. Around 10 mg of purified protein was
the presence of endorhamnosidase activity proved theobtained fran 1 L of bacterial culture. Protein was stored
conformation of the monomer to be very similar to that of at—70°C and was dialyzed against buffer A containing 50
the 5-helix domain in the complete tailspike trimer. Its mM EDTA before use.
unfolding induced by urea was freely reversible at low  Analytical Ultracentrifugation. Sedimentation velocity
temperature, making the isolated domain suitable for the and sedimentation equilibrium runs were performed in a
investigation of mutational effects on the folding and Beckman Model E analytical ultracentrifuge equipped with

thermodynamic stability of the parallgthelix. high-energy light source and photoelectric scanner using
double-sector cells with 12 mm optical path length and
MATERIALS AND METHODS sample volumes of 0.36 mL (column height 1.6 cm).

d Sedimentation velocity runs were done at@ and a rotor
speed of 40000 rpm. Sedimentation coefficients were
corrected to the viscosity and density of water af@Qusing
a partial specific volume of 0.74 mL/g estimated from the
polypeptide sequence of Bh{35). Ultraviolet absorbance
scans were registered on a 10-in. chart recorder. For the
'analysis of sedimentation equilibria, a linear magnification
of 94 was used, recorder traces were digitized using a
Summasketch Il plus graphics tablet, and data were evaluated
by nonlinear regression using the program MULTEQ3B
kindly provided by Alan Minton.

Oligosaccharide Binding and HydrolysisBinding of
octasaccharide and dodecasaccharide fragments derived from
Salmonella enteritidis @Gntigen was measured by fluores-

1 Abbreviations: Bhx, isolate@-helix domain of phage P22 tailspike et ; ; ;
protein; CD, circular dichroism; tsf, temperature-sensitive folding; cence titration essentla"y as descrlt(@j. B”eﬂy’ 3 puL

TSPAN, phage P22 tailspike protein lacking the amino-terminal, head- aliquots of Oligosa_ccharide solutions (1[3!8_3]—10 mM) were
binding domain; UV, ultraviolet. added to a solution of Bhx (200 nM in 50 mM sodium

Materials. Purified oligosaccharide fragments derive
from Salmonella enteritidis Gntigen and an aminometh-
ylcoumarin-labeled dodecasacchar{@ were kindly pro-
vided by Andrej Weintraub and Ulrich Baxa. U\rans-
parent plastic fluorescence cells (Kartell 4.5 mL PMMA
cuvettes) were obtained from Semadeni, Ostermundingen
Switzerland. Ultrapure urea and guanidinium chloride were
purchased from ICN Biomedicals, Aurora, OH.

Plasmid Construction and Protein Expressiohhe plas-
mid coding for the isolate@i-helix domain of P22 tailspike
was generated by oligonucleotide-directed mutageri2sis
30) of pTSF1, the expression plasmid for the amino-
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Ficure 1: Tailspike crystal structure. In the stereo ribbon diagram, prepared with MOLNBOLf¢r wall-eyed observation, the subunits

of the amino-terminally shortened tailspike trimer (789 are traced in three shades of gray. Note that the payklelices are covered

by shorto-helices at their amino-terminal ends (top) and by extended chain segments from the neighboring subunits at the carboxy-
terminal ends.

phosphate, pH 7) in a stirred cell (Hellma 119.004F-QS) at mixing was carried out on ice, and the samples were
20 °C. After equilibration, tryptophan fluorescence was homogenized quickly by multiple pipetting without introduc-
measured at 347 nm (6 nm bandwidth) with excitation at tion of air bubbles. All samples were incubated at°T
295 nm (4 nm bandwidth) in a Spex Fluoromax spectro- for more than 16 h to ensure that equilibrium was reached.
fluorometer. Volume-corrected fluorescence readings were
fit by nonlinear regression to a binding isotherm for a single RESULTS
class of binding sites. To measure the endorhamnosidase ) _
activity of Bhx, aminomethylcoumarin-labeled dodecasac- N the fragment (residues 16%44) chosen for recombi-
charide (20uM) was incubated with Bhx (0.041.0 mg/ nant expression, polypeptide segments capping both ends of
mL) for 20 min—20 h at 37°C in 50 mM sodium phosphate, ~thef-helix were included, in addition to the paralfehelix
50 mM EDTA, 0.5 M NaCl, pH 7, the reaction was stopped Motif and its inserted loops (residues 14310 of the
by addition of acid and cooling to 8C, and the substrate tailspike protein). The segment included at the amino-
and product oligosaccharides were quantified by reversed-terminus forms two shori-helicesal (residues 114120)
phase HPLQS8). anda2 (residues 133139), and the first strand gf-sheet
Folding and Unfolding. For refolding kinetics, proteinwas A (résidues 124126, see Ref9). Helix a2 docks against
denatured in a freshly prepared solutioh4oM ultrapure  the hydrophobic interior of the paraligthelix (Figure 1).
urea, 50 mM sodium phosphate, pH 7.0, for at least 10 min Very similar amino-terminal caps are observed in other
at room temperature. Refolding was initiated at°mby ~ Parallelf-helices(17, 18, 23) Atits carboxy-terminal end,
injection of 24uL of this solution into a stirred, thermostated  the tailspikef-helix narrows and merges into a long loop
cuvette containing 1.18 mL of 50 mM sodium phosphate, (résidues 54+555) wrapping around the 3-fold axis of the
pH 7.0, to a final protein concentration of 1@y/mL. trimer. The backbone of the first segment of this loop caps
Fluorescence was recorded in a Spex Fluoromax spectrohe -helix of the neighboring subunit in the trimer in an
fluorometer at 345 nm with an excitation wavelength of 280 €xtended conformation. To allow for similar capping
nm. interactions in either a monomer or a trimer of the tailspike
Folding transitions were measured at’IDin a Perkin-  A-helix domain, residues 543544, followed by a hexahis-
Elmer MPF3 spectrofluorometer with a thermostated cell tidyl tag for rapid purification, were included in the
holder using disposable plastic fluorescence cuvettes. For'€combinant fragment.
unfolding transitions, cold 50 mM sodium phosphate, pH A plasmid coding for the taggef@-helix domain (Bhx)
7.0, was first added to a small sample of concentrated proteinwas obtained by oligonucleotide-directed mutagenesis of a
solution (generally 1650 uL at 1 mg/mL); then a concen-  construct coding for the amino-terminally shortened tailspike
trated urea solution of known molarity containing 50 mM protein(5, 12) When expression from tHac promoter was
sodium phosphate, pH 7.0, was added to give a final volumeinduced at 2437 °C, Bhx was found mainly in the soluble
of 1.2 mL and an accurately known concentration of fraction of cell lysates. The amount found in the insoluble
denaturant. For refolding transitions, urea solution was fraction became significant only at the upper end of this
added first, and refolding was started by dilution with 50 temperature range. Upon expression at°8) Bhx was
mM sodium phosphate, pH 7.0. To avoid aggregation, purified from an ultracentrifugation supernatant of the cell
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- Upon excitation of Bhx at 280 nm, maximal emission was
oF A observed at 342 nm (Figure 2B). This wavelength is
o e identical to the emission maximum of the native tailspike
S I . " X
£ 2000 trimer. Upon addition of denaturant, the band was shifted
e : to 353 nm, the emission maximum of solvent-exposed Trp,
o -4000 | and a small shoulder around 304 nm indicated the loss of
3 B energy transfer from Tyr to Trp residues. Bhx contains six
= s000 of the seven Trp residues present in tailspike, and the
55- - fluorescence of the missing Trp640 may be quenched in the
~ eooof native tailspike trimel12). The very similar shape of the
o emission spectra and the identity of the emission maxima
200 210 220 230 240 250 therefore indicate very similar molecular environments of
Wavelength (nm) the aromatic residues of thzhelix domain in Bhx and in
the complete tailspike protein.
& 14f State of AssociationAnalytical ultracentrifugation was
E - used to probe the oligomerization state of Bhx. Sedimenta-
; 2r tion velocity runs at a protein concentration of 0.3 mg/mL
8 1o (6.25uM) resulted in a sedimentation coefficient of 5.8 S
8 08l after correction to the density and viscosity of water at 20
©
o - °C. This value falls between the sedimentation coefficients
% 081 expected for a monomer S) and a trimer+8 S) of a
g o4l protein with the size and shape of B{@0). Sedimentation
g o2k TN equilibrium data acquired at a rotor speed of 16 000 rpm at
=z W \, ~ starting concentrations of 2, 6, and«& Bhx are depicted
0,0 Bl bbbt bt L T in Figure 3. A global fit of the data with a model for a
300 320 340 360 380 400 420 440 ; ) )
monodisperse sample with a single molecular mass resulted
Wavelength (nm) in bad residuals anM = 71 kDa, i.e., 1.5-fold the mass of
FIGURE 2: Spectroscopic characterization of the isolgteldelix. the Bhx polypeptide calculated from the sequence. A model

CD spectra (A) and fluorecence emission spectra (B) of Bhx in its agssuming a monometrimer equilibrium produced a much
native state (solid line) and in its urea-denatured state (dotted line) better fit. Similar results were obtained at a rotor speed of

were recorded in 50 mM sodium phosphate, 1 mM EDTA, pH 7, o~ L
containing no denaturant @ M guanidinium chloride, respectively. 12000 rpm. The association equilibrium constant deter-

The dask-dotted line in panel B represents the difference spectrum mined from the fits was (& 2) x 10° M2, corresponding
between the native and the denatured protein. CD spectra areto a standard free energy of association per subunkG@st
avef?gt?sb%\llgw?dfﬁagfs ;al;enq icmflg é\/ii\:]tzzﬁa;{ijci ITﬁTt]rgnLesm atax —18 kJ/mol. Sedimentation equilibrium and sedimenta-
rsgggr:gular fused silica cells with an optica?path length of 1 ?nm thn V(?qulty data are consistent V.Vlth a weak ahd revers!ble
(>220 nm) or 0.1 mm cylindrical cells with detachable windows. trimerization of Bhx. Atlow protein concentrations, Bhx is
Uncorrected fluorescence emission spectra were recorded in a Spexalmost exclusively monomeric-@9% monomer below 0.5
Fluoromax with excitation at 280 nm and spectral bandwidths of 2 4M); protein concentrations of around 0.5 mg/mL are
ngo(gxcitgtion) g“g 4nm (eTi35i$ﬂ)- Al ?p.eCtra were r?‘corded at required for half-maximal trimerization (Figure 3C).
0.5 mge;rr:wL?crﬁ ClIJD ZLSOI&?J/;L for?lupc:?e(se::lr?gg.cen rations were Receptor Oligosa(_:charide Bindin_gThe_phage P22 tail-
spike protein recognizes the repeating oligosaccharide struc-
extract by ammonium sulfate precipitation and metal chelate ture of theO-antigen portion oSalmonelldipopolysaccha-
chromatography, yielding electrophoretically homogeneous ride. Making use of the receptor-destroying hydrolytic
material. activity inherent in the protein, defined oligosaccharide
Spectroscopic Characterizatiorthe conformation of Bhx ~ fragments corresponding to two or mddeantigen repeats
was probed by circular dichroism (CD) and fluorescence can be isolated and used in quantitative binding experiments
spectroscopy (Figure 2). CD spectra recorded in the far- (8). Binding of the oligosaccharides to the isolated tailspike
ultraviolet are sensitive to the secondary structure contentf-helix was measured by fluorescence titration at@0The
of a protein. Spectra of Bhx exhibited a single minimum octasaccharide and dodecasaccharide fragments were isolated
around 216 nm, as observed for the complete tailspike proteinfrom Salmonella enteritidislipopolysaccharide and cor-
(36) and considered typical fg8-sheet polypeptide&37). respond to the smallest product and substrate of the en-
The amplitude of this band was7850 4 200 degcm?- dorhamnosidase reaction, respectively. The binding experi-
dmol™, not unusual fo3-sheet proteins, but somewhat less ment was done at a protein concentration ofi@mL, where
negative than the values reported for {hdelix proteins Bhx is around 99.99% monomeric. Upon titration of Bhx
PelC and PelE fronrwinia (38). It was independent of  with oligosaccharide, a decrease in the intrinsic protein
total protein concentration between 7Z@/mL and 1 mg/ fluorescence was observed which was well described by
mL. The minimum around 216 nm disappeared upon equilibrium binding to a single set of sites with dissociation
addition of the denaturants urea or GAmCI at high concentra-constants of 5 1 uM for the octasaccharide anci31 uM
tions, indicating unfolding of Bhx. for the dodecasaccharide, respectively. Both dissociation
Fluorescence emission in the near-ultraviolet reflects the constants are around 3-fold higher than those measured with
environment of tryptophan and, to a lesser degree, of tyrosinethe complete trimeric tailspike protein under identical condi-
residues, and thus the tertiary structure of a pro{8). tions.
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FiGure 3: Association state of the isolatgdhelix. Equilibrium
analytical ultracentrifugation of Bhx was done at initial protein
concentrations of 0.4, 0.3, and 0.1 mg/mL (top to bottom in panels
A and B). The solid lines in panels A and B are fits of the data to
a monomet-trimer equilibrium of 48 kDa subunits (A) and to a
distribution for a homodisperse sample (B), the latter yielding a
molecular mass of 71 kDa. Panel C illustrates the monetrtrgner
equilibrium as a function of total protein concentration, calculated
with the association equilibrium constant of -8 10° M~2 as
determined in panel A.

To determine whether the oligosaccharide binding affinity
of Bhx increases with its reversible trimerization, equilibrium

Miller et al.
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Ficure 4: Endorhamnosidase activity of the isolajgdnelix. A
sample of dodecasaccharide fragment, corresponding to three repeats
of the repetitive O-antigen portion of Salmonella enteritidis
lipopolysaccharide and labeled at its reducing end with amino-
methylcoumarin, was incubated with Bhx and analyzed by reversed-
phase HPLC. The peaks eluting at 17.6 and 19.2 min represent
labeled dodecasaccharide substrate and labeled tetrasaccharide
product of the P22 tailspike endorhamnosidase, respectively. The
shoulder at 17.8 min corresponds to some undecasaccharide
representing the three outerm@3antigen repeats.

ultracentrifugation was performed at a saturating oligosac-
charide concentration of 1QfM along with samples lacking
oligosaccharide. A fit of the data to a monométimer
equilibrium with the calculated subunit molecular mass of
49 230 Da for the complex of Bhx and octasaccharide
resulted in an association equilibrium constant of 2.60'°

M~2, only slightly higher than the trimerization constant
determined in the absence of ligand. As oligosacharide
binding and subunit association are linked equilibria, the
dissociation constant for octasaccharide binding to the trimer
can be calculated from the binding constant at low protein
concentration and the increase in the trimerization constant
induced by the ligand4@). It results to 3 1 uM, assuming
independent binding to the three sites in the trimer, no
sedimentation of free ligand, and the absence of significant
concentrations of dimer. Thus, the increase in ligand binding
affinity upon trimerization is hardly significant, and an
influence of trimerization on the oligosaccharide binding
analysis described above can be excluded. Together with
the spectroscopic analysis, in particular the invariance of
the specific far-UV CD signal over the protein concentra-
tion range where the association occurs (cf. above), the
oligosaccharide-binding and sedimentation results prove that
Bhx folds into a conformation closely resembling the
structure of theB-helix domain in the native, trimeric
tailspike protein.

Endorhamnosidase Actty. Three carboxylate residues
(Asp392, Asp395, and Glu359) at the active site of the
tailspike protein are required for its receptor-destroying
endorhamnosidase activi(g). As the enzymatic activity
is expected to be very strongly dependent on the proper
positioning of these side chains in the vicinity of the scissile
bond (10, 11) it should provide a very sensitive signal for
the native conformation. A sensitive quantitative assay of
the endorhamnosidase activity is based on the separation of
fluorescence-labeled dodecasaccharide substrate and tet-
rasaccharide product by reversed-phase HP&C Figure
4 depicts a chromatogram of labeled oligosaccharides
extracted after incubation of 20M coumarin-labeled dode-
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FiGURE 5: Folding kinetics of the isolate@-helix. Bhx, unfolded FiGURE 6: Equilibrium unfolding of the isolate@-helix. Native
by urea, was diluted into neutral buffer at 2G (final protein Bhx (O) or urea-unfolded Bhx®) was diluted to the denaturant

concentration 1@g/mL), and the resulting change in fluorescence concentration indicated and kept at 2@ overnight, and the
was recorded at an emission wavelength of 345 nm. The solid line fiyorescence of the samples was read at an emission wavelength
represents a fit to the sum of two exponentials, resulting in rate of 345 nm. The solid line represents a nonlinear fit of unfolding

constants ok; = 1.0 x 102s* andk, = 1.8 x 103 s* and and refolding data to a two-state equilibrium unfolding transition
amplitudes of 20% and 23% of the final signal, respectively. (51). The protein concentration was 1@/mL.

casaccharide with Bhx (1 mg/mL) fd h at 37°C. Only
two peaks corresponding to labeled dodecasaccharide an(g

tetrasaccharide were observed, indicating that Bhx specifi- GAmCl or 0.6 M ured). Similar observations have been

cally cleaved the substrate into the expected products. Bhx .
is largely trimeric under these conditions, but a series of mgssefc(i)rb-rilraeg \svlazs). frler:alcorr;:t\SZ?;,ik)tli ? iugfosli';glg]; Eglirl];(te d
assays using protein concentrations of 6.:Q1mg/mL y y T P

revealed little dependence of the specific endorhamnosidasd® & 9'Ven intermediate urea concentration from 0 and 5 M

activity on protein concentration. The turnover numbers urea, .rispectlgely, ex\f;\llplr'c]eq |den§|cal fluorescence e_lfter
estimated from such experiments for the trimeric and :Jr:/e;lnlg tincu atéon. |td!ncre§3|r|19 urea cotnce?tratl_c;n,
monomeric forms of Bhx are identical within experimental € fluorescence decreasea In a single cooperative transition,
error at approximately (5 2) x 105 s-%, corresponding and the transitions for unfolding and refolding were super-

to 0.2% of the activity of the complete, native tailspike imposable (F'We_e" an_dO)_. Afit of the dat_a to a two-
trimer. state model, as indicated in Figure 6, resulted in a free energy

Folding Kinetics. Spectroscopic signals, substrate binding, O_f io:;g'ﬂg exltf?pqtlﬁte(é to (tjenattu(;ant-frge bUﬁzAﬁfg‘;
and enzymatic activity indicated Bhx to be close in confor- d_[urea]= Tg 7 xlmo?il.el\r/:iuran ependencen
mation space to the corresponding domain in the complete, ' '
native tailspike protein. Prompted by these results, we
analyzed the folding and unfolding of Bhx and compared it DISCUSSION
to the observations made previously on the folding of the  The results presented above prove our recombinant protein
complete tailspiké4, 27, 36)and of TSRAN, the tailspike construct Bhx comprising residues 10844 of the phage
protein lacking the amino-terminal head-binding don{&in P22 tailspike protein to fold into a conformation very closely
Folding kinetics of Bhx, as measured by fluorescence resembling thgg-helix domain in the native trimeric tailspike.
spectroscopy, are depicted in Figure 5. Following denatur- The intrinsic fluorescence emission maximum of Bhx is
ation at high urea concentrations, where the CD signal identical to that of the native tailspike protein, Bhx binds
indicated complete unfolding of the Bhx polypeptide, Bhx receptor oligosaccharide with an affinity close to that of
folding was initiated by rapid dilution into neutral buffer at native tailspike, and it specifically cleaves the endorham-
10 °C. After a burst in fluorescence in the dead-time of nosidase substrate, albeit at a significantly reduced rate. The
manual mixing, the fluorescence signal at the emission approximately 50-fold reduction in specific activity compared
maximum of the native protein (342 nm) increased 1.8-fold to a subunit in the native tailspike trimer is not unusual, when
with a half-time of around 4 min. This signal rise reflected it is compared to subunits of other homooligomeric enzymes
the fluorescence change observed during subunit folding of (42—44). The loops inserted into th@-helix and flanking
the tailpike protein and of TSEN, both in its amplitude  the bound oligosaccharide on both sides are also involved
(45% of the final fluorescence) and in the half-time of the in intersubunit contacts in the tailspike trimé®). As
signal change. Furthermore, a fit of the data to a biexpo- observed with triosephosphate isomerase, local distortions
nential rise (solid line in Figure 5) resulted in amplitudes of upon dissociation merely affecting the conformations of loops
20% and 23% of the final signal and rate constantk; Gt in the vicinity of the binding site may be sufficient to greatly
1.0x 102standk, = 1.8 x 1073 s7%, respectively. These reduce the turnover numbés).
values are identical within experimental error to those What is the minimum size of a tailspike fragment
observed for TSRN subunit folding(5). polypeptide to form a stablg-helix? A number of amino-

Equilibrium Unfolding. Unfolding—refolding transitions terminal tailspike fragments have been synthesized previously
of the complete tailspike protein exhibit apparent hysteresis; as products chmberchain termination mutan{g6). Several
i.e., the native protein is stable for many days in saturated of these have been tested in crude bacterial lysates for their

rea solutions and at GdmCI concentrations of up to 2 M,
ut efficient renaturation is only observed below 0.2 M
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ability to react with monoclonal antibodies specific for fluorescence emission maximum of 338 nm, as apparent from
natively folded rather than denatured tailspike polypeptides the spectrum taken at saturation with oligosaccharide. The
(47). The largestamber fragment comprising residues only tryptophan of the tailspike not located in tBehelix
1-488 exhibited weak reactivity with antibodies specific for domain is W640. It is largely buried at the subunit interface
native tailspike protein [note thatmH1014 andamH703 are in the carboxy-terminal “caudal fin” part of the tailspike,
identical (Jonathan King, personal communication)]. The 12). As the subunit polypeptide chains are highly interdigi-
same fragment was shown to sediment as a monomer whenated in this domain, which is missing in Bhx, this part of
the soluble fraction of radioactively pulse-labeled cell extracts the protein can fold into the native secondary and tertiary
was analyzed by sucrose gradient centrifugagibf). In the structure only after subunit association. A significant
absence of a crystal structure of tailspike, recombinant fluorescence decrease concomitant with trimer maturation
polypeptides terminating after Asn488 were our first attempts thus suggests that the emission from Trp640 becomes largely
at producing a monomeric tailspike fragment. Plasmid- quenched upon completion of tailspike folding at the trimer
encoded polypeptides comprising residue<t&8 and 109 level (12). The quenching of Trp640 and the virtual absence
488, respectively, were both detectable in the soluble fraction of fluorophores at the subunit interface betweengkeelix

of E. coli lysates, but the bulk of the material either was domains explain the similarity in the fluorescence spectra
found in the cell debris pellet (at high expression temperature) of Bhx and the tailspike trimer. The paucity of large
or was degraded by cellular proteases (at low expressionhydrophobic residues at the interface betweengthelices

temperature). Attempts to purify these fragments have also provides an explanation for the weak trimerization
remained unsuccessful. Residue GIn489, the site of thetendency of Bhx.

aml014 chain-termination mutation, is located in the 11th
B-helical turn, which comprises 26 residues. Chain termina-
tion at this site is expected to leave the surface of a number
of large hydrophobic side chains (Leu465, Phe4d72, 1le475,
lle477, 1le478) uncovered at the carboxy-terminal end of the
f-helix. The lack of success with these constructs thus points
to the importance of capping elements at the ends of parallel
pB-helices. Capping of thg-helix ends bya-helices or
extended segments is observed in all proteins containing
right-handed paralled-helices(9, 17, 18, 23) It should be
noted, however, that Bhx is not a well-behaved protein,
either. Under conditions other than low temperature, moder-
ate salt concentration, and presence of chelating agents (t
prevent interactions of the hexahistidine tails), the protein
aggregates upon prolonged storage or when concentrated b
ultrafiltration using N at elevated pressure. Again, this is
reminiscent of observations made with folded subunits o
other oligomeric protein§42).

The CD spectrum of Bhx in the far-UV is not unusual for

At protein concentrations insufficient for significant tri-
merization of Bhx £50 nM), the complete tailspike polypep-
tides, as well as the amino-terminally shortened ASP
polypeptides, readily associate during refolding to form the
protrimer species, before completing the folding reaction at
the trimer level(5, 27) Protrimers, although lacking the
thermostability and detergent-resistance of the native protein,
do not exchange subunits over a time span of many hours
(3, 4). Apparently, tailspike protrimers are stabilized by
more than just the interactions betweengHeelical domains.
This is in agreement with the finding that the kinetics of
&)rotrimer formation are governed by a first-order reaction
rather than second-order associat{@r). Furthermore, the

bservations of Robinson and Kir{@3), who found inter-

hain disulfides after radioactive pulse-labeling of phage-
f infected bacteria and isolation of protrimers trapped in the
cold, appear to suggest that the interactions between subunits
in the protrimer are strong enough to force the formation of

a protein consisting largely of-structure. The molar a disulfide bond in the reducing environment of the
ellipticity of Bhx is 75% of the molar ellipticity of a subunit Salmonellacytoplasm.
in the complete tailspike protein. Considering the expected In contrast to protrimer formation, which is not connected
contributions of thep-sheets at the carboxy and amino With a spectroscopic signal change, the subunit folding
termini, this is an expected result. The negative band aroundreaction preceding it is readily detected as a large increase
216 nm is similar in shape to those observed in the spectrain tryptophan fluorescence intensi@). On the basis of the
of other proteins containing right-handed parafietelices ~ observed fluorescence and CD signal changes and of the
(38). The amplitude of the minimum, however, is signifi- effects oftemperature-sensite folding (tsf)andtsf-suppres-
cantly smaller. Compared to the spectra of PelC and PelE,sor mutations on the kinetics of these changes, we have
it amounts to 73% and 80%, respectively, although both proposed that this step corresponds to the folding of the
pectate lyases have much smapenelix contents than Bhx.  f-helix domain(28). The present results nicely confirm this
This result casts some doubt on the conjecture that there issuggestion, as both the amplitude and the kinetics of the
a diagnostic CD signature of right-handed pargiilelices fluorescence increase during refolding of Bhx upon dilution
(38). from urea correspond exactly to the fluorescence change
The similarity of the tryptophan fluorescence emission observed during the folding of T3¥. The oligosaccharide
spectra of Bhx to those of native tailspike trimers reflects binding activity of Bhx then would also imply that tailspike
the fact that none of the six Trp residues in the tailspike folding and assembly intermediates should be able to bind
B-helix domain are located at the subunit interface. Two of receptor fragments. Indeed, quenching of tryptophan fluo-
them (W365 and W391) are highly solvent-exposed in the recence byO-antigen fragments (but not by unrelated
active site, and their fluorescence is quenched upon receptooligosaccharides) is observed when these are added early
oligosaccharide binding to both Bhx and the tailspike trimer. during tailspike folding, and fluorescence titrations of the
The other four Trp residues are located in the dorsal fin protrimer trapped at 5C indicate that it©O-antigen binding
(W202, W207, W213) and in a loop region (W315), and affinity is similar to that of native tailspike protein (Ulrich
are partly solvent-exposed, in agreement with their averageBaxa and R. Seckler, unpublished results).
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Attempts to establish equilibria between folded and
unfolded conformations of the complete tailspike protein or
of TSPAN have not been successful. Foldingnfolding
transitions of the proteins induced by varying the concentra-
tion of denaturants exhibit apparent hysteresis; i.e., the
transition curves for unfolding and refolding do not coincide,
even after incubation for many da{, 12) Both proteins
aggregate upon unfolding at high temperature, rendering
thermal unfolding transitions irreversib{é8). Thus, it has
not been possible to quantify the thermodynamic stability
of the folded structures of wild-type and mutant tailspike
proteins.

In contrast, the unfolding of Bhx is freely reversible under
conditions preventing aggregation as a side-reaction. The
unfolding equilibrium transition measured by fluorescence

spectroscopy is cooperative and occurs around 2.5 M urea 20.

at 10 °C. As a first approximation, the fluorescence
transition can be described by a two-state model, but the
validity of this concept will have to be tested with other
spectroscopic or hydrodynamic techniques.

All the known sites oftsf mutations and the two sites of
globally actingtsf-suppressor mutations are located within
the sequence of BhX25, 26) Thus, the near-native
conformation of Bhx and the reversibility of its unfolding
will open a way to a quantitative analysis of the effects of
the two types of mutations on the thermodynamic stability
of the major structural domain of the tailspike protein.
Destabilization and stabilization of a folding intermediate
containing a largely structured-helix domain has been
proposed as the cause of the phenotypedsbfind tsf-
suppressor mutation®7, 28, 49)

In contrast to most othep-helix proteins, in which
disulfides cross-link individual turns of thhelix, Bhx does
not contain disulfide bonds. This makes it a suitable model
for the analysis of the role of structural features such as polar
and nonpolar side-chain stacks and of turn formation in the
folding and stabilization of this new folding motif.
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