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ABSTRACT: The B-subunit pentamer @&scherichia coliheat-labile enterotoxin (EtxB) is an exceptionally

stable protein maintaining its quaternary structure over the pH value rang&@2@ Up to 80% yields

of reassembled pentamer can be obtained in vitro from material disassembled for very short incubation
periods in KCHHCI, pH 1.0. However, when the incubation period in acid is extended, the reassembly
yield decreases to no more than 20% (Ruddock et al. (1998ipl. Chem. 27119118-19123). Here we
demonstrate that the ion species present in the disassembly conditions strongly influence the reassembly
competence of EtxB showing that 60% reassembly yields can be achieved, even after prolonged incubations,
by the use of a phosphate buffer for acid disassembly. Using this system, we have fully characterized the
disassembly and reassembly behavior of EtxB by electrophoretic, immunochemical, and spectroscopic
techniques and compared it with that previously observed. Depending on the denaturation system used,
the acid-denatured monomer is either in a predominantly reassembly-competent seadegystem) or

in a predominantly reassembly-incompetent conformation {K@TI system). Interconversion between

these two conformations in the denatured state is possible by the addition of salts to the denatured protein.
The results are consistent with the previous hypothesis that the conversion between reassembly-competent
and -incompetent states corresponds to a cis/trans isomerization of a peptide bond, presumably that to
Pro93.

Escherichia coliheat-labile enterotoxin (Etx), a close the refolding pathways of many denatured proteins: disulfide
relative of cholera toxin and the major causative agent of bond formation, trans to cis isomerization of prolyl residues,
traveller's diarrhea 4, 2), is a heterohexameric protein and oligomerization (reviewed in ref§ 8). Hence, all of
comprising one A subunit (EtxA) possessing ADP-ribosyl- the three “common” intramolecular and intermolecular rate-
transferase activity and five identical noncovalently associ- limiting steps for protein refolding/reassembly are required
ated B subunits (EtxB). The B-subunits assemble into a stablefor EtxB.
pentameric torus that binds tomGganglioside receptors Previous in vitro studies have shown that disassembly of
found on the surfaces of eUkaryOtiC intestinal eplthellal cells the pentamer can be achieved on|y under extreme]y harsh
even in the absence of the toxic A suburit-@). The denaturation conditions, for example, in the presence of ionic
chemical and biophysical properties of human EtxB (EtxB) detergents8 M urea, ® 7 M guanidinium chloride, and in
have been extensively studied, and the crystal structure ha?temperatures in excess of 8C (9—11). Acid-mediated
been refined to 1.95 A resolutios)( Each monomeric B disassembly of EtxB has only been observed at pH 2.0 and
subunit is composed of 103 amino acids and forms ap- pelow and is believed to result from protonation of two C
proximately 30 hydrogen bonds and six salt bridges with its terminal carboxylates, which disrupts a salt bridge at the
neighboring subunits to assemble into a highly stable cyclic jnterface between two monomerd0f. When the acid
pentameric structuredy. incubation period does not exceeded 15 s, reassembly yields

In this StUdy, the refolding and pentamer reassembly of of up to 80% can be obtained fo||owing Subsequent
the B-subunit have been examined. Each monomeric B npeutralization {2). However, when the acid incubation
subunit contains a Single disulfide bond between CySteine period was extended, a further acid-mediated Change oc-
residues 9 and 86 and a cis proline residue at position 93cyrred that resulted in the generation of assembly- defective
(5). In vitro three rate-limiting steps have been defined on species and restricted the reassembly yield to just 20%. This
loss of reassembly competence has been attributed to an acid-
"This work was funded by the Biotechnology and Biological induced conformational change; its kinetics and activation

Sciences Research Council, Grant Number 96/C 10318. __ energy are consistent with it arising from cis/trans isomer-
* Current address: Biocenter Oulu and Department of Biochemistry, . ti f the ci i ¢ ition 93 Fiqurel?
P.O. Box 3000, University of Oulu, FIN-90014, Finland. ization of the cis proline at position 93 (see Figurel2).

§ Current address: Department of Biological Sciences, University Here we show that 60%65% reassembly yields may
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U. Disassembly assay (ELISA) as previously described (14). The protein was

T purified to apparent homogeneity, only a single band being
visible on silver-stained SDSPAGE, with a yield of 8.5
mg/L. The authenticity of the purified protein was confirmed
by electrospray mass spectrometry and N-terminal sequenc-
ing. Purified protein was stored in 20Q_ aliquots at—20
°C.

Biophysical AnalysisAmino acid sequencing was per-
formed on an N-terminal protein sequencing Applied Bio-

system Procise 492 system. Electrospray mass spectrometry

v analysis was performed on a Thermoquest LCQ ion trap mass
spectrometer.

Protein samples of 2g were routinely analyzed using
Ficure 1: Schematic representation of the disassembly and 1504 SDS polyacrylamide gels on a Bio-Rad mini Protean

reassembly processes for EtxB. Solid arrows indicate permitted . ) .
transitions; dashed arrows indicate nonpermitted transitions. Letters” system according to the manufacturer’s recommendations,

represent the unfolded (U), native (N), and nonnative folding and the separated bands were visualized by staining with
intermediate (1) states of the monomeric protein; subscripts represent).05% (w/v) Coomassie blue R250 in 40% (v/v) methanol
the cis (C) and trans (T) isomers of proline 93 (adapted from ref and 10% (v/v) glacial acetic acid. Pentamers migrate with
12). an M, of approximately 42 kD and were quantified by

. densitometric scan of the gels.
KCI—HCI, and we demonstrate that the structure of the acid-  ggcondary structures were predicted from circular dichro-
denatured monomer is dependent on the denaturation buffer

U ism spectra recorded on a Jasco J600 spectropolarimeter
used. Reassembly studies indicate that the® system  hermostatically controlled at 25C. Far-UV spectra were

generates a predominantly reassembly-competent state, whilg,-orded over the range 19250 nm in 0.2 nm increments

the majority of the monomers in the KEHCI denaturation ity 5 cell path length of 0.1 mm. The proteins were diluted
system are maintained in a reassembly-defective conformay, the appropriate buffer. Spectra were acquired at a scan

tion. Interconversioq betwegn these two _cpnformations in speed of 10 nm/min wiita 1 sresponse time. The spectral
the denatured state is possible by the addition of salts to theya4 \were averaged over four scans, corrected for baseline,
denatured protein and has the properties of a cis/transgnq the molar ellipicity values were calculated.
isomerization, suggesting that the prplyl cis/trans eqU|I_|br|um Intrinsic fluorescence was measured on a Perkin-Elmer
of acid-denatured EtxB may be manipulated by selective salt| g5og spectrofluorimeter. Time-dependent changes in the

effects in denaturating conditions. fluorescence intensity maxima of the proteins (excitation 280
EXPERIMENTAL PROCEDURES nmo, emi;sion 350 nm, glit wid_ths 5 nm) were followed at
20°C using appropriate time drive parameters. Samples were
Buffers and Solution\ll buffer reagents were purchased prepared by dilution of protein stock solutions into 1 mL of
from Sigma or Aldrich and prepared in Milli Q purified appropriate pH buffers. pH-dependent conformational changes
water. Fresh buffers were prepared daily for disassembly/ (pH 3.5-7.0) were recorded at an excitation wavelength of
reassembly studies. All buffers for spectroscopic measure-280 nm, emission of 308400 nm, and slit widths of 5 nm.
ments were filtered through sterile Qi filters before use.  Samples were diluted to &y/mL in appropriate pH buffer
Buffer pHs were determined using a Corning 240 pH meter (pH 3.5-7.0) and thermally equilibrated at 2&. Emission
calibrating at 4.00 and 7.00 with standard buffers supplied spectra, corrected for background, were averaged over three
by Aldrich. pH calibration was checked using a standard scans. All kinetic traces were evaluated using Igor v1.21,
buffer of pH 2.00 supplied by BDH. The pH of sAO, Wavemetrics Ltd. In all cases, the time points of the
solutions was adjusted by the addition of NaOH. fluorescence spectra have been adjusted to allow for the
Protein Purification.A rifampicin-resistant derivative of initial mixing time (typically 15 s).
marineVibrio sp. 60 (3) was used as a host for the plasmid Disassembly and Reassemlbtgr disassembly/reassembly
pMMBG68 expressing wild-type EtxB. The bacterial strain studies, protein samples were routinely acid-treated (0.1 M
was grown, and the recombinant protein was purified by an KCI—HCI or 0.1 M HPQy) at a concentration of 1 mg/mL
adaptation of the method previously describ&d) (Follow- and diluted 10-fold in Mcllvaine buffer (0.2 M sodium
ing ultrafiltration, the retentate was buffer-exchanged into phosphate, 0.1 M citric acid, usually at pH 7.5 but see text)
50 mM citrate, pH 5.6, and the protein was bound to a Mono for renaturation. The reassembly reaction was quenched
S cation exchange column (Amersham Pharamacia Biotec)either by the addition of SDSPAGE loading buffer or by
and eluted with an increasing linear gradient of 20 mM to 1 dilution of the protein to 0.kg/mL in phosphate-buffered
M NaCl in this buffer. The peak fractions were diluted 5-fold  saline containing 1% bovine serum albumin. The amount of
into 25 mM borate, pH 8.5, containing 20 mM NaCl and native pentamers was analyzed by;ELISA and detected
concentrated by anion exchange on a Resource Q columrby a monoclonal antibody 118.875). In the KCHHCI
(Amersham Pharamacia Biotec). The concentrated sampleslisassembly system, 100% pentameric disassembly was
were buffer-exchanged into borate buffered saline (10 mM observed following 30 min incubation. However, following
borate, pH 8.5, 150 mM NacCl), and the concentrations were 2 h incubation in HPQO, a small percentage of EtxB
determined by spectrophotometric analyses at 280 nm usingpentamers were consistently observed to remain intact by
a calculated molar extinction coefficient of 71 500 Mm ! SDS-PAGE and Gy-ELISA. It appears that disassembly
(for the pentamer) and by zenzyme-linked immunosorbent  of a small subpopulation of EtxB occurs extremely slowly,

C
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Ficure 2: Disassembly of EtxB in phosphoric acid: (A, B) time course of disassembly of EtxB in 0.1 M phosphoric acid at ambient
temperature as determined by densitometry analyses of polyacrylamide ge®{(C, D) G,;-ELISA analysesr{ = 3) of the disassembly

of EtxB in 0.1 M phosphoric acid at 2TC. During acid incubation, at time points between 0.25 and 80 min, aliquots were diluted 10-fold
into Mcllvaine buffer, pH 7.5, followed immediately by a 100-fold dilution into 0.1% BSA in PBS (at this concentratiom@iiL no
reassembly of pentamer occurs): (A) pH k7 0.156+ 0.010 mim?! (r2 = 0.998); (B) pH 1.8k = 0.081+ 0.006 mir! (r2 = 0.994);

(C) pH 1.7,k = 0.178+ 0.021 mirr! (r2 = 0.985); (D) pH 1.8k = 0.1174 0.015 minm? (r2 = 0.991).

and 100% disassembly was only observed when the acidessentially independent of the time in acid, up to 18 h; the
incubation period was extended to 18 h. All reassembly average reassembly yield after 18 h in disassembly conditions
studies were corrected for this small population of un- was 59.8%+t 4.9% compared with 59.7%: 9.1% after 30
disassembled material. min in disassembly conditions.
Disassembly in Phosphoric Aci@lo compare reassembly
RESULTS from the phosphoric acid denatured system with that previ-
Establishment of a Reassembly-Competent Disassemble@Usly reported for KCFHCI, we carried out a full charac-
State for EtxB.In vitro studies of protein folding and terization of the disassembly process. The initial assays
assembly must start with the protein in solvent conditions €mployed were SDSPAGE, since the native pentamer is
designed to disrupt the noncovalent interactions that stabilizeresistant to SDS-dissociation, andiELISA, since only
the native conformation. Previous studies on the reassemblynative pentameric EtxB will bind to fa, so that only
of EtxB have used acid denaturation (below pH 2.0) in Pentamers are detected.
unbuffered conditions to allow for rapid and effective reversal ~ EtxB has previously been shown to exhibit a sharp pH
by neutralization. Specifically, a KEIHCI denaturation  threshold for disassembly in 0.1 M KEHCI below pH 2.0
system was used, which allowed for effective unfolding and (10). To ascertain whether a similar pH threshold existed
disassembly of EtxB, but exposure to these conditions beyondfor disassembly in the #P0O, system, EtxB was subjected
a few seconds led to the formation of reassembly-incompe- to acid treatment for up to 18 h in the pH range of-1360
tent speciesl(?). Yields of reassembly were maximally 20% in 0.1 M HsPO,.When the samples were analyzed by SDS
except in “double-jump” experiments where yields of up to PAGE, a pH threshold of pH 2.2 was observed for penta-
80% could be achieved if the protein was disassembled atmeric disassembly in the JAQO, system (data not shown),
pH 1.0 for a few seconds and then neutralized. These resultsslightly higher than that found in HCI.
were attributed to isomerization of tieés-proline at position The kinetics of disassembly at ambient temperature in 0.1
93 following denaturation, which could not subsequently be M HsPO, at both pH 1.7 and pH 1.8 were examined by
reversed under renaturing conditions. densitometry of SDSPAGE gels. Pentamer disassembly
To study the process of EtxB reassembly in detail and the was observed to follow an apparent first-order process and
potential role of protein folding catalysts and chaperones in to occur more rapidly at the lower pH. The rate constants
this process, we sought alternative disassembly conditionsfor disassembly were determined to be 0.#56.010 mir*
that would retain the unfolded subunits in a reassembly- at pH 1.7 and 0.08% 0.006 mir* at pH 1.8 (Figure 2A,B
competent state. The very great stability of the pentameric and Table 1). These kinetic parameters for disassembly could
structure restricts possible conditions. We found that, in be estimated independently by,GELISA (Figure 2C,D).
contrast to the KGHHCI system previously used, the use of Again disassembly appeared to follow a first-order process
phosphoric acid buffered in the range pH-+20 provided with a rate constant at pH 1.7 of 0.1280.021 min* (r2 =
well-controlled disassembly conditions from which re- 0.985) and at pH 1.8 of 0.11F 0.015 min* (r? = 0.991).
assembly yields of around 60% were routinely achieved. Unfolding/disassembly can also be monitored by fluores-
Furthermore the yield of reassembly was found to be cence; previous fluorescence analyses of disassembly in the
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Table 1: Summary of the Rate Constants for Disassembly of EtxB dependencer = 0.988) with f’in apparent ﬁrst'order rate
in Phosphoric Acid constant of zero at pH 2.07 (Figure 3D). This is close to the

bH 1.7 pH 1.8 pH value of 1.92 previously reported for zero disassembly
of EtxB in KCI—=HCI at 20°C (10). In contrast, the rate for
technique (min) (min) (min-Y) (min) the secongl slower phase did not show clear pH or H
concentration dependence (data not shown). The average
gﬁfésl_fggce o.()i%gi 8:822 g:g 8:2?% 8:822 g:g amplitude changes associated with phase 1 and phase 2 over
gel densitometry 0.156 0.010 4.4  0.08% 0.006 8.6 the pH range 1.61.85 were 13.7%t 3% and 24.0%t

a Samples monitored by intrinsic fluorescence and-ELISA were 1.3% of the initial signal, respeqtlvely.
disassembled at 26C; samples for gel densitometry analyses were _ 1h€ rate constant for the first process observed by
disassembled at ambient temperature. The fluorescence-derived ratdluorescence for PO, disassembly at 20C is in close
constants shown are for phase 1 of a sequential first-order process. agreement with those resulting from SBBAGE gel den-
sitometry and from @-ELISA (Table 1). This indicates that
KCI—HCI system at pH values of 1.9 and below indicated the rapid phase detected by fluorescence is initial disassembly
a single step process that followed first-order kinetics with of the pentameric complex (as previously described for the
the rate constant for disassembly proportional to the squareKCI—HCI system) while the slower step is a conformational
of the H' ion concentration, consistent with the requirement change in the resulting monomeric species.
to disrupt two interfaces in the cyclic pentamer simulta-  Reassembly from Phosphoric AcReassembly was initi-
neously (0). To identify any differences in disassembly ated afte 1 h indisassembly conditions, and the kinetics of
behavior between the two systems, this fluorescence experi-reassembly at pH 7.5 and 2Q were apparently first-order
ment was repeated insAO,. Changes in the fluorescence with a rate constant of 0.098 0.018 min* when determined
intensity were observed from pH 1.9 and below, as in the by Gni-ELISA, (1. = 7.1 min; Figure 4A) and a rate
KCI—HCI system, with no changes apparent at pH 3.0 constant of 0.08% 0.005 min! by densitometry of SDS
(Figure 3A). Examination of the residuals revealed, however, PAGE gels (data not shown). Pentamer reassembly was
that contrary to the single event in the K&HCI system, essentially complete after 30 min in neutralizing buffer with
denaturation occurred in a biphasic manner (Figure 3B,C). a yield of around 60%. In contrast, pentamer reassembly from
At pH 1.85 and below, the line of best fit was to a sequential the KCI-HCI system at pH 1.7 and 2%, when analyzed
first-order process with an initial rapid phade.(= 2—9 by Gmi-ELISA, was essentially complete 10 min after
min) followed by a relatively slower phasé/4 = 10—16 neutralization with a final yield of only 20% and a rate
min). A plot of the rate constants for the initial rapid phase constant of 0.253 0.015 min! (t;», = 2.8 min; comparable
against the square of the'tbn concentration showed linear  with that reported previousiyi,2).
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Ficure 3: Fluorescence analysis of unfolding/disassembly of EtxB in phosphoric acid. Panel A shows time-dependent changes in fluorescence
intensity for the acid-mediated disassembly of EtxB af@€0n the pH range 1:61.8 (excitation 280 nm, emission 350 nm). From top to
bottom, the traces are disassembly at pH 1.8, 1.7, and 1.6. From pH.8%, the line of best fit was to a two-step first-order process (

= 0.996-0.999). The results displayed are representative of three separate experiments. Panels B and C show residuals from the line of
best fit for a single-exponential fit (B) and a double-exponential fit (C) for the time-dependent changes in fluorescence intensity for acid-
mediated disassembly at 2Q, pH 1.6. Panel D shows the linear dependence of the rate constant for acid-mediated disassembly of EtxB
on the square of the Hion concentrationr€ = 0.988). The rate constants plotted are those determined by changes in intrinsic fluorescence
during the first phase of a biphasic process.
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Ficure 5: Fluorescence analysis of reassembly from phosphoric
acid. In panel A, the concentration dependence of reassembly was
determined in the range 2@00ug/mL over time periods ranging
from 55 to 120 min at 20C. From top to bottom, the traces are

: ; ¢ reassembly at 20, 40, 60, 70, 80, and 1@@mL. Excitation was

in Mcllvaine neutralizing buffer, pH 7.5, at 2@C. Samples were 41 580 nm’and emission at 360 nm with 2.5 nm slit widths. The

removed at selected time points between 0.25 min and 1 h, and the, g cen difference in the fluorescence start and end points over the

yield of pentamer reassembly was determined. Panel B shows the g centration range was 63% 0.5%. Panel B shows the pH

concentration dependence of pentamer reassembly in Mcllvaine 4 ; :
. pendence of reassembly of EtxB monitored by changes in the
buffer, pH 7.5, at 20C determined by Gr-ELISA. intrinsic fluorescence (excitation 280 nm, emission 350 nm). From
) top to bottom, the traces are reassembly at pH 5.0, 6.0, 6.5, 7.0,
The concentration dependence for reassembly from ghe H and 8.0. EtxB was fully denatured in 0.1 MyPO, at pH 1.7. The
PO, system was analyzed by, GELISA. In the range of reassembly conditions were at a concentration oft0nL at 20
20-140 ug/mL, the yield of pentamer reassembly was C in Macllvaine buffer, increasing by 0.25 pH units over the pH
. . . . range 5.6-8.5. Control was native EtxB at the same concentration
independent of concentration and in the region of 60% (data 80 ug/mL.

not shown). A plot of the rate constants against concentration
showed that the rate of reassembly decreased with decreasing Reassembly from the KCIHCI disassembly system has
concentrations below 6@g/mL but was concentration-  peen shown to be pH-dependent with the protonation state
independent between 80 and 149/mL with an average  of the N-terminus playing a crucial role in the rate of
half-time for reassembly of 6.8% 0.57 min (Figure 4B).  pentamer formation (12), but it could not be determined
Consistent with this result, reassembly from the KBICI  \yhether this was an effect on the rate of refolding or
denatured state has been shown to be concentrationyeassembly. The pH dependence of refolding and reassembly
independent over the range-5200xg/mL (12). This change  from HsPO, was investigated by examining the changes in
of slope (Figure 4B) suggests a multistep process and ajntrinsic fluorescence upon renaturation in the pH range 5.0
change in rate-determining step with concentration; the g 5. At pH 5.0 over a period of 20 min, no significant change
concentration independence at higher concentrations implieSyas observed (Figure 5B). However, from pH 6.0 to 8.5,
an intramolecular rate-limiting step in these conditions. measurable Changes were recorded and ana|yses of the
In an effort to analyze refolding and reassembly in more residuals of the spectra over this pH range revealed that at
detail, we investigated the renaturation process by observingall pH values the line of best fit was to a sequential process.
the changes in intrinsic fluorescence (Figure 5A). At all The relevant kinetic parameters have been tabulated for both
concentrations, plots of the residuals against time showedphases of a sequential process (Table 2) with the first phase,
that the best fit was to a sequential process. Phase 1 of thigvhich we attribute to monomer refolding, being pH-
process was concentration-independent at all concentrationsndependent in contrast to the apparently pH-dependent
examined. This suggests that phase 1 corresponds to aeassembly phase.
refolding event (presumably in the monomer) while reas- Comparison and Intercarersion of Disassembled States.
sembly to form the pentamer occurs in phase 2. Intrinsic To identify any differences in the conformation 0§D,
fluorescence could not be used to study reassembly in theand KCHHCI denatured EtxB, samples were analyzed by
KCI—HCI system because most of the time-dependentfar UV circular dichroism (CD). The observed shift to the
fluorescent changes occurred during the initial mixing time left in the CD spectrum of EtxB on acidification (Figure 6)
(data not shown). In HPO, however, reassembly occurs at is indicative of a loss of ordered secondary structure in the
a slower rate and the phases can be resolved. protein, consistent with a significant reduction finsheet

Ficure 4: Reassembly of EtxB from phosphoric acid. Panel A
shows the kinetics of reassembly of EtxB in Mcllvaine buffer, pH
7.5, at 20°C determined by @G-ELISA (r> = 0.968). For
reassembly, BPOs-disassembled EtxB was diluted to 196/mL
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Table 2: pH-Dependence of Refolding and Reasseinbly A
phase 1 phase 2 E 60
rate constant  half-time rate constant  half-time g
pH (min-Y) (min) (min-Y) (min) g
6.00  0.402+ 0.043 1.7 0.04G- 0.004 17.7 2 %
6.25 0.344+ 0.044 2.0 0.052 0.004 13.3 % 30 o)
6.50 0.538+ 0.058 1.3 0.073: 0.005 9.5 2 2 D
6.75 0.2714+0.046 2.6 0.068: 0.014 10.3 S
7.00 0.388+ 0.042 1.8 0.072: 0.006 9.6 I I I ! I
7.25 0.6370.103 1.1 0.106: 0.004 6.6 0 5 10 15 20
7.5 0.386+ 0.073 1.8 0.083 0.011 8.4 Time (mins)
7.75 0.391+ 0.068 1.8 0.087% 0.009 8.0
8.0 0.507+ 0.133 1.4 0.125: 0.008 5.6 B
8.5 0.453+ 0.126 15 0.114+ 0.010 6.1
Fluorescence-derived rate constants were determined for the refold- 489
ing/reassembly of EtxB over a range of pH values following acid -5.0
denaturation in 0.1 M BPO,, pH 1.7. The rates have been tabulated 5.2 —
for phase 1 and phase 2 of a sequential process. The overall % change M 54
in fluorescence was 62% 7%. =
-5.6 —
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20 —
15 60— T | T
E 3.30 3.35 3.40 3.45

10 — 3 -
1/Tx 10" (K)

FIGURE 7: Kinetics of the loss of reassembly competence following
addition of KCI to EtxB disassembled in phosphoric acid. Panel A
shows the G;-ELISA analyses of the time dependence of the loss
of reassembly competence of;O-disassembled EtxB in the
presence of an equimolar amount of KCI. EtxB was denatured for
1.5 h in PO, pH 1.7, at 25°C. The denatured sample was
transferred into 0.1 M gPOy,, pH 1.7, containing KCI at a final
concentration of 0.1 M and incubated for a further 30 min. At
regular time points, aliquots were removed into neutralizing buffer
and allowed to reassemble for 1 h. The amount of native pentamer
was determined in triplicate by ELISA, and the rate of loss of

) ] ) o o reassembly competence was determined. Panel B shows the
and an increase in random coil; a similar shift in the spectrum Arrhenius plot for the loss of reassembly competence of EtxB
was observed in #PO, at pH 1.7 as was previously observed denatured in kPO, at pH 1.7 in the presence of equimolar
in KCI—HCI. However, a significant amount of secondary concentrations of KCHHCI (r2 = 0.996). The rate constants were

structure is retained in both cases, and there are apparenf€trmined in triplicate by -ELISA.

differences in the spectra of the KEHCI and HPO, | - f KCl to EtxB full
denatured states (Figure 6). These differences must reflectgiisa?[iigz );ncgnipl\e;ltebr;g OSHagd;ch]n ?Arrhcen?ﬁs ;)I(ot Ol; y
the different effects of the two ionic species on the . o jorived raté constant’s at 15' :20 25 andG&howed

confor.mation of the denatured state. a linear fit (2 = 0.996) with an activation energ¥y) of 53
Having demonstrated thatPQ, and KCH-HCl denatured 1 2 k3/mol (Figure 7B).

EtxB show differences in their conformation and reassembly  \y/e next examined the KCI concentration dependence of
competence, we examined the effect of addition of KCI t0 ine |oss of assembly competence. IncubatingP®}-

the HPO,-based denaturing system. When disassembly wasgenatured EtxB in KCI, at concentrations ranging from 0.5
carried outin 0.1 M HPQ, at pH 1.7 containing an equimolar {4 5 mM, had no effect on pentameric reassembly, but a loss
amount of KCI, the yield of reassembled pentamer was of reassembly competence was observed at concentrations
reduced from 60% to 20%, equivalent to that achieved from ¢ k| from 10 to 200 mM (Figure 8A,B). The percentages
the KCI-HCI system (data not shown). If EtxB was initially o reassembly-competent and -incompetent material in this

denatured in BKPQ;, the loss of reassembly competence upon range can be converted to pseudo-equilibrium constants using
subsequent addition of KCI was time-dependent and wasihe equation

determined by -ELISA to be an apparently first-order
process with a rate constant of 0.3270.065 mi* (Figure
7A). This was confirmed by densitometry of SBBAGE
gels where a similar rate constant of 0.2#20.031 min?!
was obtained (data not shown). This loss of reassembly The natural log of the equilibrium constants when plotted
competence we ascribe to an alteration in the equilibrium against the concentrations of KCI showed a linear fit (Figure
between assembly-competent monomers and assembly8C). Becaus& can be related tAG by the expressionG
defective monomers in the acid-denatured state. = —RTIn K, the value of effect of KCl orAG can be
In an effort to identify the process underlying this calculated to be 55.4 kJ/mol/M.

interconversion, we determined the temperature dependence Other Denaturation SystemSince the reassembly yield
of the rate constants for the process leading to loss of of EtxB is clearly dependent on the ions present in the

0x 10” (deg.cm’.dmol™)

10 = T T T T 1
200 210 220 230 240 250

Wavelength (nm)
Ficure 6: Far UV CD spectra. Traces represent native EtxB in
Mcllvaine buffer, pH 7.5 (dotted line), and following denaturation
in KCI—HCI, pH 1.7 (solid line), and in BPO,, pH 1.7 (dashed
line).

_ _% reassembly-competent EtxB
€dl 9% reassembly-incompetent EtxB

pseudoK
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: Ficure 9: Variation in the percentage of reassembly-competent
(C) q monomers following denaturation in the GdmCI, K&iCl, and
0.5 7 H3PQ, systems as analyzed bywGELISA: (A) yields of native
pentamer after reassembly from HCI (sample 1), GdmCI (sample
2), HsPO, (sample 3), and KCHHCI (sample 4); (B) inhibition of
05 - reassembly of EtxB after denaturation igR?0, and KCHHCI upon
addition of 0.5 M GdmCI. EtxB was fully disassembled igR®;
-1.0 (black) or KCHHCI (grey), pH 1.7, for 2 h. To each sample,
GdmCl was added to a final concentration of 0.5 M, and each
-1.5 4 | | | | sample was divided into two aliquots. One aliquot was immediately
0 40 60 80 100 neutralized (sample 2). The second aliquot was incubated for 2 h
prior to neutralization (sample 3). Sample 1 is the control.
[KCI] mM

Ficure 8: Loss of reassembly competence gPiay-disassembled The optimum conditions for reversible GdmCI dlsassembly
EtxB in the presence of increasing amounts of KCkPB,- were first established. Remarkably, in the presence of 5 M
disassembled samples were incubated1fd in the presence of GdmCl, temperatures in excess of 8D were required to
various concentrations of KCI {12200 mM) prior to reassembly in ; ; ;

Mcllvaine buffer, pH 7.5, at 28C. The results were analyzed (A) disassemble EtxB from its pentamerlc state. BQ{H’SJSA.
by gel densitometry and (B) in triplicate byGELISA. Panel C and SDS-PAGE analyses qonflrmed that reassembly yields
presents a plot of the natural log of pseud@gainst [KCI] in the in excess of 50% were obtained from GdmCl-denatured EtxB
range 0.0050.1 M. (Figure 9A).

: - . . . . We then investigated the effects of the addition of GdmCI
denaturation buffer during acid denaturation, we examined , «c|—HCI- and HPO,-denatured material. GdmCl was

Oth9f denaturation systems in more de@an._ ., added to both EPO,- and KCHHCI-denatured EtxB at a
First, the effects of using a m_|n|mal ionic strength aC"?' concentration of 0.5 M, which would not in itself result in
denaturation system were examined. Reassembly of nativejenayration. Addition was either at the start of the dis-
pentamers following low ionic strength HCI denaturation in - 5556 mply process or at the neutralization step. The results

the absence of salts was80% (Figure 9A), equivalentto o eaied that the presence of 0.5 M GdmCl inhibited

the maximal reassembly observed in “double-jump” experi- reassembly of both KGIHCI- and HPOs-denatured EtxB
ments. Addition of salts to the HCI-denatured protein resulted (Figure 9B). However, the presence of GAmCl during

in a concentration- and time-dependent loss of assemblydenaturation resulted in a greater effect than when it was

compgtence tht‘;’llt was dependent on the 3‘?";“.36(1' The Sh';bresent only during reassembly. Hence inclusion of GdmCI
toward assembly incompetence was studied In a range ofj, o gisassembly process has a direct negative effect on

sodium_ salts and in a range of chl_oride sal_ts and was foundthe assembly competence of the monomers with the yield
to be highly dependent on the anion species but much less

; . 0 .

so on the cation, the order of the effect being, 8@, > ?g;?gﬁagtigirrﬁvertmg close to the 20% obtained from

Nal > CaCl > KCI ~ NaCl (data not shown). The addition

of only 10 mM NaSG; to the disassembly mix reduced piscussIiON

reassembly from 80% to 20%. In all systems tested, the

minimal yield of reassembly at higher ionic strength was  An Efficient Denaturation/Renaturation System for EtxB

15%—30%. No correlation was observed with the nature of PentamerBecause the biological properties of proteins arise

the salt used, for example, the effects did not follow the primarily from their native conformations considerably more

Hofmeister series. attention has been focused on the native conformation than
Second, the use of the widely used chemical protein on the denatured or unfolded state. However, the denatured

denaturant guanidinium chloride (GdmCI) was examined. state plays an important role in determining folding pathways

0.0 —

In K
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and stability, and the characterization of the conformational routinely observed with the KEIHCI system. Hence the
properties of the denatured state is an important step inreassembly-competent and reassembly-incompetent states are
developing an understanding of how a protein folds. The readily interconvertible in acid denaturing conditions, but
properties of the denatured states of proteins are dependenthe position of the equilibrium is dependent on the ionic
on the solvent conditions, and proteins may adopt at leastspecies present. The competent species is favored in the
three different states, that is, the native state, the unfoldedpresence of HCI or kPO, while addition of KCI, other salts,
state, or a compact molten globule denatured sth6. (  or guanidinium chloride shifts the equilibrium to favor the
Furthermore, the persistence of large amounts of residualreassembly-incompetent species.
structure has been demonstrated in “denatured” proteins, We previously proposed that the time-dependent conver-
especially in the presence of salts (reviewed inlrgf The sion of denatured EtxB in KCIHCI to a reassembly-
residual structure of many denatured proteins has been foundncompetent state corresponded to a cis/trans isomerization
to have little effect on the rates of refolding, and a number of a peptide bond, presumably the conversion of the native
of reports have shown similar refolding kinetics for proteins cis bond of Pro93 to the more favored trans configuration
denatured in acid, urea, and GdmCI. Acid- and GdmCI- in the unfolded state. This hypothesis is consistent with the
denatured ribonuclease Ag), lysozyme (9), and a-lac- results observed here. CD spectra suggest that there are
talbumin Q0) have all shown the same rate-limiting kinetic differences in conformation between predominantly reas-
events, and identical refolding kinetics are reported for acid- sembly-competent denatured material (in phosphoric acid)
and urea-unfolded staphyloccal nucleagg) @nd barnase  and predominantly reassembly-incompetent material (in
(22). However, here we demonstrate not only that the KCI—HCI). Interconversion between the states has properties
denaturation system used has a large impact on the foldingconsistent with cis/trans isomerization in that it is only
kinetics and yield of reassembly of EtxB but also that these observed in extreme acid conditions and has a high activation
effects are subtle and not readily predictable. energy. Previous studies have shown the loss of reassembly
The initial aim of our investigations was to identify a competence in acid during prolonged K& Cl incubations
denaturation system in which reassembly of EtxB to high to have ark, of 76 kJ/mol (2). An E, of around 80 kJ/mol
yields could be achieved without resorting to “double-jump” has been reported for peptide processes that are limited by
experiments. Such a system would allow more detailed proline isomerization 43, 24). The value of 53 kJ/mol
elucidation of the refolding and reassembly processes andobserved here for the conversion of reassembly-competent
the potential roles of folding catalysts and molecular to -incompetent on addition of KCI to 4R#Os-denatured
chaperones. We have replicated the previously reportedmaterial falls below these values. However, the activation
irreversible disassembly of EtxB in KEHCI and studied a  energy for cis/trans isomerization is dependent on the local
range of other denaturation conditions so that valid com- conformation around the site of isomerizatioR5{27).
parisons could be made. Furthermore, no other reversible process in the acid-
Our results show that denaturation is reversible under adenatured state can provide a more plausible explanation for
variety of conditions, and we have established the optimum the phenomena observed in this work than prolyl cis/trans
conditions for reversible reassembly after denaturation in isomerization.
HsPQ,, pH 1.7. In this system, both unfolding/disassembly It appears that denaturation in most conditions results in
and refolding/reassembly are slower than in the KEClI the establishment of a cis/trans equilibrium ratio of around
system investigated previously. As a result, it has been 0.2:0.8, that is, favoring the trans conformer. This distribution
possible, using fluorescence, to resolve the processes ohas frequently been observed for cis/trans equilibria in
unfolding and disassembly and conversely of monomer proline-containing oligopeptide28). Upon renaturation of
folding and pentamer assembly and to demonstrate thatEtxB, both isomers undergo an extremely rapid conforma-
pentamer reassembly fromgPiO, occurs during the second  tional change retaining their respective cis and trans con-
phase of a sequential process with the initial rapid phaseformations as depicted in Figure 1. Isomerization between
corresponding to the refolding of monomers. The refolding these two refolded states does not occur in renaturing neutral
process is pH-independent and concentration-independentconditions within a reasonably measurable period. As a result,
while the reverse is true for the reassembly process. It isonly the 20% of monomers retaining the native cis confor-
likely that the similar pH dependence for refolding/reas- mation can assemble into native pentamers. ThesR
sembly from the KCFHCI system also arises from the conformers, which in this system constitute 80% of the
reassembly step. This pH-dependence was attributed to thelenatured molecules, are effectively assembly-incompetent.
protonation state of the N-terminal amino grouy2)( Renaturation from the PO, system occurs by the same
The Structural Basis of Reassembly-Competent and -In-pathways, but these conditions in the acid disassembled state
competent Denatured Statd$e proportion of reassembly-  shift theU¢s/Uyans€quilibrium in favor of the cis conformer
competent material is, however, dependent on the type andwith a ratio of 0.6:0.4 and hence increase the yield of native
concentration of the salts used during the denaturation pentamer to 60%. This is in contrast to the ratio of 0.2:0.8,
process, that is, prior to neutralization treatment. A 3-fold which is observed not only in KEIHCI but also when the
increase in the yield of reassembled pentamer has beerequilibrium is perturbed by the addition of other salts to
observed here usingsAQO, as the denaturant in place of the Hs;PO,-denatured material. In the absence of KCI, HCI
previously reported KCtHCI system, and we have dem- appears to favor the cis conformer with a ratio of 0.8:0.2.
onstrated that the high reassembly yields of native pentamerSince it is very difficult to characterize interconverting
from HsPQ, are sensitive to addition of equimolar concentra- unfolded states, we have not investigated the structural basis
tions of KCI prior to renaturation. In this case, reassembly or specificity of these ionic effects, but the thermodynamic
competence decreases with first-order kinetics to the 20% parameters we have derived for the KCI concentration-
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dependent interconversion between the two forms are 12.

consistent with cis/trans interconversion. A more detailed
analysis of this question is beyond the scope of this paper,
which has concentrated on developing a suitable system in

which the refolding and reassembly of acid-denatured EtxB 13.

can be characterized in kinetic and mechanistic terms.
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