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ABSTRACT. Conditions that promote renaturation of an unfolded protein also promote protein aggregation,

in many cases, because these competing intramolecular and intermolecular processes are driven by similar
networks of noncovalent interactions. The GroEL/GroES system and related biological chaperones facilitate
the renaturation of substrate proteins by minimizing the aggregation pathway. We have devised a two-
step method in which small molecules, “artificial chaperones,” facilitate protein refolding from a chemically
denatured state. In the first step, the protein is captured by a detergent as guanidinium chloride is diluted
to a non-denaturing concentration; formation of a protelatergent complex prevents both protein
aggregation and proper refolding. In the second step, a cyclodextrin strips detergent from the protein,
allowing the protein to refold. Here we describe the first application of this method to a protein that must
form disulfides in the native state. Lysozyme (hen egg white) can be refolded from the Gdm-denatured,
DTT-reduced state in good yields at final protein concentrations as high as 1 mg/mL with the artificial
chaperone method. Several mechanistic aspects of artificial chaperone-assisted refolding have been probed,
and a detailed mechanism for the kinetically controlled stripping step is proposed.

Many studies of protein folding focus on systems that are of this technique was inspired by the mechanism of the
well-behaved in the test tube: the particular protein and GroEL/GroES chaperone system. Although the details of
conditions are chosen so that proper folding is the dominantthe GroEL/GroES mechanism are still the subject of debate,
process upon removal of denaturing conditions [e.g., dilution the general outline of a two-step mechanism seems to be
of a concentrated urea or guanidinium chloride (GdrhCl) established (Hartl, 1996). In the first step, GroEL captures
solution]. While such studies provide insight on important the non-native substrate protein by binding to exposed
aspects of the folding process, crucial questions involving hydrophobic surfaces. This binding prevents both aggrega-
the competition between intramolecular and intermolecular tion and proper folding of the substrate protein. In the second

association of peptide surfaces are side-stepped by thisge, release of the substrate and concomitant folding are
experimental strategy (Jaenicke, 1993). Two developmentstriggered by interaction between GroEL and ATP; GreEL

have stimulated rising interest in the competition between GroES interaction is also important for the release of some

fo_ldmg and aggregation. First, 't. h_as become (_:Iear that substrate proteins. Substrate folding may require multiple
biological systems have a sophisticated machinery, the . = e
binding—release cycles. The artificial chaperone method,

chaperone proteins, for encouraging protein folding by too, has two distinct steps (Scheme 1). In the first step, a

discouraging aggregation (Hartl, 1996). Second, the refine—d h . . q diti
ment of genetic engineering techniques has made the etergent captures the non-native protein under conditions

heterologous expression of proteins routine, and such proteindnat would otherwise lead to aggregation, e.g., rapid dilution
must often be folded from a chemically denatured state ffom a concentrated GdmCl solution. Formation of the
(Cleland, 1993; Georgiou & DeBernardez-Clark, 1991). protein-detergent complex prevents both protein aggregation

We have recently described a new approach for controlling and renaturation. In the second step, the detergent is stripped
the competition between renaturation and aggregation in vitro from the protein by addition of a cyclodextrin, allowing at
(Rozema & Gellman, 1995, 1996). This method employs least some of the protein to fold.

small molecules, a detergent and a cyclodextrin, to guide  Small molecules have previously been employed as folding
the folding process. We refer to these low molecular weight assistants in vitro, but the artificial chaperone method
assistants as “artificial chaperones,” because the developmenfgpresents a fundamentally new strategy. Most previous uses

. : . ) of small molecules conform to what we call the “dilution
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Scheme 1: Artificial Chaperone-Assisted Protein Refolding (Uppermost Path) vs Dilution Additive-Assisted Protein Refolding
(Lowermost Path)

Dilute + detergent Cyclodextrin
("capture step") o Protein-detergent ("stripping step") Native Protein
| | complex (inactive) = | (+ some aggregate)
Gdm-denatured Dilute o Aggregate
Protein - (inactive)

Native Protein
(+ some aggregate)

' Dilute + additive

(Goldberg et al., 1996; Wetlaufer & Xie, 1995), cyclodextrins 2.37 (mg/mL protein)! cm™! (Wetlauferet al., 1974). The
(Karuppiah & Sharma, 1995), and polyethylene glycol (PEG) concentration of GdmCI stock solutions was determined by
(Cleland & Wang, 1990; Cleland et al., 1992a,b). measuring the refractive index of the solution (Pace, 1986).
We have shown that the artificial chaperone method Denaturation-Reduction of LysozymeA solution of 50
facilitates renaturation of two non-homologous proteins, mg/mL lysozyme in 6 M GdmCI, 100 mM Tris sulfate, pH
carbonic anhydrase B (CAB) and citrate synthase (Rozemag.5, and 30 mM DTT was prepared by addition ofl3 of
& Gellman, 1995, 1996). In this paper, we expand the 167 mg/mL lysozyme stock solution to jZL of 8.7 M
method to lysozyme, which, unlike CAB and citrate synthase, GdmCI, 143 mM Tris sulfate, and 43 mM DTT solution.
contains disulfide links in the native state. Lysozyme from After vigorous mixing of the solution by vortexing, the
hen egg white has 129 residues; the crystal structure showssolution was allowed to sit for at least 5 h.

two domains, one composed largely of fawhelices, and Renaturation-Oxidation of Lysozymel uL of denaturee-

the other composed largely of atriple-strande_:d antiparallel ;aquced lysozyme solution was placed on the side of a
p-sheet (Blake et al., 1965). If lysozyme is denatured microcentrifuge tube that contained various volumes and
without reducing the four disulfides, refolding by rapid ~qoncentrations of aqueous detergent and GSH/GSSG. Mix-
dilution is a very efficient process (Goldberg et al., 1994), jnq of the two solutions was accomplished by rapid vortex-

and this efficiency has allowed extensive characterization ing. 10 min after mixing, 75-300uL of water orS-cyclo-

of this renaturation process (Dobson et al., 1994). Rena-gextrin solution was added, and then the mixture was
turation of lysozyme by rapid dilution from the reduced state, yortexed to bring the sample to final conditions before assay.
however, is inefficient unless protein concentration is very gqr the study of cyclodextrin as a dilution additiveyll of

low, because of competing aggregation (Goldberg et al., genaturee-reduced lysozyme was diluted directly into buffer

MATERIALS AND METHODS Copper sulfate-catalyzed oxida.tior'\ of denatureetuced
lysozyme was performed by dilution of 50 mg/mL of
Materials. Hen egg white lysozyme (three-times recrys- denatured-reduced lysozyme in 6 M GdmCI and 30 mM
tallized and lyophilized), driedMicrococcus lysodeikticus  DTT to 0.071 mg/mL lysozyme, 8.6 mM GdmCl, 0.04 mM
cells, glutathione (GSH) (95%), oxidized glutathione (GSSG) DTT, 0.071 mM CuSQ 1.43 mM EDTA, and 0 or 5.7 mM
(98%), dithiothreitol (DTT) (99%), polyoxyethylene(10 units) CTAB. The solutions were allowed to sit for various periods
lauryl ether (POE(10)L)N-tetradecylN,N-dimethyl-3-am- of time, and theng-cyclodextrin was added to make a
monio-1-propanesulfonate (Z 3-14), tetradecyltrimethylam- solution of 0.05 mg/mL lysozyme, 6.0 mM GdmCl, 0.03
monium bromide (TTAB), and cetyltrimethylammonium mM DTT, 0.05 mM CuS@, 1.0 mM EDTA, 0 or 4.0 mM
bromide (CTAB) (99%) were obtained from Sigma (St. CTAB, and 4.8 mMgB-cyclodextrin. After sitting 40 h, the
Louis, MO). Sequanal grade guanidinium chloride (GdmCI), solutions were assayed for enzymatic activity.
HEPES buffer, and electrophoresis grade Tris base were To investigate solid stripping agents, 0.175 mL of a
obtained from Fisher Scientific (Pittsburgh, PA). 13- sojution of 0.071 mg/mL lysozyme, 143 mM Tris sulfate,
Dibromopropane, 4tért-octyl)phenol, trimethylamine, and pH 8.5, 8.6 mM GdmCl, 0.043 mM DTT, 5.7 mM GSH,
Orange OT were obtained from Aldrich. Bio-Beads were 057 mM GSSG, 1.43 mM EDTA, and 1.1 mM CTAB,
obtained from Bio-Rad. Calbiosorb was obtained from which was generated by dilution of denaturedduced
Calbiochem. a-Cyclodextrin,5-cyclodextrin, epichlorohy-  |ysozyme, was added to 50 mg of Bio-Beads or epichloro-
drin S-cyclodextrin polymer, and methyi-cyclodextrinwere  hydrin S-cyclodextrin polymer or to a 0.2 mL slurry of
gifts from American Maize Products Inc. (Hammond, IN). Calbiosorb beads. The solutions were gently rocked over-
o- and p-Cyclodextrins were recrystallized from water. night and then assayed for enzymatic activity.
Orange OT was recrystalli;ed from ethan_ol. All other  \atiye Samples.Native samples were prepared from 50
materials were used as obtained from suppliers. mg/mL stock solutions that did not contain GdmClI, Tris
sulfate, or DTT. The lysozyme was diluted to 0.286 or 0.072
mg/mL lysozyme in the presence of 143 mM Tris sulfate,
Protein concentration for native lysozyme was determined pH 8.5, and 1.43 mM EDTA. The solutions were then
by absorbance at 280 nm with an extinction coefficient of diluted further by the addition of water or aqueous solutions

Methods
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of B-cyclodextrin to make solutions of 0.2 or 0.05 mg/mL The resulting oil was then placed under high vacuum for 1
lysozyme, 100 mM Tris sulfate, pH 8.5, and 1.0 mM EDTA. h to remove any unreacted 1,3-dibromopropane. The oil was
Assay of Enzymatic Aetty. The assay of lysozyme was then dissolved in 10 mL of 1,4-dioxane. The solution was

a modification of a published procedure (Jolles, 1962). partitioned equally into three screw-cap vials. Trimethyl-
Depending on the concentration of the stock solution, 500 amine gas was bubbled through the solution &C0until

uL of M. lysodeikticuscell suspension was added te-10 there was approximately a 2 mL increase in volume (6 mL,
uL of lysozyme solution in a methacrylate 1 mL cuvette to 66 mmol). After 3 days, the dioxane was removed by rotary
bring the lysozyme concentration to—2 ug/mL. The evaporation. The residue was then washed with 200 mL of
mixture was vigorously shaken and allowed to sit for 25 s diethyl ether and dissolved in 200 mL of acetone. The
before assay. The decrease in light scattering intensity ofacetone solution was filtered, and the acetone was removed
the solution was then measured by following the decreaseby rotary evaporation. The product was recrystallized from
in apparent absorbance of the solution at 450 nm. The rateethyl ether/acetone solutions to produce 1.0 g of white

of the decrease in light scattering intensity was found to be crystals (13% yield): mp 173175°C. *H-NMR (CDCl,,

directly proportional to the amount of active lysozyme in
the sample.

The M. lysodeikticususpension was prepared by mixing
0.16 mg of driedM. lysodeikticuscells per mL of 50 mM

300 MHz): 6 0.70 (s, 9H, C(Ch)3), 1.33 (s, 6H, C(Ch)y),
1.69 (s, 2H, CH), 2.3 (m, 2H, NCH), 3.52 (s, 9H, N(CH)s),
3.86 (M, 2H, CH), 4.09 (t,J = 3.0 Hz, 2H, CH), 6.78 (ABg,
J = 8.5 Hz, 2H, ArH), 7.20 (ABg,J = 8.5 Hz, 2H, ArH).

sodium phosphate buffer, pH 6.2. The suspension was®*C-NMR (CDCk, 300 MHz): 6 23.6 (CH), 31.6 (CH),

filtered through filter paper and stored frozen in 10 mL

31.8 (CH), 32.3 (C), 38.0 (C), 53.7 (C§) 56.9 (CH), 63.8

aliquots. Prior to assay, the solutions were warmed to room (CHy), 64.8 (CH), 113.7 (CH), 127.3 (CH), 143.2 (C), 155.5
temperature and vigorously shaken to ensure a resuspensiofC). IR (KBr pellet): 3455 (s), 3391 (s), 2961 (m), 2864

of all insoluble material.

Measurement of Refolding Kinetic¥he measurement of
refolding kinetics was a modification of a published proce-
dure (Saxena & Wetlaufer, 1970). At various times in the
course of refolding, 2@L aliquots of the refolding lysozyme
solutions were added to 260L of 100 mM acetic acid

(m), 1627 (m), 1514 (s), 1289 (s) cm HRLSIMS m/z
306.2799 (calcd for gH3eNO* 306.2797).

Orange OT Dye-Uptake Determination of CMCo a 0.3
mL solution of 143 mM Tris sulfate, pH 8.5, 1.43 mM
EDTA, and 0.71+35.7 mM detergent TOPPA was added
solid orange OT. After gentle rocking of each solution for

solutions. Acidification stops the refolding of lysozyme by 48 h, the solid orange OT was filtered off through a cotton
stopping the exchange of disulfide bonds. The lysozyme plug. A 0.2 mL aliquot of each filtrate was diluted with 0.3
samples were then assayed for enzymatic activity within 1 mL of absolute ethanol. The absorbance of these solutions
h after acidification of the refolding mixture. A plot of was measured at 500 nm using a 10 mm pathlength cell.
enzymatic activity as a function of the time of acidification Agy, was plotted as a function of detergent concentration,
was fit to an exponential decay function by Graph Pad Prism which resulted in a graph consisting of two linear regions.
version 1.03 curve fitting program (Graph Pad Software, The intersection of these two regions was taken to define
Inc.). the CMC of detergent TOPPA.
Fluorescence Measurementdntrinsic protein fluores-
cence spectra were measured using a Hitachi F-4500 specRESULTS
trophotometer. The quartz cuvettes werx 3 mm. All .
samples were prepared according to procedures described Réducee Denatured Lysozyme Can Be Efficiently Folded
above. Excitation and emission slits were 5 nm. The via the Artificial Chaperone Protocol, if lonic Detergents
fluorescence was measured by excitation at 280 nm. Are Used in the Capture Steplable 1 shows the results of
Circular Dichroism Spectra. An OLIS-modified Cary artificial chaperone-assisted refo!dmg of Iysozymel with
UV60 instrument was used for all CD experiments. The severa] det_ergents, and appropriate control experiments.
calibration factor of the instrument was adjusted using Refolding trials and control studies were assessed in terms
aqueous solutions-10-camphorsulfonic acid (Cassim & of enzymatic activity, in a standard assay, and each result is

Yang, 1969). The CD spectra were taken 1 h after dilution "0rmalized to the activity of native lysozyme.

from denaturing-reducing solution. For all measurements ~ Only ca. 21% lysozyme activity was recovered via
a reference sample containing buffer, detergent, and cyclo-unassisted refolding under the conditions employed in Table
dextrin was subtracted from the CD signal. 1: denaturation of 50 mg/mL lysozyme in 6 M GdmCI, 30

Synthesis of Detergent TOPP#x(tert-Octyl)phenol (4.6 MM dithiothreitol (DTT), 10 mM Tris sulfate, pH 8.5,

followed by 250-fold dilution with 100 mM Tris sulfate

buffer, pH 8.5, containing 4 mM glutathione (GSH) and 4
mM glutathione disulfide (GSSG). Aggregated protein was
visible in the final solution. Our observation that aggregation
predominates over folding at a final lysozyme concentration
TOPPA of 0.2 mg/mL is consistent with earlier findings (Goldberg
et al.,, 1991). The artificial chaperone strategy, however,
gm, 22 mmol) was dissolved in 75 mL of THF that had been substantially improves the refolding yield: inclusion of 5.7
distilled from sodium metal under nitrogen. To this solution mM CTAB in the dilution buffer, and subsequent addition
was added 1 equiv of solid KOH (1.4 gm, 22 mmol) and 1 of 4 equiv of methyl8-cyclodextrin (relative to detergent)
equiv of 1,3-dibromopropane (2.3 mL, 22 mmol). The to the resulting lysozymeCTAB complex, provided ca. 85%
mixture was allowed to stir for 4 days. The solid was then of the original enzymatic activity. (We used the synthetic
filtered off, and the THF was removed by rotary evaporation. derivative methy|3-cyclodextrin because of the low aqueous
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35-fold with buffer containing 17 mM CTAB, and methyl-

Table 1: Lysozyme Refoldirig h ! .
pB-cyclodextrin was subsequently added, to give final con-

sample relative rate centrations of 12 mM CTAB, 150 mM methy-cyclodex-
) Controls trin, and 1.0 mg/mL lysozyme, 57% of the enzymatic activity
native lysozyme 1.00 -
+ methyl3-CD 0.90+ 0.07 was recovered. When the same dilution protocol was
+CTAB 1.00+ 0.05 followed, but the detergent was omitted in the first step, only
+ TTAB 1.124+0.08 6% of the enzymatic activity was recovered.
+23-14 0.96+0.09 The protein-detergent complexes formed during the
+ POE(10) L 0.970.11 T ;
_ capture step have native-like secondary structure, according
ddit After Gdm Denaturation 0.21 0.03 to far-UV circular dichroism (CD) data, but the tertiary
28 gete'r'ggﬁt. then methg-CD 0.98+ 0.04 structure has been altered, according to near-UvV CD and
+CTAB 0.10+ 0.07 intrinsic fluorescence data. Figure 1a shows far-UV CD data
+ CTAB; then methylg-CD 0.854 0.05 for native lysozyme and for the complex formed between
+TTAB 0.00+0.01 lysozyme and cetyltrimethylammonium hydrogen sulfate
+ TTAB; then methylg-CD 0.89+ 0.03 A
17314 014+ 0.04 (CTAHS), upon 150-fold dilution of DTT-reduced, Gdm-
+ Z 3-14; then methyB-CD 0.87+ 0.07 denatured lysozyme with a solution containing the detergent.
+ POE(10)L 0.2+ 0.05 CTAHS was used for the CD studies because the strong
+ POE(10)L; then methyB-CD 0.21+0.04 absorption of the bromide ion of CTAB can lead to poor-

2Protocol: Lysozyme, 50 mg/mL, was denatured for 5 h in 6 M quality data. CTAHS provides refolding yields similar to
GdmcCl, 30 mM DTT, 100 mM Tris sulfate, pH 8.5. This solution  thgse reported in Table 1 for CTAB. The similarity of the
‘gﬁfﬁgdﬁﬁeﬁg Sﬁﬁgtg],gé ELS!)é?Olz.ig]%l\?/’IAEnSM A?%@Crhﬁ'gsw’v' curves in Figure 1a suggests that the protein component of
5.7 mM GSSG, and, when indicated, 5.7 mM detergent (0.175 mL the lysozyme-CTAHS complex has secondary structure
aliquots). After 10 min, these aliquots were diluted with 0.075 mL of Similar to that of the native enzyme. This observation is
aqueous methy-cyclodextrin or water to give 0.2 mg/mL lysozyme,  particularly interesting given that there are presumably no
24 mM GdmCl, 0.12 mM DTT, 100 mM Tris sulfate_, pH 8.5, 1.0mM  disulfides in this lysozymeCTAHS complex, since the
EDTA, 4.0 mM GSH, 4.0 mM GSSG, and, when indicated, 4.0 MM - 5q11,555G mixture was not added. The apparently native-
detergent and 16.5 mM methgltcyclodextrin. These solutions stood -
overnight before assay (Jolles, 1962). The “control” samples were never lIk€ secondary structure of the CTAHS-complexed lysozyme
denatured. stands in contrast to the non-native secondary structure
previously observed for CTAHS-complexed CAB (Rozema
solubility of -cyclodextrin itself.) The cationic detergent & Gellman, 1996).
TTAB (shorter homologue of CTAB) and the zwitterionic Figure 1b shows near-UV CD data for native lysozyme
detergent Z 3-14 were similarly effective. The nonionic and the lysozymeCTAHS complex formed by dilution of
detergent POE(10)L, in contrast, did not enhance lysozyme DTT-reduced, Gdm-denatured protein (ho GSH/GSSG added).
reactivation, because this detergent does not prevent proteirirhe lysozyme-CTAHS complex displays significant circular
aggregation. Thus, as observed with CAB (Rozema & dichroism in this region, but the variation from the native
Gellman, 1996), ionic detergents can serve as artificial lysozyme data suggests that the tertiary packing in the
chaperones for lysozyme folding, but nonionic detergents detergent complex is different from that in the native enzyme.
are not successful in this role. (We did not examine anionic The intrinsic fluorescence data in Figure 1c support the
detergents because of their tendency to precipitate in theconclusion that tertiary structure in the detergent-complex
presence of GdmCI.) lysozyme is different from native tertiary structure. Detergent-

The optimal GSH:GSSG ratio varies with lysozyme complexed protein shows much higher fluorescence intensity
concentration. We were surprised by this observation than native lysozyme, suggesting that the fluorescing side
because a 10:1 GSH:GSSG ratio has been recommended fochains (presumably tryptophan) are less subject to internal
general use in renaturation studies (Jaenicke & Rudolph, quenching in the detergent complex than in the native folded
1989). Saxena and Wetlaufer (1970) originally discovered state. The fluorescence maximum for both samples is 341
that a combination of oxidized and reduced thiol facilitates nm, implying significant protection of tryptophan residues
lysozyme refolding from the reduced state, apparently by from aqueous solvation. In contrast, GdmCI-denatured,
catalyzing thiot-disulfide interchange. In experiments DTT-reduced lysozyme displays a fluorescence maximum
involving final lysozyme concentrations &f0.015 mg/mL, at 350 nm (Raman et al., 1996), which is typical of water-
these workers found that a 10:1 GSH:GSSG ratio was exposed tryptophan.
optimal (Saxena & Wetlaufer, 1970), and this ratio has been Interactions between CTAB and native lysozyme have
adopted by other workers trying to refold disulfide-containing previously been examined by CD (Subramanian et al., 1984).
proteins from the reduced state. For artificial chaperone- Subramanian et al. report that addition of CTAB to lysozyme
assisted folding at 0.05 mg/mL final lysozyme concentration, at pH 9 causes increased ellipticity in the far-UV region,
we find that the 10:1 ratio gives high yields, but experiments which was attributed to increasesdhelix formation, but that
conducted at 0.2 mg/mL final protein concentration required no such effect was observed at pH 5 or pH 7. The far-Uv
a 1:1 ratio for the best yields. CD comparison between native lysozyme and the lysozyme

It is often desirable to conduct protein refolding at as high CTAHS complex shown in Figure 1a was carried out at pH
a final concentration as possible. The final lysozyme 8.5, and we cannot detect an increase in ellipticity in the
concentration in the artificial chaperone protocol can be complex; mixing native lysozyme and CTAHS under these
raised if the detergent and cyclodextrin concentrations are conditions also does not cause significant far-UV CD changes
also raised. For example, when 50 mg/mL lysozyme (not shown). The previous workers also detected CTAB-
denatured-reduced in 6 M GdmCI, 30 mM DTT, was diluted induced changes in the near-UV CD upon mixing detergent
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Ficure 1: (A) Far-UV CD spectra of native lysozyme (curve 1)
and lysozyme CTAHS complex formed by capture from the
denatureetreduced state (curve 2). The two curves are indistin-
guishable within the uncertainty of the data. The lysozyme
CTAHS complex was formed by diluting a sample of 50 mg/mL
lysozyme, 6 M GdmCI, 100 mM Tris sulfate, pH 8.5, and 30 DTT
by a factor of 156-0.333 mg/mL lysozyme, 83 mM Tris sulfate,
pH 8.5, 40 mM GdmClI, 0.2 mM DTT, and 0.83 mM EDTA, and
6.67 mM CTAB. The native sample was prepared from a 50 mg/
mL lysozyme stock solution that did not contain GdmcCI, Tris
sulfate, or DTT. The native stock solution was diluted to 0.333
mg/mL lysozyme, 50 mM Tris sulfate, and 0.5 mM EDTA. Path
length of the cell was 1.0 mm. (B) Near-UV CD spectra of native
lysozyme (curve 1) and lysozym&€TAHS complex formed by
capture from the denaturededuced state (curve 2). The samples
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Ficure 2: Near-UV CD spectra of native lysozyme at 0.333 mg/
mL lysozyme in 83 mM Tris sulfate pH 8.5 and 0.83 mM EDTA
(curve 1) and the lysozymeCTAHS complex formed by the
addition of CTAHS to native lysozyme (curve 3) at 0.333 mg/mL
lysozyme, 83 mM Tris sulfate, pH 8.5, 0.83 mM EDTA, and 6.7
mM CTAHS. Curve 2 is the spectrum of lysozym€TAHS
complex after addition gf-cyclodextrin, to generate a solution of
0.2 mg/mL lysozyme, 50 mM Tris sulfate, pH 8.5, 0.5 mM EDTA,
4.0 mM CTAHS, and 16.5 mM methyl-cyclodextrin. Path length
of the cell was 10 mm.

and native lysozyme at pH 9 (Subramanian et al., 1984). As
shown in Figure 2, we observe similar effects of CTAHS
on the near-UV CD spectrum of native lysozyme, and this
native lysozyme-CTAHS combination displays increased
fluorescence intensity, but no shift in fluorescence maximum,
relative to the native enzyme alone (data not shown). These
spectroscopic effects of added CTAHS suggest an underlying
conformational change, but the enzymatic activity of native
lysozyme is not diminished in the presence of CTAHS (data
not shown). Addition of cyclodextrin to the solution
containing native lysozyme and CTAHS regenerates the near-
UV CD and intrinsic fluorescence signatures of the native
enzyme in the absence of detergent. It is interesting to note
that the near-UV CD spectrum of native lysozyme in the
presence CTAHS (curve 3 of Figure 2), a fully active species,
is similar to that of the inactive lysozyme&CTAHS complex
generated during the capture step (curve 2 of Figure 1b).

Cooperatie Interaction among Detergent Molecules Is
Required in the Capture Stepgrigure 3 shows the effect of
CTAB concentration at the capture step on the final regain
of lysozyme activity after addition of the cyclodextrin
stripping agent. Data are shown for two series of experi-
ments, with differing protein concentrations. In one series,
the lysozyme concentration was 0.071 mg/mL after capture
and 0.05 mg/mL after stripping, and in the second series the
lysozyme concentration was 0.29 mg/mL after capture and
0.20 mg/mL after stripping.

The sigmoidal shape of the curves in Figure 3 indicates
that cooperative interaction among detergent molecules is
required for formation of the proteirdetergent complex.
Cooperative detergent self-association to form micelles is a
hallmark of detergent behavior; the “critical micelle con-
centration” (CMC) is the minimum concentration at which
micelles occur (Myers, 1992). Atrtificial chaperone-assisted
CAB refolding displays a similar sigmoidal dependence on
detergent concentration, and the protein can be captured well

were prepared as described above. Pathlength of the cell was 1Gg|ow the detergent’s CMC, which suggests that the pretein

mm. (C) Intrinsic fluorescence spectra of native lysozyme (curve
1) and lysozyme CTAHS complex formed by capture from the
denatureetreduced state (curve 2). The samples were prepare

as described above. The fluorescence spectra were measured usi

a 3 x 3 mm quartz cell. The samples were irradiated at 280 nm.

detergent complex is a mixed micelle (Rozema & Gellman,

q1996). The data in Figure 3 support this conclusion, since

e principal effect of raising the lysozyme concentration
-fold is to shift the midpoint of the sigmoidal curve roughly
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Ficure 3: Yield of refolded lysozyme (recovered enzymatic
activity) from the artificial chaperone method, after addition of
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Ficure 4: Yield of refolded lysozyme as a function of initial

cyclodextrin, as a function of detergent concentration at the time lysozyme concentratior,e., at time of denaturation, for artificial

of dilution of lysozyme from denaturing solution. 50 mg/mL
lysozyme in 6 M GdmCI, 30 mM DTT, 100 mM Tris sulfate, pH
8.5 was diluted by one of two procedures. Option d@g (diluted

to 0.071 mg/mL lysozyme, 8.6 mM GdmClI, 0.043 mM DTT, 143
mM Tris sulfate, pH 8.5, 5.7 mM GSH, 0.57 mM GSSG, 1.43 mM
EDTA, and 0.014-2.28 mM CTAB. 10 min after dilution from
denaturing-reducing solutionj-cyclodextrin was added to generate
solutions of 0.05 mg/mL lysozyme, 6 mM GdmcCl, 0.03 mM DTT,
100 mM Tris sulfate, pH 8.5, 4.0 mM GSH, 0.4 mM GSSG, 1.0
mM EDTA, 0.01 to 1.6 mM CTAB, and 4.8 mM-cyclodextrin.
Option 2 (x): diluted to 0.28 mg/mL lysozyme, 34 mM GdmCl,
0.17 mM DTT, 143 mM Tris sulfate, pH 8.5, 5.7 mM GSH, 5.7
mM GSSG, 1.43 mM EDTA, and 0.014 to 11.4 mM CTAB. Ten
min after dilution from denaturingreducing solution, methy#-
cyclodextrin was added to generate solutions of 0.05 mg/mL
lysozyme, 6 mM GdmCI, 0.03 mM DTT, 100 mM Tris sulfate,
pH 8.5, 4.0 mM GSH, 4.0 mM GSSG, 1.0 mM EDTA, 0:68.0

mM CTAB, and 16.5 mM methyB-cyclodextrin. In all samples,
the lysozyme solutions were allowed to refold 16 h prior to assay.

chaperone-assiste®) and unassistedx() refolding. A solution

of 50 mg/mL solution of denatureeteduced lysozyme in 6 M
GdmCl, 30 mM DTT, and 100 mM Tris sulfate, pH 8.5, was diluted
with a solution of 6 M GdmCI and 100 mM Tris sulfate to generate
four additional denatured lysozyme solutions: 25 mg/mL lysozyme
and 15 mM DTT; 12.5 mg/mL lysozyme and 7.5 mM DTT; 6.25
mg/mL lysozyme and 3.75 mM DTT; and 3.12 mg/mL lysozyme
and 1.87 mM DTT. These solutions were then diluted into a 0.7
mL buffer solution to generate 0.071 mg/mL lysozyme, 137 mM
GdmcCl, 0.043 mM DTT, 143 mM Tris sulfate, pH 8.5, 1.4 mM
EDTA, 5.7 mM GSH, 0.57 mM GSSG, and 0 or 1.14 mM CTAB.
GdmcCl was added in order to generate a constant concentration of
GdmCl in all samples. After 10 min, 0.3 mL ¢@#cyclodextrin
was added to generate a sample of 0.05 mg/mL lysozyme, 96 mM
GdmCl, 0.03 mM DTT, 100 mM Tris sulfate, pH 8.5, 1.0 mM
EDTA, 4.0 mM GSH, 0.4 mM GSSG, 0 or 0.8 mM CTAB, and 0
or 4.8 mM g-cyclodextrin. The lines connecting the data points
are arbitrary.

Representative error bars are shown. The lines connecting the datglenaturant. These workers speculated that manual mixing

points are arbitrary.

can introduce folding conditions (higher pH in their case)
more rapidly than non-native protein molecules are separated

4-fold along the detergent concentration axis. These resultsfrom one another; therefore, at high initial lysozyme con-

indicate that the amount of detergent required for efficient

centrations the irreversible pathway to aggregation is em-

refolding is determined by the protein concentration, and not barked upon too rapidly to allow efficient folding. Figure 4

by the detergent’'s CMC.

shows that under artificial chaperone assistance, folding

Detergent Can “Rescue” Lysozyme from the Aggregated efficiency is not significantly influenced by initial protein

State. If lysozyme is induced to aggregate by dilution from

concentration. Building upon the hypothesis of Goldberg

the DTT-reduced, Gdm-denatured state with a solution thatet al. (1991), we propose that this difference in behavior
contains GSH and GSSG but no detergent, then addition ofreflects a switch from kinetic control of folding vs aggrega-
CTAB will solubilize the aggregated protein, and subsequent tion, for the dilution step of unassisted refolding, to

addition of methylg-cyclodextrin provides the usual high
refolding yield. Thus, there is not a significant kinetic barrier
between aggregated protein plus detergent and the protein

thermodynamic control of proteirdetergent complex for-
mation vs aggregation, for the capture step of artificial
chaperone-assisted refolding. (In the artificial chaperone

detergent complex. In contrast, a substantial kinetic barrier method, the principal dilution occurs during the capture step,
protects native lysozyme from spontaneous denaturation byand only a small additional dilution occurs at the cyclodextrin

detergent, as indicated by the control studies in Table 1.
The data in Figure 4 illustrate an important practical

addition step; for the artificial chaperone-assisted refolding
results in Figure 4, the lysozyme concentrations were

consequence of detergent’'s ability to reverse lysozyme identical in all samples after the capture step.)

aggregation.
lysozyme was refolded by dilution to a final protein
concentration of 0.05 mg/mL fromarying initial protein

concentrations. At this relatively low final protein concen-

In this experiment, denatured and reduced Rapid Stripping of the Detergent Is Required for Optimal

Refolding. Figure 5 shows results from a series of experi-
ments in which methyB-cyclodextrin was added in two
portions to a lysozymeCTAB complex formed in the

tration, unassisted lysozyme refolding can be quite efficient presence of GSH and GSSG. In each case, a total of 4 equiv

(up to 80%), if the initial protein concentration is also
relatively low. The unassisted folding yield drops substan-
tially, however, as the initial protein concentration rises. A

similar effect has been reported by Goldberg et al. (1991),

who attributed the inverse relationship between initial

of methyl5-cyclodextrin was used, relative to the detergent,
and the two methypB-cyclodextrin additions were separated
by 10 min, as summarized in Scheme 2. Figure 5 plots the
ultimate yield of regained enzymatic activity vs the number
of methyl{-cyclodextrin equivalents (relative to CTAR)

lysozyme concentration and unassisted folding yield to a very the first addition The rightmost point corresponds to

fast commitment to protein aggregation upon dilution of the

addition of all methylg-cyclodextrin at once. The data in
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Scheme 2: Protocol for Cyclodextrin Double Addition Experiments (See Figure 5)

10 min
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Ficure 5: Yield of lysozyme from artificial chaperone-assisted
refolding as a function of the number of equiv of metfiyl-
cyclodextrin, relative to detergent, added in the first of two additions
(see Scheme 3). 50 mg/mL lysozyme in 6 M GdmCI, 100 mM
Tris sulfate, pH 8.5, 30 mM DTT was diluted to a 0.175 mL solution
of 0.28 mg/mL lysozyme, 34 mM GdmcCl, 0.17 mM DTT, 143
mM Tris sulfate, pH 8.5, 1.43 mM EDTA, 5.7 mM GSH, 0.57
mM GSSG, and 5.7 mM CTAB. 10 min after dilution from
denaturing solution 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60,
65, 70, or 75uL of 55 mM methyl$-cyclodextrin was added to
the lysozyme-CTAB solution. 10 min after the first addition of
cyclodextrin, a second portion of methydeyclodextrin was added,

to bring the volume to 0.25 mL and the final concentrations to 0.2
mg/mL lysozyme, 24 mM GdmCl, 0.12 mM DTT, 100 mM Tris
sulfate, 1.0 mM EDTA, 4.0 mM GSH, 4.0 mM GSSG, 4.0 mM
CTAB, and 16.5 mM methyB-cyclodextrin. A representative error
bar is shown. The lines connecting the data points are arbitrary.

Figure 5 show that the final yield of reactivated lysozyme is
substantially diminished if roughly half of the meth$-
cyclodextrin is added in the first portion. Comparable
behavior was previously observed for CAB refolding from
the CTAB complex (Rozema & Gellman, 1996); apparently,
slow removal of detergent from the proteidetergent
complex is deleterious to proper refolding.

Macroscopic detergent adsorbents provide poor refolding
yields from the lysozymeCTAB complex, which is pre-
sumably another manifestation of the requirement for rapid
stripping. When the lysozymeCTAB complex containing
0.05 mg/mL protein (formed in the presence of GSH/GSSG)
was gently rocked with solid adsorbents for 16 h, the
following extents of enzymatic reactivation were observed:
Calbiosorb, ca. 3%; Bio-Beads SM-2, ca. 23%gyclodex-
trin—epichlorohydrin copolymer (from Aldrich), ca. 26%.
In contrast, addition of solubj@-cyclodextrin to this complex

Assay for activity

percent refolded lysozyme

50 75 100
time (min)
Ficure 6: Kinetics of lysozyme refolding via unassisted)(and
artificial chaperone-assisted ) pathways (see Scheme 4). Dena-
tured-reduced lysozyme at 3.12 mg/mL in a solution containing
1.9 mM DTT, 6 M GdmCI, and 100 mM Tris sulfate, pH 8.5, was
diluted into either a 1 mL or 0.7 mL buffer solution to generate
two sets of samples. One set, 1.0 mL volume, contained 0.05 mg/
mL lysozyme, 0.03 mM DTT, 100 mM Tris sulfate, pH 8.5, 4.0
mM GSH, 0.4 mM GSSG, 1.0 mM EDTA, and 4.8 mPAcyclo-
dextrin after mixing. The other set of samples, 0.7 mL, contained
0.071 mg/mL lysozyme, 0.043 mM DTT, 143 mM Tris sulfate,
pH 8.5, 5.7 mM GSH, 0.57 mM GSSG, 1.43 mM EDTA, and 1.14
mM CTAB after mixing. After 10 min, to the sample with volume
of 0.7 mL, was added3-cyclodextrin to generate a solution
containing 0.05 mg/mL lysozyme, 0.03 mM DTT, 100 mM Tris
sulfate, pH 8.5, 4.0 MM GSH, 0.4 mM GSSG, 1.0 mM EDTA, 0.8
mM CTAB, and 4.8 mMg-cyclodextrin after mixing. For the
samples that did not contain detergent: O corresponds to the
time of dilution from GdmCI solution. For the samples that
contained CTABt = 0 corresponds to the time of the addition of
the S-cyclodextrin. At various times after= 0, aliquots of the
refolding solutions were assayed for enzymatic activity. The data
were fit to an exponential decay function. For cur®) (y =
—79.9e¢025 4 70.8 and for curveX) y = —87.8e 9174 + 93.1.

25

125

assisted folding could be directly compared. Previous
workers have shown that unassisted refolding is efficient if
the initial and final protein concentrations are relatively low
(Goldberg et al., 1991; Saxena & Wetlaufer, 1970). The
experiments we employed for kinetic comparison of assisted
and unassisted refolding started from 3.1 mg/mL lysozyme
reduced and denatured with 2 mM DTT and 6 M GdmCI.
Dilution of this solution 62-fold with buffer containing 5.7
mM GSH and 0.57 mM GSSG provides ca. 71% regain of
enzymatic activity (unassisted refolding). Atrtificial chaperone-
assisted refolding could also be conducted from this starting
point: 46-fold dilution with a solution containing 1.1 mM
CTAB, 5.7 mM GSH, and 0.57 mM GSSG generated a

provides ca. 87% reactivation. We assume that the key catalytically inactive lysozymeCTAB complex (0.07 mg/

difference between the soluble stripping agent and the

mL protein), and further addition of methglcyclodextrin

macroscopic adsorbents is that detergent removal by the latte6 equiv relative to detergent) provided ca. 93% regain of

is limited by the rate of detergent diffusion to a wateolid
interface and therefore is intrinsically slow.

Kinetics of Lysozyme Reawdition: Artificial Chaperones
Do Not Alter the Rate-Determining StepThe rate of
lysozyme renaturation can be determined by monitoring
enzymatic activity as a function of time after removal of the
denaturing conditions. In order to determine whether as-

enzymatic activity.

Figure 6 shows enzymatic reactivation as a function of
time for the two refolding protocols. For unassisted refold-
ing,t = 0 corresponds to dilution of the DTT-reduced, Gdm-
denatured lysozyme; for artificial chaperone-assisted refold-
ing, t = 0 corresponds to addition of meth§teyclodextrin
to the lysozyme-CTAB complex. Each data set can be fit

sistance by artificial chaperones affects the rate-limiting step by a single exponential function. The dedu¢ggivalue for

for refolding, we needed to identify conditions under which

unassisted refolding is 168 55 s, which is similar to the

unassisted refolding is efficient, so that unassisted andt,, values previously reported for lysozyme refolding under
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related conditions (Goldberg et al., 1991). For artificial
chaperone-assisted refolding, = 214 4+ 60 s, which is
indistinguishable from the unassisted half time, within

experimental uncertainty. Thus, artificial chaperones do not
appear to change the rate-determining step for refolding

relative to unassisted refolding.

Timing of Disulfide Formation in Artificial Chaperone-
Assisted RefoldingThe GSH/GSSG combination is required
for lysozyme renaturation under the conditions describe
above (Saxena & Wetlaufer, 1970). If GSH/GSSG is not

added, attempts to refold lysozyme from the DTT-reduced,

Gdm-denatured state provide5% regain of enzymatic
activity, with or without artificial chaperones. For all of the

artificial chaperone-assisted refolding results described above,
the GSH/GSSG was introduced in the capture step. With
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Table 2: Dependence of Refolding Yield on Relationship between
Detergent and Cyclodextrin SiZes

+ CTAB; theno-CD 0.83+0.13
+ CTAB; then methyls-CD 0.91+0.07
+ TOPPA,; theru-CD 0.50+ 0.06
+ TOPPA,; then methyB-CD 0.85+ 0.06

aProtocol for CTAB experiments: Lysozyme, 50 mg/mL, was
denatured in 6 M GdmCI, 30 mM DTT, 100 mM Tris sulfate, pH 8.5.

d This solution was then diluted to 0.071 mg/mL lysozyme, 8.6 mM

GdmCl, 0.04 mM DTT, 143 mM Tris sulfate, pH 8.5, 1.43 mM EDTA,
5.7 mM GSH, 0.57 mM GSSG, and 1.14 mM CTAB (0.700 mL). After
10 min, these aliquots were diluted with 0.300 mL of aqueausr
methyl{-cyclodextrin, to give final concentrations of 0.05 mg/mL
lysozyme, 5.0 mM GdmcCl, 0.03 mM DTT, 100 mM Tris sulfate, pH
8.5, 1.0 mM EDTA, 4.0 mM GSH, 0.4 mM GSSG, 0.8 mM CTAB,
and 4.8 mM cyclodextrin. The protocol for the TOPPA experiments
was similar, except that the TOPPA concentration was 11.4 mM after

this protocol, the native disulfides could form either in the the first dilution and 8.0 mM after the second dilution. The final
lysozyme-detergent complex, or after the cyclodextrin strips cyclodextrin concentration was 33.3 mM.
detergent from the protein.

To probe the timing of disulfide formation, we examined Mechanistic Role of the CyclodextrinAddition of cy-
a variant of the artificial chaperone conditions employed in clodextrin to CAB-detergent complexes promotes renatur-
Table 1: instead of introducing the GSH/GSSG along with ation because the cyclodextrin selectively binds the detergent,
the detergent, we added GSH/GSSG along with the methyl-thereby stripping it from the protein, which is then able to
pB-cyclodextrin.  This modified protocol gave ca. 61% fold (Rozema & Gellman, 1996). Demonstrating this
reactivation vs ca. 85% when GSH/GSSG was introduced mechanistic role in CAB refolding depended upon differences
in the capture step. The fact that most of the enzymatic in the binding properties of thew- and j3-cyclodextrin
activity was regained in the modified protocol is consistent cavities. Similar studies have been conducted with lysozyme,
with previous reports that the oxidation and disulfide to determine whether the cyclodextrin function is general in
shuffling promoted by GSH/GSSG occurs very rapidly the artificial chaperone method.
during lysozyme folding (Saxena & Wetlaufer, 1970). The  Table 2 shows that methyi-cyclodextrin anda-cyclo-
decrease in folding yield that accompanies late GSH/GSSGdextrin are similarly effective as stripping agents in promot-
addition, however, suggests that at least some of the nativeing refolding from the lysozymeCTAB complex, as
disulfide bond formation occurs in the lysozymE€TAB expected in light of reports that that underivatiz&dyclo-
complex. Far-UV CD data for a lysozymeletergent dextrin anda-cyclodextrin have similar affinities for deter-
complex (Figure 1) suggest native-like secondary structure, gents with linear alkyl tails (Palepu & Reinsborough, 1988;
and it is therefore possible that the detergent-bound state ofTurco Liveri et al., 1992). The difference in cyclodextrin
the protein is preorganized for proper disulfide formation. cavity sizes becomes a significant factor, however, with more

A recent report indicates that single-chaipgfoteins (sk; bulky binding partners, e.g., the branched alkylphenyl moiety
engineered antibody derivatives) can be preorganized forof the detergent Triton X-100: bulky substrates are bound
proper disulfide formation in a detergent-complexed state strongly by thes-CD cavity but not by the smaller-CD
(Kurucz et al.,, 1995). The recombinant\sBescribed, cavity (Matsui et al., 1985). Since nonionic Triton X-100
initially obtained in inclusion body form with all four itself was not expected to be an effective artificial chaperone
cysteine residues reduced, was solubilized with the detergentfor lysozyme, we prepared cationic analogue TOPPA as a
sodium lauroylsarcosine (SLS). Air oxidation of the cysteine probe for the mechanistic role of the cyclodextrin. [TOPPA
side chains in the SLS-complexed state, catalyzed with has a CMC of ca. 10 mM in the refolding buffer (no protein),
CuSQ, provided high yields of the correct intramolecular as determined by solubilization of the hydrophobic dye
disulfide pairing (Kurucz et al., 1995). orange OT (Schott, 1964).]

We applied the metal-catalyzed cysteine oxidation strategy Methyl-3-cyclodextrin is superior tax-cyclodextrin in
to the reduced lysozymeCTAB complex. Treatment of a  inducing enzymatic reactivation from the lysozyme-TOPPA
complex containing 0.071 mg/mL protein with 0.07 mM complex (Table 2). These experiments required mefhyl-
CuSqQ for 1 h, followed by addition of methyB-cyclodex- cyclodextrin rather thaf-cyclodextrin itself, because of the
trin, provided 35% regain of enzymatic activity. Thus, relatively high concentrations of TOPPA necessary for
irreversible oxidation of the lysozymaletergent complex  efficient capture of the protein upon dilution from the Gdm-
leads to some native disulfide pairing, but this process is denatured state, but we assume that the binding properties
inferior to the disulfide shuffling allowed by GSH/GSSG of 8-cyclodextrin and methyf-cyclodextrin will be similar.

(Saxena & Wetlaufer, 1970) in promoting proper disulfide
formation in lysozyme. Interestingly, when the lysozyme-
CTAB complex was allowed to sit with the Cug@r 16 h
before cyclodextrin addition, only 5% enzymatic activity was
regained. Kurucz et al. (1995) allowed their copper-
catalyzed oxidations to run overnight. Acharya and Taniuchi
(1976) have reported that &ucatalyzed oxidation of
reduced lysozyme leads mostly to an inactive form with
incorrect disulfides.

The superiority of the cyclodextrin with the larger cavity is
consistent with the mechanistic role previously proposed for
the cyclodextrin, (Rozema & Gellman, 1995, 1996) involving
selective binding to the detergent component of the pretein
detergent complex.

Comparison of Folding Assistance by Atrtificial Chaper-
ones with Assistance Primled by Cyclodextrin or Detergent
in the Dilution Additve Mode. Detergents do not promote
lysozyme folding in the dilution additive mode (Scheme 1),
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as far as we can tell. [In contrast, non-detergent zwitterionic present in these experiments. Even if every “inhibitor”
amphiphiles have recently been shown to enhance refoldingmolecule occupied a cyclodextrin cavity, there would still
of reduced, denatured lysozyme in the dilution additive mode have been plenty of unoccupied cyclodextrin to interact with
(Goldberg et al., 1996), as have the additives sarcosine,the folding protein.
glycerol, ammonium sulfate, glucose, ardtacetylglu- In order to probe the mechanism by which lysozyme
cosamine (Maeda et al., 1996).] Horowitz and co-workers folding is assisted by methyl-cyclodextrin in the dilution
have shown that detergents, as dilution additives, promoteadditive mode, we examined the effect of adamantanecar-
rhodanese refolding from the Gdm-denatured state (Tandonboxylate on this process. Adamantanecarboxylate is ex-
& Horowitz, 1986, 1988), but there have been very few other
reports of “micelle-assisted” refolding in the decade since
the first rhodanese results were published. With CAB, only
modest dilution additive refolding assistance by nonionic
detergents has been observed (Rozema & Gellman, 1996;
Wetlaufer & Xie, 1995). Our observations with lysozyme Adamantanecarboxylate
support our earlier speculation (Rozema & Gellman, 1996) ) o ]
that refolding assistance by detergents in the dilution additive trémely tightly bound bys-cyclodextrin itself (Eftink et al.,
mode may be limited in scope. 1989), anc_J we expect similarly tight binding to methiil-
Methyl-3-cyclodextrin, at relatively high concentrations, Ccyclodextrin. When 50 mg/mL DTT-reduced, Gdm-dena-
is very effective at promoting lysozyme refolding in the tured lysozyme was diluted to 0.8 mg/mL in the presence
dilution additive mode. For example, 250-fold dilution of ©f 83 MM methylg-cyclodextrin, ca. 51% of the enzymatic
50 mg/mL DTT-reduced, Gdm-denatured lysozyme (to 0.2 act|V|t.y was regained. When a similar dllgtlon was 'carned
mg/mL) with a buffer solution containing 4 mM GSH, 4 out Wlth_ 83 mM ade_tmantanecarboxylate_ mcluded_ (i.e., one
mM GSSG, and 16 mM methyl-cyclodextrin led to ca. full ec_|un_/<'_a|ent relative to the cyclodextrin), the yleld_ was
50% regain of enzymatic activity, while only ca. 21% activity NOt significantly altered. Based on the reported binding
was regained when the diluting buffer did not contain methyl- constant of3-cyclodextrin itself for adamantanecarboxylate
pB-cyclodextrin (Table 1). When the concentration of methyl- N @queous solution (ca. 104~ Eftink et al., 1989), we
B-cyclodextrin was raised to 80 mM, the recovery of active €Stimate that 99% of the methgteyclodextrin cavities are
lysozyme was>90%. Our examination of cyclodextrin as occupied by adamantyl groups under these co_ndmons. (We_
a dilution additive was inspired by the recent discovery that could not use excess adamantanecarboxylate in these experi-
CAB refolding is promoted by cyclodextrins in the dilution Ments because this compound, alone, inhibits lysozyme
additive mode (Karuppiah & Sharma, 1995). In contrast to refolding; the origin of this inhibition is unclear.) Since the
the effectiveness in lysozyme refolding, however, we showed @dded adamantanecarboxylate does not suppress nethyl-
that cyclodextrin folding assistance in the dilution additive Cyclodextrin's ability to promote refolding in the dilution
mode for CAB is quite modest (Rozema & Gellman, 1996). additive mode, we conclude, in cor_1trast to Karu_pplah and
Dilution additive folding assistance by cyclodextrin cannot Sharma (1995), that the cyclodextioes notfunction by
explain the folding assistance we observe with sequential transient complexation of exposed hydrophobic groups on
introduction of detergent and cyclodextrin in the artificial the non-native protein. Instead, this folding assistance must
chaperone mode. In the artificial chaperone protocol, the |nvol\_/e transient interaction betw_een the protein and the
principal dilution of the chemically denatured protein occurs €Xterior surface of the cyclodextrin. \We suggest that the
at the capture step (first step), and only a small additional Cyclodextrin plays a role similar to that proposed for PEG
dilution occurs when the cyclodextrin is added to the @S @ dilution additive folding assistant (Cleland et al.,
protein-detergent complex (Scheme 1). As indicated in 1992a,b; Cleland & Randolph, 1992).
Table 1, |f_d¢tergent is omitted from the first FJ|Iut|on, gnd DISCUSSION
cyclodextrin is added subsequently, as usual in the artificial
chaperone protocol, the poor regain in lysozyme activity is  Comparison of Artificial Chaperone-Assisted Refolding of
indistinguishable from the unassisted folding level. These CAB and LysozymeThere are several important operational
results reveal an important difference between the folding parallels between assisted refolding of lysozyme and assisted
assistance provided by cyclodextrin in the dilution additive refolding of CAB (Rozema & Gellman, 1996), the other well-
mode and the folding assistance provided by sequentialcharacterized target for the artificial chaperone method. (i)
introduction of detergent and cyclodextrin in the artificial lonic detergents are required for effective capture of the non-
chaperone mode: detergent can reverse protein aggregationative protein upon dilution from concentrated GdmCl
brought on by rapid dilution from the chemically denatured solution. Nonionic detergents apparently do not interact
state, while cyclodextrin cannot reverse such aggregation.strongly enough with the unfolded protein to prevent protein
Karuppiah and Sharma (1995) proposed that folding aggregation. (ii) Detergent molecules must interact coop-
assistance from cyclodextrin as a dilution additive stems from eratively with one another in order to form the protein
transient complexation by the cyclodextrin of exposed by detergent complex, but the amount of detergent required for
hydrophobic side chains on the polypeptide. These workerscapture is determined by the protein concentration, rather
reported that aromatic amino acids could inhi@ityclo- than by the detergents CMC. The proteidetergent
dextrin’s ability to prevent CAB aggregation upon dilution complexes appear to be mixed micelles. (iii) Detergents that
from the Gdm-denatured state, which was interpreted to are effective artificial chaperones, e.g., CTAB for both
support the transient complexation hypothesis. This inter- lysozyme and CAB, do not necessarily unfold the native
pretation seems unlikely, however, given that only ca. 5 mol enzyme at room temperature; however, these detergents do
% of the “inhibitor,” relative to cyclodextrin, was reportedly = spontaneously dissolve aggregated protein. (iv) The role of

CO, Na*
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the cyclodextrin is to bind tightly to the nonpolar segment Scheme 3: Proposed Mechanism for Cyclodextrin-Induced
of the detergent, thereby stripping the detergent away from Folding from a ProteirDetergent Complex (See Text)

the protein-detergent complex. (v) Rapid detergent strip- -d -d
ping is required for optimal refolding yield; slow addition Udp— —= — Udpy — — — F —= N
of the stripping agent seems to promote protein aggregation 1 :

. . . - d ;
relative to refolding. This feature of the artificial chaperone Aggregate — ~— (U-dn.n), Aggregate

process accounts for the superiority of soluble stripping
agents, since the removal of detergent by macroscopic ]
adsorbents or dialysis is rate limited by diffusion to or across 9regated states of either CAB or lysozyme.
an interface. Mechanistic Hypothesis for the Stripping Step (Scheme 3).

Kinetic »s Thermodynamic Control of Competing Inter- If capture is achieved, the efficiency of artificial chaperone-
molecular and Intramolecular Processes in the Artificial assisted refolding is determined by the kinetically controlled
Chaperone Method Each of the two steps of the artificial ~ fate of the protein during the stripping process. Scheme 3
chaperone protocol creates a competition among inter- andPresents a hypothetical mechanism for the events that can
intramolecular noncovalent interactions, and the result of this occur upon addition of cyclodextrin to a soluble protein
competition can be determined either by kinetic or by detergentcomplex. Several alternative pathways are shown,
thermodynamic factors. In the first step, rapid dilution of only some of which may be relevant in any particular case.
the GdmCI to non-denaturing concentration allows at least All proposed mechanistic paths begin with W{dpper left
three noncovalent processes to occur: intramolecular as-corner of Scheme 3), which represents non-native protein
sembly of peptide surfaces (“folding”), intermolecular as- (U for “unfolded”) bound to some numben)(of detergent
sembly of peptide surfaces (“aggregation”), and formation molecules ¢). We postulate that proteirdetergent com-
of the protein-detergent complex (“capture”). A combina- Plexes that ultimately provide high folding yields contain
tion of thermodynamic and kinetic factors appears to Only one protein, which is consistent with nearly all relevent
determine the course of the lysozyme capture step. Parti-literature on proteirdetergent complexes (Anathapad-
tioning between aggregated and captured forms of the proteinmanabhan, 1993).
is thermodynamically controlled, since detergent can spon- The uppermost left-to-right path in Scheme 3 illustrates
taneously dissolve aggregated lysozyme. Thus, even if somethe route to native protein, N. Upon cyclodextrin addition,
protein initially aggregates when the GdmCl is diluted, the detergent molecules are removed in stepwise fashion from
detergent will reverse this aggregation. Partitioning between the protein-detergent complex. According to this mecha-
folded and captured forms must be kinetically controlled, nistic hypothesis, removal of the final detergent molecule
however, because native lysozyme is not spontaneouslyyields a non-native form of the protein, F, which then folds
disrupted by the detergents employed here. Approximately to the native state. Some folding is likely to occur during
21% of lysozyme refolds via an unassisted pathway uponthe stripping process, which would mean that the first
dilution from concentrated GdmCl solution, under the detergent-free state, F, is at least partially folded. It is also
conditions employed to construct Table 1. Inclusion of conceivable that the protein folds completely before the final
detergent in the diluting buffer can diminish the extent of detergent molecule is removed, i.e., that native state N is
unassisted refolding (clearest for the detergent TTAB), which the only detergent-free form of the protein to appear in
indicates that capture can occur before folding is complete. solution. Since, however, the artificial chaperone protocol
(Partitioning between folded and aggregated forms in unas-does not appear to affect the rate-determining step of
sisted refolding is kinetically controlled, as indicated by the lysozyme refolding, relative to unassisted refolding (Figure
effect of initial protein concentration on the unassisted folding 6), we postulate that the assisted and unassisted folding
data shown in Figure 4.) The behavior of CAB (Rozema & pathways proceed through a common folding intermediate,
Gellman) parallels that of lysozyme: partitioning between which presumably occurs after the final detergent molecule
aggregation and capture is thermodynamically controlled, buthas been removed in the assisted pathway.
partitioning between folding and capture is kinetically Non-productive alternative routes branch downward from
controlled, at least with CTAB [anionic detergents like SDS the folding pathway in Scheme 3. A crucial branch point
spontaneously denature CAB at room temperature (McCoyin our hypothetical mechanism occurs after detergent has
& Wong, 1981)]. been partially stripped from the protein, to form =g (this

The second step of the artificial chaperone protocol, too, intermediate may correspond to a range of preteietergent
is controlled by both kinetic and thermodynamic factors. stoichiometries, rather than a single stoichiometry). At this
Upon addition to the proteindetergent complex, the cyclo- point, we propose that the proteidetergent complex
dextrin must choose between the detergent and the non-nativelevelops the capacity to self-associate, which generates
protein as binding partner. Precedent indicates that@eth complexes containing multiple protein molecules, (Unk.
and B-cyclodextrin will thermodynamically prefer to bind  Further detergent stripping from these multiprotein com-
to the hydrophobic segment of a detergent, relative to the plexes leads unavoidably to protein aggregation, because the
hydrophobic side chains displayed by a protein (Inoue et al., protein molecules are preassembled.
1983; Palepu & Reinsborough, 1988; Turco Liveri et al., A second non-productive branch point from the folding
1992; Takahashi et al., 1986). As the thermodynamically pathway could occur if a detergent-free non-native form of
controlled stripping of detergent occurs, the polypeptide is the protein, F or a later folding intermediate, had a propensity
confronted by two alternative pathways, folding and ag- to aggregate. In light of the requirement for rapid detergent
gregation. The patrtitioning between these two pathways stripping with both lysozyme and CAB (Rozema & Gellman,
must be kinetically controlled, since there is no evidence of 1996), and the relatively long, for folding of these proteins,
spontaneous interconversion between the native and agwe speculate that this branch point is not significant in either
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case. If this late branch point were a major diversion from refolding of GdmCI-denatured, DTT-reduced lysozyme by
the folding pathway of CAB or lysozyme under the condi- rapid dilution to moderate final protein concentratiog® (25
tions examined, it is not clear how the artificial chaperone mg/mL). These workers do not appear to have varied the
protocol could overcome this problem. thiol:disulfide ratio from 10:1, which is interesting in light
Two puzzling features of the artificial chaperone-assisted of our observation that 1:1 GSH:GSSG is superior at 0.2
folding of CAB and lysozyme are explained by the mech- mg/mL for artificial chaperone-assisted refolding.
anism in Scheme 3, and more specifically by the first branch  Conclusion. The results reported here expand the scope
point, associated with partially stripped form W-g: (i) the of the artificial chaperone method by showing that protein
requirement that cyclodextrin addition to the protein  refolding can be efficiently assisted when formation of
detergent complex be rapid for optimum folding yield; (i) multiple disulfide bonds is required. Operational similarities
the observation, most carefully explored with CAB, that between assisted refolding of lysozyme and CAB, non-
suboptimal detergent concentrations prevent protein aggregahomologous proteins, raise the possibility that the artificial
tion at the capture step, but generate proteiatergent chaperone technique will be useful with other proteins as
complexes that lead largely to protein aggregation rather thanwell. Mechanistic elucidation of this mode of folding

folding upon introduction of cyclodextrin. According to the  assistance should facilitate application of the technique to
mechanism we have proposed, the requirement for rapidnew proteins.

cyclodextrin addition arises because it is essential to mini-

mize the amount of aggregation-prone complex(eshlyd ACKNOWLEDGMENT

present at any given time. A large excess of cyclodextrin
enhances the rate of further stripping of W-drelative to

the rate of self-association of U:d,.. The behavior of
pro.teln—detergent complexeg gen.erated py capture at S.Ub'REFERENCES
optimal detergent concentrations is explained by proposing

that these complexes exist largely in forms like (M§)p, Acharya, A. S., & Taniuchi, H. (1976). Biol. Chem 251, 6934—

so that aggregation predominates upon cyclodextrin addition. 6946.

Previous studies of unassisted refolding vs aggregation forAﬂxitthhaF;%?;Wn?eﬂgbgﬁg, gr'olféi ég%?gﬂgfaéﬂogs gf i#;ft?gggas
Iilgsgé;/rgiéﬁglrdgtigr%trﬁlt.éi]r-lgsg(]g;écr)]:sCAlgégi:gcg fuvgjlgggt’e d manabhan, K. P., Eds.) Chapter 8, CRC Press, Boca Ration, FL.
! . ! . . Batas, B., & Chaudhuri, J. B. (1998)jotechnol Bioeng 50, 16—

that aggregation results from early and short-lived folding ~ 53’

intermediates. On the basis of these conclusions, wepgiake, C. C. F., Koenig, D. F., Mair, G. A., North, A. C. T., Phillips,
speculate that the initial state of the protein released from D. C., & Sarma, V. R. (1965Nature 206 757—761.

the detergent, F, is different from the early folding intermedi- Brems, D. N. (1988Biochemistry 274541-4546.

ates generated upon dilution from the chemically denatured Cassim, J. Y., & Yang, J. T. (196®Biochemistry 81947-1950.
state. This proposal suggests a possible mechanistic parallefleland, J. L., Ed. (1993protein Folding in Vivo and in Vitrg
between the function of artificial and biological chaperones Ovcsh_syrpog‘ém Series 526, American Chemical Society,
because different biological chaperones appear to release thei&| asnington, L.

substrate proteins in distinct conformational states (Tian et ilfggé?' L., &Wang, D. . C. (199Giochemistry 2911072~

al., 1995). Cleland, J. L., & Randolph, T. W. (1993) Biol. Chem 267, 3147
Other Recent Efforts to Refold Denatureldeduced 3153.
Lysozyme.Although lysozyme refolding has been a subject Cleland, J. L., Builder, S. E., Swartz, J. R., Winkler, M., Chang, J.
of interest for many years (Saxena & Wetlaufer, 1970; Y., & Wang, D. I. C. (1992aBio/Technology 101013-1019.
Wetlaufer et al., 1974), this enzyme has recently become Cleland, J. L., Hedgepeth, C., & Wang, D. I. C. (1992bBiol.
; ; ; Chem 267, 13327-13334.

popular for evaluation of new refolding strategies. Maeda Dharmawardana, U. R.. Christian, S. K., Tucker, E. E., Taylor, R
et al. (1994, 1995, 1996) have examujed refolding from the W.. & Scamehorn, J. F. (199$)é1n<jmiiir 9 2258-2263. U
urea-denatured lysozyme reduced with 2-mercaptoethanol.

. . Dobson, C. M., Evans, P. A., & Radford, S. E. (199%ends
Among other things, these workers found that unassisted Bjochem Sci 19, 31—37.

refolding yields upon simple dilution are improved if the Eftink, M. R., Andy, M. L., Bystrom, K., Perimutter, H. D., &
residual urea concentration is left moderately high, e.g., 1  Kristol, D. S. (1989)J. Am Chem Soc 111, 6765-6772.

M (Maeda et al., 1994). These findings parallel the Fisher, B., Sumner, I., & Goodenough, P. (19938¢h. Biochem
observation that moderately high residual GdmCI or urea _ Biophys 306 183-187. .
promote unassisted CAB refolding (Cleland & Wang, 1990; Georgiou, G., & DeBernardez-Clark, E., Eds. (19%potein

. Refolding ACS Symposium Series 470, American Chemical
Semisotnov et al., 1990). Maeda et al. also found that slow Society, Washington, DC.

dialysis of urea provides high refolding yields at concentra- Goldberg, M. E., Rudolph, R., & Jaenicke, R. (19&l)chemistry
tions as high as 5 mg/mL (Maeda et al. 1995) and that a 30, 2790-2797.

number of low molecular weight compounds assist lysozyme Goldberg, M. E., Expert-Bezanon, N., Vuillard, L., & Rabilloud,
refolding, as dilution additives, in a rapid dilution protocol T. (1996)Folding Des 1, 21-27.

(Maeda et al., 1996). Goldberg et al. (1996) have reported Hartl, F.-U. (1996)Nature 381 571-580.

that several non-detergent sulfobetaines promote lysozymelnoue, Y., Yamamoto, Y., & Chujo, R. (198%arbohydr Res
refolding in the dilution additive mode. Batas and Chaudhuri 8 37-45.

(1996) have described the use of size-exclusion chromatog—‘]agg'gke’ R. (1993hilos Trans R. Soc London B 339287~

raphy for refolding of chemically denatured lysozyme. Jaenicke, R., & Rudolph, R. (1989) IRrotein Structure: A

Raman et al. (1996) have reported that the cysteine/cystine practical Approaci(Creighton, T. E., Ed.) Chapter 9, IRL Press,
redox couple is superior to the GSH/GSSG couple for  Washington, DC.

We thank American Maize Products, Inc., for gifts of
cyclodextrins, and Don Hilvert for helpful suggestions.



Artificial Chaperones

Jolles, P. (1962Methods Enzymob, 137—140.

Karuppiah, N., & Sharma, A. (1995Biochem Biophys Res
Commun 211, 60—66.

Kurucz, 1., Titus, J. A, Jost, C. R., & Segal, D. M. (1994pl.
Immunol 32, 1443-1452.

Maeda, Y., Ueda, T., Yamada, H., & Imoto, T. (19%4ptein Eng
7, 1249-1254.

Maeda, Y., Koga, H., Yamada, H., Ueda, T., & Imoto, T. (1995)
Protein Eng 8, 201—205.

Maeda, Y., Yamada, H., Ueda, T., & Imoto, T. (19%Gptein Eng
9, 461-465.

Mast, R. C., & Haynes, L. V. (1975). Colloid Interface Sci53,
35-41.

Matsui, Y., Nishioka, T., & Fujita, T. (1985Yop. Curr. Chem
128 61—-89.

McCoy, L. F., & Wong, K. P. (1981Biochemistry 20 3062~
3067.

Myers, D. (1992Surfactant Science and Technolpggd Ed., VCH
Publishers, Inc., New York.

Pace, C. N. (1986Meth Enzymal 131, 266—280.

Palepu, R., & Reinsborough, V. C. (1988an J. Chem 66, 325~
328.

Raman, B., Ramakrishna, T., & Rao, C. M. (1996Biol. Chem
271, 1706717072.

Rozema, D., & Gellman, S. H. (1999 Am Chem Soc 117,
2373-2374.

Rozema, D., & Gellman, S. H. (1998) Biol. Chem 271, 3478-
3487.

Biochemistry, Vol. 35, No. 49, 19965771

Saxena, V. P., & Wetlaufer, D. B. (1978jochemistry 95015-
5023.

Schott, H. (1964)). Phys Chem 68, 3612-3619.

Semisotnov, G. V., Uversky, V. N., Sokolovsky, I. V., Gutin, A.
M., Razgulyaev, O. I., & Rodionova, N. A. (1990)Mol. Biol.
213 561-568.

Subramanian, M., Sheshadri, B. S., & Venkatappa, M. P. (1984)
J. Biochem 95, 413-421.

Takahashi, S., Suzuki, E., & Nagashima, N. (198&)l. Chem
Soc Jpn 59, 1129-1132.

Tandon, S., & Horowitz, P. (1986). Biol. Chem 261, 15615~
15618.

Tandon, S., & Horowitz, P. (198&iochim Biophys Acta 955
19-25.

Tian, G., Vainberg, I., Tap, W. D., Lewis, S. A., & Cowan, N. J.
Nature 375 250-253.

Turco Liveri, V., Cavallaro, G., Giammona, G., Pitarresi, G., Puglisi,
G., & Ventura, C. (1992)Thermochim Acta 199 125-
132.

Wetlaufer, D. B., & Xie, Y. (1995)Protein Sci 4, 1535~
1543.

Wetlaufer, D. B., Johnson, E. R., & Clauss, L. M. (1974) in
LysozyméOsserman, E. F., Canfield, R. E., & Beychok, S., Eds.)
pp 269-280, Academic Press, New York.

Zardeneta, G., & Horowitz, P. M. (1992). Biol. Chem 267,
5811-5816.

BI1961638J



