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ABSTRACT. Thea subunit of tryptophan synthaseTS) from Escherichia colis a 268-residue 8-stranded

pla barrel protein. Two autonomous folding units, comprising the first six strands (resietf&3) and

the last two strands (residues 18868), have been previously identified in this single structural domain
protein by tryptic digestion [Higgins, W., Fairwell, T., and Miles, E. W. (19B&)chemistry 184827

4835]. The larger, amino-terminal fragmeaf, S(1—188), was overexpressed and independently purified,
and its equilibrium and kinetic folding properties were studied by absorbance, fluorescence, and near-
and far-UV circular dichroism spectroscopies. The native state of the fragment unfolds cooperatively in
an apparent two-state transition with a stability of 3:98.19 kcal mot? in the absence of denaturant

and a corresponding value of 1.07+ 0.05 kcal mot* M~1. Similar to the full-length protein, the unfolding

of the fragment shows two kinetic phases which arise from the presence of two discrete native state
populations. Additionally, the fragment exhibits a significant burst phase in unfolding, indicating that a
fraction of the folded state ensemble under native conditions has properties similar to those of the
equilibrium intermediate populated 8@ M urea in full-lengthaTS. Refolding ofaTS(1—-188) is also
complex, exhibiting two detectable kinetic phases and a burst phase that is complete within 5 ms. The
two slowest isomerization phases observed in the refolding of the full-length protein are absent in the
fragment, suggesting that these phases reflect contributions from the carboxy-terminal segment. The folding
mechanism o0& TS(1—-188) appears to be a simplified version of the mechanism for the full-length protein
[Bilsel, O., Zitzewitz, J. A., Bowers, K.E, and Matthews, C. R.(198%chemistry 3831018-1029].

Four parallel channels in the full-length protein are reduced to a pair of channels that most likely reflect
a cis/trans proline isomerization reaction in the amino-terminal fragment. The off- and on-pathway
intermediates that exist for both full-lengttT S andaTS(1—188) may reflect the preponderance of local
interactions in theb/a barrel motif.

Protein fragments that are capable of folding in the absenceadopt a stable fold. For example, fragments of barndge (
of the remainder of the polypeptide have the potential to chymotrypsin inhibitor-24), and thioredoxing) do not fold
provide valuable insights into the mechanism of folding of significantly in isolation although fragment complementation
the full-length protein from which they are derived. Autono- studies in these systems have yielded valuable insights into
mously folding fragments may serve to arrest folding at the folding mechanism of the corresponding full-length
various points along the folding pathway, potentially provid- proteins 6).
ing stable models for transient intermediates whose short
lifetimes make them difficult to studyl( 2). Kinetic studies
of fragments, when compared to the often complex behavior
of the full-length protein, may yield information about the
regions of the protein that are responsible for the observed

rate-limiting steps in the folding of the full-length protein. : ) N
, i an ensemble of conformations with significant secondary
A common problem with the fragmentation approach, gy ctyre, providing a stable model for an early folding

however, is the identification of segments that are Capableintermediate 7). The amino-terminal 107 residues and the

of gutonomo_usly foldln_g. Highly cooperative equiliprium carboxy-terminal 123 residues of dihydrofolate reductase can
folding reactions often imply that partial sequences cannot fold to marginally stable forms that span 2 structural domains
(8). The autonomous folding of these fragments may be
TThis work was supported by the National Institutes of Health related to the existence of parallel folding chann@)s Two

through grant GM23303 to C.R.M. Partial support was also provided i i i ino-
by NIl Postdoctoral Fellowship Award GM14954 to 3 AZ. protein engineered fragments corresponding to the amino
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8859. FAX: (814) 863-8403. Email: crm@psu.edu. glycerate kinase both exhibited complex multiphasic refold-

One potential solution to this problem for large proteins
is to examine the behavior of proteolytically derived or
engineered fragments that contain more thd®0 residues.
For example, a 101-residue fragment of fhesubunit of
tryptophan synthase folds in less than a few milliseconds to
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ing kinetics although they do not associalé)( These results In an effort to further understand the role that the first six
as well as complementation studies on fragments larger thans strands ot TS play in the formation of both equilibrium

a single structural domainl{) suggest that folding and and kinetic folding intermediates, the folding affS(1—
domain pairing in the full-length protein are simultaneous 188) from urea has been characterized by circular dichroism,
events. absorbance, and fluorescence spectroscopies. The results

An alternative solution for multisubunit proteins is to create highlight a key role for the amino-terminal 188 residues in
fragments that define the interface between the subunits. Thecontrolling the folding ofoTS.
mutual stabilization gained by spontaneous association of a
pair of 65-residue core fragments of dimeric tryptophan MATERIALS AND METHODS

repressor yield; asimplified,.single channel, folding mech- ReagentsOligonucleotides used for mutagenesis were
anism that retains the essential features of the three parallelpained from the Midland Certified Reagent Co. (Midland,
channel mechanism of the full-length proteit?). These  1x). Ultrapure urea was purchased from ICN Biomedicals,
features include a nearly diffusion-limited reaction that |nc (Costa Mesa, CA), and used without further purification
produces a transient, dimeric intermediate whose conversion; most cases. For some unfolding experiments, the urea was

to native is the rate-limiting step in foldingl§). A 435-  fyrther recrystallized from water to remove impurities that

residue fragment corresponding to the isolafgdhelix absorb in the far-UV. ANS was purchased from Molecular

domain of p22 tailspike protein associates to form a stable pygpes (Eugene, OR). All other chemicals were reagent
nativelike trimer which unfolds reversibly in ured4. This grade.

trimeric fragment provides a useful model for studying the
folding of the corresponding full-length protein because it

unfolds \.N'th comparable klnet.|cs but is not plagued by amino-terminal fragment was expressed as inclusion bodies
aggregation problems common in the full-length syst&B).( i, 1,6 cB149Escherichia colistrain containing the plasmid
The 268-residue, 8-strand@gttt barrel proteino. subunit pXH(1—188). The construction of pXH(188), which
of tryptophan synthasen{S);! provides an example of a contains a double stop codon in the gene ¢arS after
monomeric, single structural domain protein that is amenable Arg188, has been described previousB4)( A modified
to fragmentation studies. Tryptic digestion of the tryptophan version of the protocol of Tsuji et al. was used to recover
synthasex;, holoenzyme 16) has previously identified an  the insoluble fragmentl©). Briefly, the cells were suspended
188-residue amino-terminal fragmentafS which unfolds in 100 mM potassium phosphate, pH 7.8, 5 mVERTA,
cooperatively in Gdn-HCIX7). This fragment was originally ~ and 2 mM DTE and lysed by sonication. After centrifugation
considered to be a model for the equilibrium intermediate at 45009 for 45 min at 4°C to remove the soluble protein
of aTS, termed 11, that is populated in the presence of fraction, the insoluble protein pellet was unfolded in 6 M
moderate concentrations of denaturdmt,(18. More recent urea with stirring at 4°C. After centrifugation at 450@D
results based on mutagenikd, calorimetric 0), and time-  for 1 h at 4°C, the amino-terminal fragment, which remained
resolved anisotropy2(l) studies have demonstrated that the in the supernatant, was refolded by dropwise addition into a
carboxy-terminal residues also participate in I1. A second 10-fold excess of buffer.
equilibrium intermediate that is populated at high concentra- || purification steps were carried out at°C in buffer
tions of denaturant, termed 12, has been identified'y  ontaining 10 mM potassium phosphate, pH 7.8, 2 mM K
NMR, circular dichroism, and fluorescence spectrosc@® ( EpTA, and 1 mM DTE.aTS(1—188) first was purified by
23). A related, although somewhat destabilized, stable form jon_exchange chromatography on a DEAE column using an
exists in a set of amino-terminal fragmentdiS containing  exponential gradient from 0 to 300 mM KCI. Alternatively,
at least the first foufo units, i.e., residues-1147 24). the fragment was purified by hydrophobic chromatography
The kinetics of folding ofxTS in urea 25—27) and Gdn- on a butyl Sepharose column (Pharmacia, Piscataway, NJ).
HCI (28, 29 have also been well characterized. A mechanism The fragment and column were preequilibrated in 0.4 M
has recently been proposed based on the results of a globahmmonium sulfate prior to loading the protein onto the
analysis of stopped-flow and manual-mixing circular dichro- column. The protein was eluted by a linear dilution of the
ism kinetic refolding and unfolding dat3@). The protein ammonium sulfate concentration. Both methods required a
folds through multiple parallel channels each with multiple second purification step on a G-100 Superose sizing column
native, intermediate, and unfolded forms. In addition, an off- (Pharmacia).

pathway intermediate is populated within .5 ms that subse-  Protein purity was>95%, as determined by the presence
quently unfolds to produce a set of I1-like, on-pathway of a single band on a 15% sodium dodecyl sukate
intermediates. polyacrylamide gel. The molecular mass, measured by
electrospray mass spectrometry, was within 0.1% of the
1 Abbreviations: AB, absorbance; ANS, 1-anilino-8-naphthalene- CaICU|at_ed mass. Protein Co_ncentrat'onms(l_]-SS) were .
sulfonateTS, o subunit of tryptophan synthase frascherichia col determined from the tyrosine absorbance at 277 nm, using
aTS(1-188), residues 1188 of thea subunit of tryptophan synthase  an extinction coefficient of 9067 M cm* (31). The protein
from Escherichia coli BME, -mercaptoethanol; CD, circular dichro- 45 stored in 8890% saturated ammonium sulfate solutions
ism; CMW, center-of-mass wavelength; DTE, dithioerythritol; F, folded . . .
state ofaTS(1—188); FL, fluorescence; FPLC, fast performance liquid @nd dialyzed just before use against standard buffer used for
chromatography; Gdn-HCI, guanidine hydrochloride; 11, equilibrium all folding experiments: 10 mM potassium phosphate, pH

folding intermediate o&xTS populated in~3 M urea; 12, equilibrium 7.8, 0.2 mM KEDTA, and 1 mMp-mercaptoethanol.
folding intermediate ofaTS populated in~5 M urea; KEDTA, I . . I
ethylenediaminetetraacetic acid, dipotassium salt; N, native stafESf _Equilibrium - Ultracentrifugation. Equilibrium ultracen-
PCR, polymerase chain reaction; SF, stopped-flow; U, unfolded state. trifugation data were collected on a Beckman XL-1 analytical

Protein Expression and Purificatiofrull-lengtha TS was
expressed and purified as described previou8).(The
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ultracentrifuge. Absorbance as a function of radial distance emission above 460 nm was collected using a cutoff filter
was collected at 230, 280, and 290 nm for initial protein supplied by Durrum. ANS stock solution concentrations were
concentrations of 10, 50, and 100/, respectively, using  determined by measuring the absorbance at 370 nm using a
an eight-cell rotor rated at 50 000 rpm. Equilibrium sedi- molar extinction coefficient of 6800 M cm™. For all
mentation experiments were run at 35 000 rpm $@6 h stopped-flow experiments, the temperature of the syringe
until equilibration was reached. Data were analyzed using reservoirs and mixing chamber was maintained at’@5
previously described method32). using an attached water bath or a thermoelectically controlled
Equilibrium Unfolding ExperimentsTo characterize the  housing. The cell path length was 1.0, 1.5, or 2.0 mm. The
equilibrium propertiesaTS(1-188) was equilibrated by dead-time for both refolding and unfolding was estimated
manual methods with incremental amounts of ultrapure ureato be 5 ms 85).
in folding buffer at 25°C. Samples were maintained at 25 Equilibrium and Kinetic Data AnalysisEquilibrium
°C for =1 h to ensure complete equilibration prior to data unfolding data were fit to the apparent two-state model, F
collection. Circular dichroism spectra were collected on an = U, where F and U represent the folded and unfolded
Aviv Model 62DS CD spectrophotometer equipped with a forms, respectively. The apparent free energy of unfolding
thermoelectric cell holder. Far-UV CD data were collected in the absence of ureAG°(H,0O), was obtained by assuming
from 200 to 300 nm usipa 2 mmcell path length and a2  a linear dependence of the free energy of unfolding on the
s averaging time. Near-UV CD spectra were collected from denaturant concentratioNG® = AG°(H-0) + mlurea] (36).
250 to 320 nm using a water-jacketed 10 cm cell. To improve  Individual kinetic traces were fit to a sum of exponentials:
the signal-to-noise ratio, 5 spectra were averaged at each
urea concentration. Absorbance data were acquired on an At) = A() + zAie_UTi
AVIV refurbished CARY 118DS spectrometer. Total inten- ) )
sity fluorescence spectra were collected on a Spex FluorologWhereA(t) and A() are the total amplitude at timeand
2 from 295 to 450 nm using an excitation wavelength of the a_mphtude at |nf|r)|te time, respectively; &ndz; are the
277 nm and excitation and detection bandwidths of 3.7 nm. @mplitude and the time constant for tite component of
Anisotropy data were collected on an Aviv Model ATF105 the f!t. All equmbngm and kinetic _data were fit using Savuka,
spectrofluorometer with Glan-Taylor polarizers and analyzed Version 5.12, an in-house nonlinear least-squares program
as described previously®?). Samples were excited at 278 (30, 37.
nm, and the emission was detected at 308 nm. A Hamilton RESULTS
540B automatic titrator was utilized to perform the titration
using stocks ot TS(1-188) in buffer and in approximately A variety of spectroscopic techniques can be used to probe
9 M urea; the exact urea concentration of the unfolded stock both the equilibrium and kinetic folding properties @t S-
was determined by measuring the refractive ind@s).( (1—188). Equilibrium CD experiments have previously
Equilibration times between additions were sufficient to demonstrated significant, cooperatively folded, secondary
observe no further change in signak300-1000 s. A structure inoTS(1—188) (16, 17, 23. The tertiary structure
detailed description of the approach has been reportedcan be probed by monitoring the environment of the tyrosine
previously 34). side chains by absorbance, fluorescence, and near-Uv CD
Kinetic Unfolding and Refolding Experimen&D and spectroscopiesfscherichia coliaTS does not contain
fluorescence manual mixing experiments were performed ontryptophan. Six of the seven tyrosine residues in the full-
an Aviv Model 62DS or 62ADS CD spectrophotometer or length protein are contained in the amino-terminal fragment
an Aviv Model ATF105 spectrofluorometer, respectively, all (Figure 1), providing useful probes for both equilibrium and
equipped with an Aviv thermoelectric cell holder. These kinetic experiments on the folding ofTS(1—188).
experiments were performed ugia 1 cmcell path length Equilibrium Ultracentrifugation StudiePrevious FPLC
and an averaging time of 1 s. The dead-time for manual size-exclusion chromatography studies have demonstrated
mixing experiments was-4 s, although an additioh8 s of that aTS(1-188) has some tendency to dimerize in the
data were omitted to account for the instrument responseabsence of urea, presumably because the removal of two
time. Unfolding jumps were performed fro0 M urea to strands from the C-terminus @fTS exposes hydrophobic
various final concentrations of urea (8 M). Unfolding surface 24). Equilibrium ultracentrifugation studies were
jumps from various initial concentrations{8.2 M) to a performed to quantify the extent of dimerization. The data
final concentration of 5.5 M urea were also carried out. were best described by a simple monomer-to-dimer equi-
Refolding jumps were performed fro6 M to various final librium (data not shown), yielding a dissociation constant
concentrations of urea (0-G3.5 M). of (2.4 &+ 0.3) x 10* M. To minimize the effects of
Stopped-flow CD experiments were performed on an Aviv dimerization on the equilibrium and kinetic folding properties
Model 62DS CD spectrophotometer with an attached Bio- of aTS(1-188), the concentration of fragment was main-
logic SFM-3 stopped-flow drive train or with an AVIV  tained at less than 20M for all folding studies. For most
Model 202SF stopped-flow CD spectrometer. Stopped-flow studies, the concentration was held constantsiM, where
tyrosine and ANS fluorescence experiments were performedthe percent dimer is estimated to 5&%.
on a Bio-logic SFM-3 stopped-flow spectrofluorometer  Spectral PropertiesThe far-UV CD spectrum obtxTS-
equipped with a Bio-Logic modular light source and mono- (1-188) (4), like that of full-length aTS, displays a
chromator. For tyrosine fluorescence experiments, total minimum at 220 nm and a maximum at 193 nm, indicative
emission intensities were collected upon excitation at 278 of a mixed a/f structure (data not shown). The fragment
nm with a 5 nmbandwidth. For the ANS fluorescence exhibits significant secondary structure; however, the mean
experiments, samples were excited at 370 nm, and theresidue ellipticities ofxTS(1—188) at 193 and 220 nm (19.0
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Ficure 1: Ribbon diagram o&TS from Salmonella typhimurium

(53) generated with Molscript version 2.0.24). Sequence identity

at 228 of the 268 residues and the abilityodfS from E. coli and

S. typhimuriumto activate thes, subunits from both strain$¥)
support the assumption that the two structures are very similar. The
secondary structural elements corresponding T&(1-188) are
shown in dark gray, and those faTS(189-268) are shown in

light gray. Side chains for the seven tyrosine residues are shown,
and the dashed line represents missing coordinates for a disordered
loop encompassing residues 7839.

Fraction Unfoided

01 2 3 4 s 6 7
and —13.3 mdeg crhdmol™l, respectively) are decreased [Urea] (M)
relative to full-lengthoaTS (31.4 and—16.1 mdeg crh Ficure 2: Equilibrium unfolding ofa TS(1-188). (A) Dependence
dmol%, respectively), indicating that the fragment has less of the mean residue ellipticity at 222 nm (circles) and the extinction
structure on a per residue basis. The tyrosine FL emissioncoefﬁdem at 287 nm (squares) on the urea concentration. Protein

. . e concentration was 13,8M. (B) Dependence of the fluorescence
spectrum ofxTS(1-188) is also quite similar to that of full-  jntensity at 305 nm (triangles) and fluorescence CMW (diamonds)

lengthaTS (23), exhibiting a maximum at~305 nm and a  on the urea concentration. Protein concentration wad/5 (C)
shoulder at~365 nm when exciting at 278 nm (data not The apparent fraction of unfolded protein as a function of [urea].
shown), Thefluorescence quarum ied ofthe 305 i peak I pals o sprsent o el i oo o
for the fragr_nent_ls decre_ased relative to that for full-length mpeghod of Santoro an?j BoleB@); the fitte(?baselines are ind?cated
oTS, reflecting either an increased solvent exposure of Somepy dashed lines. The line in panel C represents a global fit of CD,
of the tyrosine residues in the fragment or missing contribu- AB, and FL intensity data shown in panels A and B to an apparent
tions from tyrosine 204. two-state model. Buffer conditions were 10 mM potassium phos-
Urea Denaturation Studie€quilibrium unfolding experi- gg%‘g' pH 7.8, 0.2 mM $EDTA, and 1 mMj-mercaptoethanol at
ments were performed to determine the stabilitp @S (1— '
188) to urea denaturation. The disruption of secondary
structure, probed by monitoring the far-UV CD signal at 222

nm, is shown in Figure 2A. The CD data exhibit a

and unfolded fragments. The relatively small change in
fluorescence intensity across the unfolding transition means

cooperative folding transition between 2dad M urea, as that CMW provides an accurate measure of the thermody-

well as small, linear changes in signal fromd2 M urea namic propert'|e52(1). )
and from 5 to 8 M urea in the native and unfolded baseline  The normalized fraction unfolded plots for the CD, AB,
regions, respectively. A similar smooth sigmoidal unfolding @nd FL unfolding curves are compared in Figure 2C. In these
transition, which showed no evidence for an equilibrium Plots, the linear urea dependence observed between 0 and 2
intermediate, has been observed previously by CD for the M urea was assumed to represent the na_tlve baseline region
Gdn-HClI denaturation ofTS(1-188) (17). for the fragment. The scatter obseryed in the AB and FL
The disruption of tertiary structure was probed by moni- plots at hl_gh concentrations _of urea is a direct result of t_he
toring the absorbance at 287 nm (Figure 2A) and the Steep native baselines t_hat intersect the unfolded base_llne_s
fluorescence at 305 nm (Figure 2B). Both techniques also at high urea conce_n_tratlons. Nonetheless, the near-coinci-
show evidence for a cooperative unfolding transition between dence of the transitions observed by all three techniques
2 and 5 M urea. In contrast to the far-UV CD data, the FL demonstrates that secondary and tertiary structures are
and AB data show a more substantial urea dependence irfisrupted simultaneously.
the native baseline region between @ &M urea, indicating The apparent thermodynamic stability of the fragment was
a significant change in the solvent exposure of the tyrosine estimated by fitting the data to apparent two-state equilibrium
residues in this region. When the fluorescence data are plottedunfolding transitions. Fits of individual data sets are given
as center-of-mass wavelength, CMW, as a function of ureain Table 1. The comparable results obtained at protein
(Figure 2B), an 8 nm red shift is observed between the folded concentrations ranging from 2.5 to 20/ demonstrate that
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Table 1: Apparent Thermodynamic Parameters for the Unfolding of
aTS(1-188}
protein gﬂ
concn  AG°(H20) -m £
technique (uM)  (kcal mol?) (kcal moF*M~1) C.° (M) 2
o
ABat287nm 13.9 4.160.44 1.12+ 0.11 3.73 i
CD at 222 nm 25 4.080.99 1.114+0.25 3.67 &
13.9 3.97+0.28 1.07+£ 0.07 3.72 kg ]
20.0 3.96+0.37  1.09+0.10 3.65 g B
FL at 305 nm 50 4.3%0.89 1.09+0.11 3.94 250 260 270 280 290 300 310 320
FL CMW 50 4.14+0.45 1.09+ 0.11 3.81 Wavelength (nm)
globaF 3.98+0.19 1.07+ 0.05 3.73 n
aData were fit to the apparent two-state model==RU. ® Errors in ~
Cn are estimated to bet0.15 M urear’ Simultaneous fit of the 3
following three data sets: 13:M AB at 287 nm, 13.9%M CD at 222 g
nm, and 5zM FL at 305 nm. E
bN
0.15 — T g
AT S é‘
. 0.13 F AAA =
ou E %
g 012 [ > 3
'% oll b AA ] [Urea] (M)
A1 E A
< 01 F 24 3 Ficure 4: (A) Near-UV CD spectra ofTS(1-188) in 0 M urea
000 | AAAMAM ] (thick solid line) aml 9 M urea (thin solid line) as well as full-
i Sonteinat lengthaTS in 0 M (thick dotted line)3 M (dashed line), and 9 M
008 foomm T T urea (thin dotted line) where the N, 11, and U states, respectively,
[Urea] (M) are significantly populated. (B) [Urea] dependence of the near-UV

FIGURE 3: Steady-state fluorescence anisotropy at 308 nm as a CD Signal at 264 nm. Protein concentrations werg) and other
conditions are described in the caption to Figure 2.

function of [urea]. Protein concentration was /M, and the buffer

conditions are described in the caption to Figure 2. ] . ) . )
suggesting that the packing of aromatic residues in the

the equilibrium unfolding process being monitored is not fragment and I1 may be similar. The differences between
influenced by the slight propensity of this fragment to the spectra may also reflect the absence of one tyrosine and
dimerize. A global fit of the intensities observed by CD, AB, two phenylalanines in the segment from 189 to 268. The
and FL yields a free energy in the absence of denaturantellipticity at 264 nm foraTS(1-188) as a function of urea
under standard state conditions of 3:880.19 kcal mot? is shown in Figure 4B. The ellipticity at 264 nm, as well as
and anm value of 1.07+ 0.05 kcal mott M1 the ellipticity at the other peak maxima at 271 and 280 nm
Evidence for Specific Tertiary Packinghe environment (data not shown), decreases gradually with increasing urea

of the tyrosine residues was further probed by steady-stateconcentrations before attaining a constant value-atM
fluorescence anisotropy. Figure 3 shows the anisotropy of Uréa. Although the small signal change and low signal-to-
oTS(1-188) as a function of urea concentration. Although NOIS€ precluded accurate estimates of the thermodynamic

the solvent exposure of the tyrosine residues increasesStapility, the apparent midpoint of the transition3.5 M
significantly at low concentrations of urea (Figure 2B), the Urea, is consistent Wlth the cooperative dllsruptlon of structure
rotational mobility of the tyrosines is nearly independent of detected by other optical techniques (Figure 2).

urea in this same concentration range (Figure 3). The Kinetic Unfolding StudiesA representative kinetic unfold-
sigmoidal decrease in anisotropy abko M urea reflects  ing trace obtained by manual-mixing CD is shown in Figure
the cooperative unfolding transition that releases the tyrosinesbA. Unlike the unfolding of full-lengthaTS (30), the total
from their well-packed environments in the folded form of change in ellipticity for the fragment does not match the
oTS(1-188). Efforts to fit the vertical-vertical and vertical-  value expected from equilibrium experiments. Instead, ap-
horizontal fluorescence components simultaneously to eitherproximately half of the signal is lost within the manual-
a two-state or a three-state equilibrium mode#)(were mixing dead-time of~5 s, demonstrating the presence of a
unsuccessful, presumably as a consequence of the steepapid unfolding reaction. Comparable burst phase amplitudes

native baseline observed for the fluorescence intensity were obtained by stopped-flow CD experiments (data not
(Figure 2B). shown), indicating that this rapid unfolding reaction occurs

The near-UV CD spectrum afTS(1-188) is shown in  inless than 5 ms. The I1 intermediate observed in full-length
Figure 4A. Consistent with previously reported resut§)( TS unfolds within 5 ms30), suggesting that the burst phase
the spectrum displays a broad minimum in the tyrosine region SPecies observed in the fragment may reflect the unfolding
between 275 and 290 nm and two distinct minima at 264 of an I1-like species that is populated in the absence of
and 271 nm in the phenylalanine region. Also shown in denaturant.

Figure 4A are the near-UV spectra of the full-lengthS at Similar to the unfolding of full-lengthaTS (30), two

0, 3, and 9 M urea, under conditions where the native, |1 subsequent observable kinetic phases are present when
intermediate, and unfolded forms, respectively, are signifi- unfolding b 5 M urea. The faster phasel, has a time
cantly populated. The near-UV CD spectrum of 1138 constant of 25 s, and the slower phasg has a time constant
qualitatively resembles theTS spectrumn 3 M urea, of ~140 s. The amplitudes of the fast and slow phases are
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FiGUurRe 5: Manual-mixing unfolding (A) and stopped-flow refolding
(B) kinetic traces foTS(1—-188) monitored by CD spectroscopy
at 222 nm. Unfolding was initiated by a 1:10 dilution of fragment
in buffer to a final concentrationf& M urea; refolding was initiated
by a 1:10 dilution of fragmenti 6 M urea to a final concentration
of 0.6 M urea. The initial signal expected for the folded form, F,
at 5 M urea is indicated in panel A, and the initial signal expected
for the unfolded form, U, in 0.6 M urea is indicated by an arrow
in the inset to panel B. Smooth lines represent fits of the data to
two exponentials. The final protein concentration waghs, and

the buffer conditions are described in the caption to Figure 2.

92% and 8%, respectively, similar to the partitioning of the
amplitudes observed for the two phases in full-lengifs
(30). Neither unfolding time constant exhibits a protein
concentration dependence in the range ofl@ uM (data
not shown).

Figure 6 shows the unfolding time constants of the two
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FIGURE 6: Observed time constants as a function of [urea] for
refolding (closed symbols) and unfolding (open symbols) as
monitored by manual-mixing and stopped-flow CD (circles,
diamonds, and squares) and stopped-flow ANS FL (upright and
inverted triangles). Refolding data were acquired using stopped-
flow techniques, and unfolding data were acquired by manual-
mixing techniques with the exception of the points at urea
concentrations>6 M that were acquired by stopped-flow. Lines
represent observed relaxation times for full-lengits (30). Protein
concentrations were-27 uM, ANS concentration was 200M,

and the buffer conditions are described in the caption to Figure 2.

near the midpoint of the equilibrium unfolding reaction (data
not shown), suggesting that the two unfolding reactions are
not sequential but, more likely, occur in parallel. Two native
conformers that unfold through parallel channels have also
been observed in the unfolding of the full-length prot&i)(
Kinetic Refolding Studiegzigure 5B shows the refolding
of aTS(1-188) under strongly refolding conditions 6
0.6 M urea) as monitored by stopped-flow CD. Ap-
proximately 60% of the signal is acquired within the dead-
time of the experiment (Figure 5B, inset), demonstrating the
presence of a burst phase intermediate. The subsequent
kinetic response is best fit to a sum of two exponentials
having time constants of 160 mslj and 16 s €2). The
observed amplitude is partitioned nearly equally between
these two kinetic phases at all final urea concentrations (data
not shown). The time constants for both observable phases

observable phases as a function of final urea concentration.were independent of fragment concentration in the range of
The unfolding time constants of the major fast and minor 1—10uM (data not shown), demonstrating that the tendency
slow phases are slightly shorter than those for full-length of the fragment to self-associate does not perturb the folding
oTS; however, the urea dependences are comparable. Undegprocess. Although similar results were obtained by stopped-
strongly unfolding conditionsX4 M), the amplitudes of both  flow tyrosine FL (data not shown), photobleaching precluded
phases are independent of the final urea concentration (dataccurate estimates of the time constants in these experiments.
not shown). The slow phase accounts£dr0% and the fast The refolding time constants obtained by SF-CD as a
phase for~90% of the change in signal expected from function of final urea concentration are shown in Figure 6.
equilibrium studies (Figure 2A). Only the principal, faster Also shown are the two time constants observed for the
phase was detected in most stopped-flow CD unfolding refolding of the fragment in the presence of the hydrophobic
experiments, presumably because of the lower signal-to-noisedye ANS. ANS fluoresces strongly at 480 nm when bound
ratio in these experiments. to nonpolar surfaces3g), providing a means to monitor

Unfolding jumps from varying initial urea concentrations partially folded proteins39, 40. The similarity of the time
(0—5 M urea) to a final concentration of 5.5 M urea were constants observed by CD and ANS FL demonstrates that
performed to determine whether one of the observable the formations of secondary structure and hydrophobic
unfolding phases results from the sequential unfolding of surfaces occur on a comparable time scale. The similar
the native form through an intermediate or whether two responses by intrinsic and extrinsic probes also imply that
native conformers are present. The amplitudes of both ANS binding does not significantly alter the folding mech-
unfolding phases decrease simultaneously with a midpointanism @1).
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I A implies that the folded state ofTS(1-188) is composed of
2000 ? ] several distinct kinetic species.
"'; 4000 | DISCUSSION
g
~: 6000 T Equilibrium Folding Properties ofaTS(1-188). The
2 [ equilibrium unfolding process fornTS(1—-188), monitored
T S0 by several optical techniques, is well described by a model
E 10000 | involving two principal thermodynamic states, F and U. The
i apparent free energy of folding of this fragment, 3.98 kcal
-12000 | mol ™, is lower than that of most globular proteir3], and
PVV S e the dependence of the free energy on the denaturant
0 1 2 3 4 5 6 7 8 concentration, i.e., then value, 1.07 kcal moft M1, is
[Urea] (M) significantly less than would be expected for a well-folded

FIGURE 7: [Urea] dependence of the unfolding (circles) and 9lobular protein containing 188 amino acid6). The m

refolding (squares) burst phase amplitudesodfS(1-188) as value and free energy might be reduced relative to those
monitored by manual-mixing and stopped-flow CD, respectively, expected for a globular protein of 188 residues because of
at 222 nm. The solid line represents the two-state fit of the the |oss of stabilizing interactions and the increase in

equilibrium data taken from Figure 2A, and the dashed lines ! - . .
represent the fitted baselines. Open symbols represent the finalhydrophoblc surface upon deletion of the C-terminal domain.

amplitudes from the kinetic experiments; reversibility is demon- However, the magnitude of the reduction suggests that the
strated by the coincidence of the final amplitudes measured fragment cannot adopt a structure that is as compact as when
!(inetically yvith the. equilibrium values. Conditions are described in the context of the full-length protein. Consistent with this

in the caption to Figure 2. supposition are the results of time-resolved fluorescence
anisotropy experiments anl S(1-188), which suggest that

it has a hydrodynamic radius that is15% larger than
expected for a globular protein of 188 residug)( This

The slower refolding phase?2, is nearly independent of
urea at low concentrations and exhibits a slight urea

dependence between 2cad M urea, suggesting that it oncjysion is not surprising considering that the two carboxy-
reflects an isomerization or rearrangement reacd@ The  tominal strands are absent and that six-stranded barrels have
faster refolding phasel, has a significant urea dependence ot heen observed in crystal structures of proted#. (The

and accelerates with increasing urea concentrations. The&engency ofxTS(1-188) to self-associate is also consistent
negative slope for the urea dependence of the time constan{yith exposed hydrophobic surfaces in the F state. Parallel
for thezl phase is consistent with an unfolding reaction. A iy _stranded opefi sheet structures have been observed in
similar urea dependence observed for the fastest refolding,gre complex protein structures, which contain additional
kinetic phase of the full-length protein has been attributed helices, loops, or subdomains that dock against the exposed
to the unfolding of an off-pathway burst phase species to side(s) of the sheet and prevent aggregatits). (

form an I1-like |nterm§d|ate210). o Further insight into the properties of the F statendiS-
Burst Phase StabilityThe apparent stabilities of the (1-188) can be obtained by examining the unfolding kinetics
unfolding and refolding burst phase intermediates can be of the fragment. A significant fraction of the equilibrium F
determined by measuring the amplitude as a function of the state unfolds within 5 ms, revealing the presence of two
final urea concentrationl@, 35, 43, 4% The rationale for  inetically distinct folded states, fand F'. The kinetically
this experiment is based upon the proportionality of the signal detected state with 11-like properties, Ras a comparable
to the concentration of the intermediate and the absence ofstapility and a slightly reducenh value to that measured for
kinetic coupling to subsequent phases which are orders ofthe equilibrium F state, suggesting that the free energy
magnitude slower45). The urea dependences of the burst difference between these two principal folded statesi
phase species observed in the unfolding and refolding of F’, is small. The presence of a second folded state also
aTS(1-188) when monitored by SF-CD are shown in Figure explains the sensitivity of the native baselines to denaturant
7. in the absorbance, circular dichroism, and fluorescence
The monotonic decrease in the amplitude of the refolding equilibrium titrations. Between O @n2 M urea, all three
burst phase with increasing urea concentration indicates thatechniques show linear decreases in signal that are signifi-
the burst phase species observed in refolding has onlycantly greater than those observed for the native conformation
marginal stability. This response is similar to that observed of the full-length proteinZ3, 3Q. The absence of a sigmoidal
for full-length o TS (30). The amplitude of the unfolding burst ~ change in signal in this region rules out a highly cooperative
phase species decreases sigmoidally with increasing uredransition between the'land F' states. Instead, simulations
concentration, exhibiting a midpoint ef4.5 M urea. A fit of the combined equilibrium and kinetic CD data to a three-
of the total observed amplitude to an apparent two-state State equilibrium model suggest that small differences in the
transition yields apparent free energy andalue estimates  optical properties of these two states and a small dependence
for the unfolding of the burst phase species of 3196.52 of the relative populations on the denaturant concentration
kcal molt and 0.87+ 0.12 kcal mot® M2, respectively. are sufficient to explain the behavior in the native baseline.
These values are comparable to free energy mndhlue The absence of a change in the fluorescence anisotropy
measurements obtained under equilibrium conditions for the in the native baseline region (Figure 3) suggests that, unlike
folded fragment (Table 1). Along with the biphasic unfolding the secondary structure or exposure of tyrosines to solvent
reaction, the sigmoidal increase in the burst phase amplitude(Figure 2), the packing of several buried tyrosine side chains
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A aTS(1-188) preserves several of the kinetic features
observed for the full-length protein, including a significant
& < < L. < I burst phase in refolding and pairs of both unfolding and
,err'“ Igpa == Jppy ==  Lppe ==  Inpa . . . :
& / / / / refolding reactpng with time constants and urea dependgnces
that are very similar to the two fastest detectable reactions

U/12, = U/I2, == U /2~ U /12
a o o o (Figure 6). A folding mechanism for this fragment, based

Folding ———

g U u n ” upon the mechanism for the full-length protein, can be
& proposed that accounts for the observed data (Figure 8B).
§ I = I, = I, = Il Within 5 ms, two slowly interconverting unfolded forms,
n ” U, (minor form) and Y (major form), collapse to a
corresponding pair of off-pathway intermediatesa,land
lgrw that are rich in secondary structure but have marginal
stability. These burst phase intermediates then unfold over

¢~ Isomerization ————— the next several hundred milliseconds to populate a pair of
I1-like folded forms, F, and F,. The major folded form %
then undergoes a rate-limiting isomerization reaction to

B produce F, which in turn further folds to F. The two
@9@ = unfolding phases reflect the independent unfolding of the
- & / / major, F',, and minor, Fy, forms that are presumed to unfold
£ U/, == U/I2, more rapidly than they interconvert. The',Fand Fy
E > conformers unfold in the burst phase, similar to the I1
% u n intermediate in full-lengthaTS.
g The folding model foraTS(1—-188) differs from that for

the full-length protein in two significant ways. First, the I11-
like species, R and F,, are populated in the absence of
denaturant, unlike the corresponding set for the full-length
protein, 1L—114. Although the available data do not permit
e Isomerization ——————> an accurate assessment of the relative populations of the F

FiGure 8: Proposed folding mechanism for full-lengttTS (A) and ' species, the relative gmplitudes of J.[he burst phase
(30) and aTS(1-188) (B). The thicker arrows indicate the @nd subsequent slow unfolding phases (Figure 7) suggest
predominant folding/unfolding pathways. The species shown inside that the relative populations of Bnd F' are approximately

the boxes are observed at equilibrium in the absence of denaturant70% and 30%, respectively. Second, the observation of a
single isomerization reaction for the refolding of the fragment
implies that two of the four parallel channels (channels a
and d) are absent. Given the tentative assignment of the three
isomerization steps iaTS to a pair of proline isomerizations
(30), it appears that one of these reactions may reflect the
behavior of one of the six prolines in the 18268 segment.
Alternatively, it is possible that a proline residue contained
in the aTS(1-188) fragment could be responsible for the
loss of the slowest folding phases, particularly if the
implicated proline residue interacts with residues in the
C-terminal portion of the protein. Pro21, which is located
in B strand 1, is a potential candidate because it makes
contacts with residues ifi strand 8. Mutagenic studies will

is similar in the Fand F' states. This peculiar behavior may
reflect the dominant contributions of Y4, Y102, Y173, and
Y175 that participate in the core of tifebarrel and might
be expected to be protected from solvent quenching. Tyrosine
169, located in a loop on the surface of full-lengti's,
and tyrosine 115, positioned between two helices on the
exterior of the barrel, may be sufficiently mobile in all
members of the F thermodynamic state ensemble for the
fragment that they would contribute little to the change in
anisotropy induced by urea.

Kinetic Folding Properties ot TS(1-188). The folding
of the full-lengtha TS protein has been previously demon-
strated to involve multiple unfolded, intermediate, and native ™. ) ) . o .
forms which fold through four parallel channels (Figure 8A) gltlmately pe requngd to identify the role of specific prolines
(30). Refolding initially proceeds through a set of off- N the folding reaction ofiTS.
pathway burst phase intermediates with significant secondary A common feature of both folding models is the proposal
structure but marginal stabilitygds—Igpq, Which are popu- of major and minor native conformers that unfold through
lated within the dead-time of mixing (5 ms). Over the next parallel channels. The fact that Pro28, the only proline
several hundred milliseconds, the appearance of an on-involved in a cis peptide bond, is contained in both
pathway set of intermediates,Hl14, which correspond to polypeptides provides a possible explanation. The amplitude
the equilibrium intermediate populateti3aM urea, is limited distribution of the two observable unfolding phasestirs-
by the unfolding of these burst phase intermediates. Only a(1—188) (93%/7%) as well as the absence of a direct
minor population of the 11 intermediates, represented py 11 refolding phase corresponding to the slowest unfolding phase
can fold directly to the native protein. Three slow10 s) in the fragment (Figure 6) is consistent with the dominant
isomerization reactions play a critical role in controlling the population of a trans proline in the unfolded form that is
folding of the majority of unfolded protein. The presence of destined to adopt the cis isomer in the F state. Although
these parallel folding channels has been suggested to involveeplacement of Pro28 with Ala did not eliminate the slow
the cis/trans isomerization about XaRro peptide bonds folding reaction in the guanidine hydrochloride-induced
(30). unfolding of TS (29), it is possible that a non-proline slow
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isomerization is retained by a cis peptide bond in the mutant
(49-52).

Utility of the Fragmentation Approacihe fragmentation
approach has provided insights into the folding of full-length
oTS by simplification of the folding mechanism. The loss
of a pair of isomerization reactions in the refolding of the
fragment implicates the carboxy-terminal segment, residues
189-268, as the source of these reactions. Also, the retention
of the burst phase folding reaction, the 10 s isomerization
reaction, and the pair of slow unfolding reactions show that
most of the kinetic properties of the full-length protein are
determined by residues-1.88. Thus, to a surprising extent
for a single domain protein, the kinetic folding properties of
aTS can be partitioned along with its sequence.

aTS(1-188) provides access to folding intermediates in
the full-length protein by partially arresting folding at a
particular point along the pathway. The major pair of folded
forms of the fragment, 'Eand Fy,, are spectroscopically and
thermodynamically similar to the 11 intermediate in full-
lengthaTS. However, these I11-like species are not uniquely
populated, but rather are in equilibrium with an additional
pair of folded forms, F, and F',. This complex response
demonstrates that comparisons of the folding mechanisms
of fragments and full-length proteins must be done with care.
In the case ot TS(1—-188), the final product of the folding
reaction appears to be a pair of non-native six-stranded
conformations, F, and F'y (24), which are avoided in the
full-length protein by interaction with the two carboxy-
terminal 8 strands.

General Implications for the Folding of TIM BarrelShe

current study has demonstrated that a large fragment of a 21,

single domain protein can undergo a cooperative folding
transition and retain a substantial portion of the folding
mechanism of the full-length protein. These results are in
contrast to fragments of other smaller single domain proteins,
including chymotrypsin4), barnase3), and thioredoxing),
which do not fold significantly. In the case of the TIM barrel
motif, however, the sequential arrangement ofgherands
preserves the majority of the nonlocal contacts in fragments.
Previous equilibrium studies on a series of amino-terminal
fragments ofx TS have demonstrated thad3 modules make
discrete contributions to their stabilitie®4), suggesting that
folding may involve the modular assembly &5 super-

secondary structure elements. The presence of both on- and

off-pathway kinetic intermediates observed in the folding of
aTS(1-188) presumably reflects the association of the
remainingfo modules either in cooperative, nativelike or
in noncooperative, non-nativelike complexes, respectively.
These diverse responses suggest that the subdorbgin (
model should be expanded to include alternative higher-order

structures whose appearance early in folding can retard the

formation of the native conformation.
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