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ABSTRACT. The kinetics of refolding of TEM-13-lactamase from solution in guanidine hydrochloride

have been investigated on the manual and stopped-flow mixing time scales. The kinetics of change of
far-UV circular dichroism and of intrinsic and ANS fluorescence have been compared with changes in
the quenching of fluorescence by acrylamide as a probe of the accessibility of solvent to tryptophan. The
binding of ANS points to hydrophobic collapse in the very early stages of folding which take place in the
burst phase. This is accompanied by regain of 68% of native ellipticity, indicating formation of a
significant proportion of secondary structure. Also in the burst phase, the tryptophan residues, which are
largely exposed to solvent in the native protein, become less accessible to acrylamide, and the intrinsic
fluorescence increases markedly. An early intermediate is thus formed in which tryptophan is more buried
than in the native protein. Further intermediates are formed over the next 20 s. Quenching by acrylamide
increases during this period, as the transient nonnative state is disrupted and the tryptophan residue(s)
become(s) reexposed to solvent. The two slowest phases are determined by the isomerization of incorrect
prolyl isomers, but double jump tryptophan fluorescence and acrylamide quenching experiments show
little, if any, effect of proline isomerization on the earlier phases. Hydrophobic collapse thus occurs to

a folding intermediate in which there is a nonnative element of structure which has to rearrange in the
later steps of folding, resulting in a nonhierarchical folding pathway. The C-terminal W290 is suggested
as being involved in the nonnative intermediateLactamase provides further evidence for the occurrence

of nonnative intermediates in protein folding.

In recent years, our knowledge of the mechanisms by (9—12). The formation of stable hydrogen-bonded structures
which a polypeptide chain folds into its native conformation has been studied by quenched-flow hydrogen exchange
in vitro has progressed significantly. This is due mainly to monitored by NMR {, 13—14), the populations of species
the development of complementary fast-reaction techniquespresent during folding have been deduced by electrospray
which can monitor structural changes taking place along the ionization mass spectrometry), and spectroscopic probes
folding pathway {—3). Although some proteins such as the linked with fast-mixing technology have led to characteriza-
chymotrypsin inhibitor CI2 4, 5, ubiquitin @), the acyl- tion of rapid conformational change3, (16—-20). A number
coenzyme A binding proteirv}], and the cold-shock protein  of distinct kinetic phases are commonly observed in such
from Bacillus subtilisCspB @) can fold rapidly and in a  studies, including hydrophobic collapse and the rapid forma-
highly cooperative manner, the folding of many proteins tion of large proportions of nativelike secondary structure
involves detectable intermediates and even multiple pathwayswithin stopped-flow dead-times, prior to the slower develop-

ment of stabilizing interactions leading to the formation of

T This work was supported by the Belgian Government in the frame the native stated).
of the Pde d'Attraction Interuniversitaire (PAl no.19) and Actions The common observation of a “burst” phase in the

Concertes 89-94/130 and #93-98/170, and by the Fonds de la fgrmation of ndar r r her with th -
Recherche Scientifique Medicale (Contract 3.4537.88). M.V. was the ormation of secondary structure, togethe th the sub

recipient of an EMBO short-term fellowship during his stay at the Microsecond time range for the hetioil transition @1,
University of Bayreuth. 22), is consistent with a framework model in which the

*To whom correspondence should be addressed. polypeptide chain undergoes local folding to nativelike

* Universitede Liege. - - .
s Present address: Department of Tumor Cell Biology, St. Jude secondary structures which direct subsequent folding through

Children’s Research Hospital, 332 N. Lauderdale, Memphis, TN 38105. diffusion/collision processes28-25). In an alternative
Telephone: 901-495-2446. Fax: 901-495-2381. E-mail: marc.vanhove@ model, the association of nonpolar side chains induces a

Stjﬁfﬁic\’/rgr-s ity of Newcastle upon Tyne hydrophobic collapse of the polypeptide to a compact species
U Jomf Stefan Institute. pon 1yne. in which secondary structure is more readily forme@,(
# Universitd Bayreuth. 27). This model is supported by several recent reports of

S0006-2960(97)02143-0 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/27/1998



1942 Biochemistry, Vol. 37, No. 7, 1998

Vanhove et al.

Ficure 1: Stereoa-carbon trace of TEM-13-lactamase showing the positions of the four tryptophan residd&s4@. The distance

between €3 Trp229 and €3 Trp290 is 0.378 nm.

residual structure in the 434 repress28)( the a-subunit of
tryptophan synthase29), and staphylococcgd-lactamase

Fluorescence Measurementsntrinsic tryptophan fluo-
rescence was monitored using a Perkin-Elmer LS50 spec-

(30) in high concentrations of denaturant, which suggests trofluorometer, with excitation and emission wavelengths of
that the association of nonpolar side chains may be an280 and 340 nm, respectively. Bandwidths were 4 nm for
important early event in folding. The development of both excitation and emission. Protein concentration was 3
nonpolar surfaces, as evidenced by the binding of the yM. ANS fluorescence was similarly monitored at 480 nm
hydrophobic fluorescent probe ANEL7, 31, is consistent  with excitation at 380 nm. Bandwidths were 4 nm for
with early formation of the hydrophobic core of the protein. excitation and 10 or 20 nm for emission. Protein and ANS
The fact that both occur within the dead-time of existing concentrations in the cuvette were 3B and 60 uM,
equipment makes it currently impossible to determine respectively. For refolding experiments, the enzyme was
whether hydrophobic collapse precedes the formation of ynfolded for at leasl h in 3 M GdmCl and diluted 11-fold
secondary structure oice versa although the development  yith the refolding buffer. Acrylamide (final concentration,
of ultra-rapid mixing, photoinitiated reactions, and temper- g 182 M) or ANS was added in the refolding buffer as
ature-jump-induced refolding may provide a means of required. In the former case, parallel folding runs in the
resolving this question3g). _ absence of acrylamide allow&@/F, the ratio of fluorescence

_ In either model, it is possible to envisage a pathway in the absence and presence of quencher, to be calculated as
involving intermediates with structures and interactions not 5 f,nction of time. The manual mixing dead-time was

found in the native state. Transient, nonnatuéelical approximately 15 s. The fluorescence intensity of the fully
structure was indeed found early in the folding/ffacto- unfolded enzyme under refolding conditions (0.273 M
globulin (33), and a nonnative intermediate involving tryp-  Gymci) was estimated by extrapolation of the fluorescence
tophan residues reported for lysozyni®,20, 33 has since ¢ yhe protein measured at various GdmCI concentrations
been further characterlze(B_Eo_. It is important to ask  penyeen 3and 6 M. For acrylamide quenching experiments,
whether, as suggested, this is a more general phenom- Fo/F for the fully unfolded protein was deduced from the
enon. . . fluorescence intensity of the protein in 3.0 M GdmCl,
TEM-1 p-lactamase is a well-characterized enzyme of measured either in the presence or in the absence of

molecular mass 28 907 Da whose structure is shown in : ;
. ; , X S acrylamide. These controls were done independently for
Figure 1. In this further study of its folding kinetics, we manual and stopped-flow conditions.

present evidence for the early hydrophobic collapse to a o _
Fluorescence Stopped-Flow Kinetictlnless otherwise

folding intermediate which contains nonnative structure _ e
involving tryptophan. stated, a DX 17MV sequential mixing stopped-flow spec-
trometer from Applied Photophysics (Leatherhead, U.K.) was
used. The path length of the observation cuvette was 2 mm.
Refolding reactions were initiated by an 11-fold dilution of
the protein, previously denatured i3 M GdmClI, with
refolding buffer. Changes of the intrinsic tryptophan fluo-
rescence were followed by monitoring the total fluorescence
above 300 nm, with excitation at 280 nm (4.65 nm

MATERIALS AND METHODS

Enzyme and Reagent3EM-1 3-lactamase was produced
by Escherichia colistrain RB 791 86) and purified as
described by Dubus et al37). Ultrapure guanidinium
chloride (GdmCI) was from Schwarz/Mann (Orangeburg,

NJ). /GdmCl concentrations were determined by refractive bandwidth). Scattered light from the excitation beam was

index measurement38). Acrylamide was from Serva . e
(Heidelberg, Germany), and 1-anilino-8-naphthalenesulfonic ;\bsorbed by an agueous solution of cytidirigpBosphate

acid (ANS) was from Sigma. Other chemicals were of in 2 0.2 cm C?” inserted be_tV\_/een the qbservation c_hamber
reagent grade. Unless otherwise stated, experiments werdnd the emission photomult!pller. Protein concentration was
performed at 25C using 50 mM sodium phosphate, 50 mM 3 uM. Acrylamlde. guenching as a function of time was
NaCl, pH 7, as refolding buffer. GdmCl solutions were 2nalyzed as described above.

prepared in the same buffer, the pH being adjusted as Total ANS fluorescence was measured above 400 nm
necessary. (with excitation at 380 nm, 4.65 nm bandwidth), using an
aqueous solution of ANS to absorb scattered light. ANS
was included in the refolding buffer, and the final protein
and ANS concentrations were 381 and 60uM, respec-

1 Abbreviations: GdmCI, guanidinium chloride; ANS, 1-anilino-8-
naphthalenesulfonic acid; CD, circular dichroism.
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Table 1: Kinetic Parameters for the Refolding of TEMBdLactamase in 0.273 M Gdm(Cl

probe burst phase phase 1 phase 2 phase 3 phase 4 phase 5
Trp fl2
k(s™ >1000 6.2+ 0.4 1.6+0.1 0.18+ 0.002 0.03H 0.003 0.0036+ 0.0001
amplitude 0.2G+ 0.01 —0.073+ 0.003 —0.098=+ 0.003 0.19+ 0.001 0.3+ 0.0 0.47+ 0.08
Trp fl-DJ 10 mirP
k(s >1000 6.9+ 0.6 15+0.1 0.15+ 0.006 0.08 nd
amplitude 0.29+ 0.02 —0.15+ 0.01 —0.17+0.01 0.22+ 0.003 0.35+ 0.006
Trp fl-DJ 5 mirP
k(s™ >1000 7.9+ 04 1.5+0.1 0.15+ 0.004 0.08 nd
amplitude 0.28+ 0.02 —0.15+ 0.005 —0.17+0.01 0.21+ 0.002 0.33+ 0.004
Trpfl-DJ5 ¢
k(s >1000 10.3:1.0 2.2+0.1 0.20+ 0.002 0.08 nd
amplitude 0.29+ 0.02 —0.20+ 0.01 —0.24+0.01 1.00+ 0.003 0.11+ 0.005
acryF
k(s™) >1000 48+1.8 1.2+ 0.2 0.19+ 0.01 0.032+ 0.006 0.0034+ 0.0006
amplitude —0.96+ 0.04 0.05+ 0.02 0.10+ 0.02 0.19+ 0.006 0.8-0.2 —0.11+0.05
acryl DJ 10 mid
k(s >1000 5.3+ 2.6 1.1+ 04 0.14+ 0.03 0.03 nd
amplitude —1.1+0.04 0.06+ 0.02 0.10+ 0.02 0.16+ 0.01 0.24+ 0.02
acryl DJ 5 mird
k(s™) >1000 6.0+ 3.4 0.9+ 0.2 0.11+0.03 0.08 nd
amplitude —1.1+0.04 0.03£ 0.01 0.09+ 0.01 0.14+ 0.02 0.20+ 0.03
acryDJ5¢8
k(s™) >1000 2.1+ 0.6 0.7+ 0.1 0.07+ 0.02 0.03 nd
amplitude —1.1+0.03 0.11+ 0.05 0.25+ 0.05 0.15+ 0.03 —0.01+ 0.004
ANS fl®
k(s™ >1000 6.6+ 0.2 1.4+ 0.03 0.18+ 0.003 0.033+ 0.001 0.0034+ 0.0001
amplitude 9.9+ 0.06 —1.5+0.02 —1.9+4+0.02 —-1.4+0.01 —4.9+0.3 —-3.0+0.3
Far-Uv CO
k(s™) >300 15+ 2 0.9+ 0.2 0.057+ 0.003 - -
amplitude 0.62+ 0.03 0.14+ 0.02 0.10+ 0.01 0.14+ 0.003

a|ntrinsic tryptophan fluorescencelIntrinsic fluorescence followed after unfolding for the time stafe@uenching of fluorescence by acrylamide.
4 Quenching of fluorescence by acrylamide followed after unfolding for the time st fluorescence’.Circular dichroism at 225 nn§.Corrected
so that the total amplitude change is equal to urifjhe value of 0.03 3 is the average value for phase 4 measured in single jump manual mixing
kinetics; corresponding amplitudes are from stopped-flow ddata for the burst phase and phases 1, 2, and 3 are from stopped-flow experiments;
standard errors (95% confidence limit) are from nonlinear least-squares analysis. Data for phases 4 and 5 are from manual mixing experiments (see
text); errors are standard deviations from the average of three runs. Experiments were perform&d @212%C for the CD experiments). The
signs of the amplitudes derived from egs 1, 2, and 3 have been reversed so that an increase of the measured parameter is denoted by a positive
amplitudeJ nd, not determined.

tively. The photomultiplier voltage was set to 750 V in all Stopped-Flow Double-Mixing Experiment3he protein
experiments. (160 uM) was first unfolded by a 1:5 mixing with 3.6 M
Usually, 13-14 traces were averaged. Good resolution GdmCI, and then refolded, after the desired delay time, by
of the initial stages of the kinetics was achieved by “splitting” a second, 1:5 mixing with the refolding buffer containing
the time base, i.e., by accumulating more data points during0.24 M ammonium sulfate and, where required, 0.22 M
the early times of the reaction. acrylamide. Final protein, GAmCI, ammonium sulfate, and
The mixing dead-time of the stopped-flow instrument was acrylamide concentrations were thugi and 0.5, 0.2, and
measured using the reaction between 2,6-dichlorophenolin-0.183 M, respectively. Refolding was followed by monitor-
dophenol and-ascorbic acid39), and was in the 34 ms ing changes in the integrated tryptophan fluorescence above
range. To test the absence of mixing artifacts, the enzyme300 nm, with excitation at 280 nm (4.65 nm bandwidth).
was replaced by a 12M tryptophan solution, and experi- The photomultiplier voltage was set at 750 V.
ments were performed as described above. Control experiments of 1:5 mixing of the protein with 3.6
Far-UV CD-Detected Stopped-Flow Refolding Kinetics. M GdmCI and monitoring unfolding by fluorescence and
A stopped-flow spectrophotometer with a dual monochro- by ellipticity at 225 nm showed th& s incubation in 3 M
mator (bandwidth 2.3 nm) was fitted with a calcite modulator GdmCl was sufficient to completely unfold the protein.
accessory (Applied Photophysics Model SX-17MV) and a  The fluorescence of the fully unfolded protein under
150 W mercury-xenon lamp (Hamamatsu Photonics Model refolding conditions (0.5 M GdmCI and 0.2 M ammonium
L2482). Ellipticity was followed at 225 nm ugjna 2 mm sulfate) was estimated by extrapolation of the protein
light path sample-cell. The dead-time calculated from the fluorescence measured at GdmCI concentrations between 3
measured flow rate was £23 ms. A solution (1 mg/mL)  and 6 M. F¢/F for the unfolded protein is the ratio of the
of (19-(+)-10-camphorsulfonic acid was used to calibrate fluorescence signals in the absence and presence of acryl-
the CD signal. Refolding was initiated in a 200 sample amide as measured 83 M GdmCI.
by an 11-fold dilution into the refolding buffer of the protein, Data Analysis. GraFit (Erithacus Software) was used for
previously unfolded for at lead h in 3 M GdmCI. Final nonlinear least-squares analyses. The refolding kinetics
pB-lactamase concentration was &8l. Experiments were  reported in Table 1 as being composed of a burst phase and
performed at 20.521 °C. The ellipticity of the unfolded  five measurable phases were obtained from stopped-flow
protein was measured @ M GdmCI. (ki—ks) and manual mixingK s, k's) experiments and were
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analyzed by eqgs 1 and 2, respectivelf/, corresponds to A 06 L — e
the faster phase observed by manual mixing,kamneas fixed i
to this value. The slowest phase observed by manual mixing
was at least 50 times slower than the slowest events recorded
by stopped-flow, and was therefore ignored when analyzing
stopped-flow refolding data.

Refolding kinetics obtained by monitoring the ellipticity
at 225 nm were analyzed according to a sum of three
exponentials (eq 3).

Relative fluorescence

Fops= A, expkgt) + A, expkit) +
A; exp(—kst) + A, exp(k,t) + F, (1)

-~
::

Time (s)

Fobs= A's €XPEK,t) + A's exp(—Kst) + F, ) 0.005 A T AT T |

Residuals
o

CD,ps= A, exp(—kjt) + A, exp(—k,t) +
A; exp(=kst) + CD,, (3)

o

|||I|||l|V||I|lllolﬁllllllxll
7 7
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Time (s)

-0.005

RESULTS

The structures of transient intermediates were probed using
a combination of spectroscopic techniques including intrinsic
fluorescence, fluorescence quenching by acrylamide, fluo-
rescence-detected binding of ANS, and far-UV circular
dichroism. The refolding conditions were 0.273 M GdmClI,
50 mM sodium phosphate, 50 mM NaCl, pH 7.0 at’Z5
(20.5-21 °C for the CD experiments). B , , , | , , ,

Intrinsic Fluorescence. The intrinsic fluorescence of 1+
TEM-1 enzyme is dominated by the four tryptophan residues, - .
and changes in fluorescence intensity occurring during 08 n
folding can be readily monitored()). In these experiments,
tyrosines, of which there are four, are also excited, but the
emission spectrum4() indicates that most or all of the
energy absorbed by these residues is quenched in the native
state. This has little effect on the tryptophan fluorescence
of most folded proteins (retl, pp 347#350). The poten-
tially larger contribution from tyrosine fluorescence in
partially folded or unfolded states does not complicate the
kinetics in this case, as shown by the agreement between
the values of stopped-flow rate constants monitored by
intrinsic and ANS fluorescence (Table 1). The relative
amplitudes could, however, involve small contributions from
tyrosine.

The first 50 s of the refolding reaction monitored by
stopped-flow mixing and the total refolding time monitored 0 500 1000 1500
by manual mixing, each normalized relative to the unfolded Time (s)
state under refolding conditions, are shown in Figure 2A and
Figure 2B, respectively. Overall, the refolding of TEM-1 FIGURE 2: Refolding kinetics of TEM-15-lactamase monitored

. N hite iy DY INtrinsic tryptophan fluorescence. Refolding was carried out in
enzyme monitored by the intrinsic fluorescence exhibits six ;%57\ GdmCI, 50 mM sodium phosphate, 50 mM NaCl, pH 7.0

distinct phases including the burst phase which takes place,; 25°C, by an 11-fold dilution of the protein previously unfolded
within the dead-time of mixing. The first four measurable in 3 M GdmCI. The fluorescence emission was normalized relative
phasesk;—ks) are observed in the stopped-flow experiments to that of the unfolded protein under the same conditions, so that
and the fourth and fifthk and ks) in the manual mixing the value of the denatured state (see Materials and Methods) is 0

: ; (represented bil) and that of the native state is 1. (A) Stopped-
experiments. The fourth phase is common to both, and theﬂow mixing: the total fluorescence above 300 nm was measured.

stopped-flow data are fitted using the valuekbfobtained — The inset shows the fit$ s of thereaction. (B) Manual mixing:
from the manual data. The accuracy of the fits (see Materialsfluorescence was recorded at 340 nm. Excitation was at 280 nm in
and Methods) is demonstrated by the random distribution both cases. The solid lines represent the fit of the data (A) to a
of residuals as shown in Figure 2. When data from stopped- SUm of four exponentials and (B) to a sum of two exponentials

: . - (see Materials and Methods and Table 1). Panels A(i) and A(ii)
flow experiments were analyzed with only three exponentials, show residuals from the fit of the experimental data to four- and

the accuracy of the fit was significantly poorer, as seen from three-exponential equations, respectivey) ntrinsic fluorescence
the distribution of residuals in Figure 2A (ii). extrapolated to zero time from the kinetic data.

0.005

-0.005
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7 T T Table 2: Stera-Volmer (Ksy) and Static Quenching/j Constants
6 Nati ,/ 1 for the Fluorescence Quenching of TEM3iLactamase by
—— Native . .
% Acrylamide
57— Unfolded Ol state Ksv (M) V(MY
w4 - Intermediate = native (in 0.273 M GdmCl) 8402 35+0.1
o stable intermediate H (in 1.4 M GdmCI)  8#40.6 3.3£0.3
L3 7] unfolded (h 3 M GdmCl) 9.4+ 04 3.8+£02
2 — aValues are calculated from the data in Figure 3. Errors are standard
deviations (95% confidence limit) from the nonlinear least-squares
1 . analyses.
0 L I L
0 0.05 0.1 0.15 0.2 guenching 47). This is taken into account by the modified
Acrylamide (M) Stern—Volmer equation 47, 48)

Ficure 3: Stern-Volmer plots ofFy/F vs quencher concentration

for the native state of TEM-f-lactamase in 0.273 M GdmQD), Fo/F = (1 + Kg,[Q)e"¥ 4)
the thermodynamically stable intermediate in 1.4 M GdniQ), (

and the unfolded stateni3 M GdmCI ). F and Fo are the . .
fluorescence intensities in the presence and absence, respectivelyVhereKsy is the Sterr-Volmer constant for the dynamic
of acrylamide. guenching process arM is the static quenching constant.

The values oKsy andV obtained by nonlinear regression
The refolding rate constants and amplitudes are sum-of the data in Figure 3 are listed in Table 2. TKg, values

marized in Table 1. First, during the dead-time of the forthe native enzyme and the stable intermediate are identical
experiment, the fluorescence rapidly increases in an initial within experimental error and very close to that of the
“purst” phase whose amplitude accounts for 20% of the net unfolded protein, showing that the tryptophan residues in
increase in fluorescence. A subsequent decrease in fluoresthe two former species are almost completely solvent-
cence occurs in two phases to reach a minimum in 800 ms,exposed. Furthermore, the nonzetealues for each species
indicating the accumulation of intermediates with lower suggest that acrylamide binds in the vicinity of the tryptophan
fluorescence quantum vyields. This is followed by a final residues and induces static quenching.
increase in three phases to the fluorescence intensity of the The change of solvent accessibility of tryptophan residues
native state. during folding was followed by monitoring fluorescence in
the presence of 0.182 M acrylamide. The ratio of the
fluorescence intensity in the absence of acrylamide to that
in its presenceRy/F) is plotted as a function of time in Figure

Quenching of Fluorescence by Acrylamidéhe above
results show that significant changes in environment of at

least some of the four tryptophan residues occur during 4 Ad iFo/F reflect teri f trvptooh
folding. The different conformational changes involved - . ecrease | refiects sequestering of tryptophan
residues from solvent. The differences in th¢F values

cannot, however, be differentiated, because the total fluo—in Figure 4A (stopped-flow mixing) and Figure 48 (manual
rescence intensity above 300 nm depends on a variety of 9 PP 9 9

. mixing) arise from the different emission bandwidths but
fac'Fors @42). To focus on the rate at which tryptophan do not affect the analysis of the kinetics.
residues become sequestered from solvent, and thus act as - :
The data in Figure 4A,B were analyzed according to sums

probes of hydrophobic collapse, refolding of the protein can of four and two exponentials, respectively (egs 1 and 2)
be followed in the presence of & fluorescence qu.en.chlng and the results are listed in Téble 1. Due to a lower signal,-
i)gz\r/]:)sjoéhdfe& 32&32%?3& eo\;v%i;isgt? ’e:]atthheg;h{ahllg(ﬂgﬁ’ to-noise ratio, data from Figure 4A could also be satisfac-

P : I g 9 torily fitted to the sum of three exponentials, but the present
process ZO)‘. _Refoldm_g kinetics followed by recovery of interpretation was preferred on the basis of the good
enzyme activity were independent of the presence of 0'2. M agreement of the calculated rate constants with those obtained
acrylgmlde, showing that at least the Iatg steps of the folding from Figure 2A. In the burst phase, a very large decrease
reactlon_ were unaffected by the quenching 5‘9?_”‘- Altho_ugh in Fo/F is observed. Fo/F subsequently increases in four
acrylamide might be expected to affect the stability of folding ¢, assive phases. The last phase has a small, negative

intermedia?es, closely si.milar rate constants for gll _phasesamplitude, s0 thalEo/F exhibits a maximum at about 120 s.
were obtained when either 0.3 M potassium iodide as 5 5yerage then, tryptophan residues are sequestered from
quencher or 0.3 M KCI as control was used (results not g,ent during the first 34 ms, then more slowly reexposed
shown). to solvent as the protein folds, finally undergoing a slight
The tryptophan residues in TEMAtlactamase are located  reduction in exposure as the protein packs to its native
on the surface of the protein, three out of four being highly conformation.
solvent-accessibletp, 46, in keeping with the small red- The possibility that the decrease fig/F observed in the
shift as the protein unfoldsifx = 347, 352, and 356 nm  earliest stages of folding reflects transient intermolecular
for N, H, and U respectivelyd0)]. The solvent accessibility  association with consequent burial of tryptophan was inves-
is established by the SteriVolmer plots presented in Figure  tigated by measuring the dependence of protein concentration
3. The plots for the native enzyme, the fully unfolded on the refolding kinetics (Table 3). Data from Table 3 were
protein, and the thermodynamically stable intermediate stateobtained under different experimental conditions (see legend)
H (40) display upward curvature (Figure 3), indicating and differ slightly from those in Table 1. However, these
significant contributions from both dynamic and static results show clearly that there is no effect of protein
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FIGURE 4: Quenching of intrinsic fluorescence by 0.182 M FIGURE 5. Refolding of TEM-15-lactamase (3.&M) monitored
acrylamide during refolding of TEM-f-lactamase. Refoldingwas by the change in fluorescence intensity of ANS (84) in 0.273
carried out in 0.273 M GdmCl, 50 mM sodium phosphate, 50 mM M GdmCl, 50 mM sodium phosphate, 50 mM NaCl, pH 7.0 at 25
NaCl, pH 7.0 at 25°C. The data are plotted as the ratio of the °C. (A) Stopped-flow, total fluorescence above 400 n@); gignal
intrinsic fluorescence in the absence of acrylamigg to that in extrapolated to zero time from the kinetic data. (B) manual mixing,
the presence of quenché&)((A) Stopped-flow; (B) manual mixing. fluorescence monitored at 480 nm. The excitation wavelength was
Experimental conditions were as described in the legend of Figure 380 nm in each case. Fluorescence intensities are expressed relative
2. The solid lines represent the fit of the experimental data (A) to to that of ANS in the absence of protein, measured under the
a sum of four exponentials and (B) to a sum of two exponentials relevant conditions. Folding conditions were as in the legend of
(see text and Table 1). Residuals are shown in the lower panels.Figure 2. The solid curves represent (A) the sum of four exponen-
(O) Fo/F extrapolated to zero time from the kinetic dat@) Fo/F tials and (B) the sum of two exponentials (see Table 1). Residuals
for the unfolded protein measured as the ratio of the fluorescenceare given in the lower panels.
values 83 M GdmCl, with and without acrylamide.

formation. The increase in the intensity of ANS fluorescence
concentration on the rates or amplitudes of the different observed during the folding of a number of proteins has been
phases (including the burst phase). The early burial of attributed to the formation of molten globule states, whose
tryptophans therefore takes place within a monomeric more mobile packing apparently favors the binding of the
species. dye @7, 3J.

ANS Binding. ANS binding provides a useful though The changes in the fluorescence intensity of ANS during
empirical probe for following the condensation of nonpolar the folding of TEM-1 g-lactamase were measured by
groups from the initial hydrophobic collapse to the tightly including the dye in the refolding buffer. The unfolded
packed hydrophobic core characteristic of the native con- protein n 3 M GdmCI causes no significant ANS fluores-
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Table 3: Effect of Protein Concentration on the Refolding Kinetics of TEfHlactamase Monitored by Acrylamide Quenching

protein concn burst phase phase 1 phase 2 phase 3 phase 4 phase 5
1.2uM
k(s >500 13+ 4 24+03 0.18+ 0.008 0.043t+ 0.006 0.0018t 0.0005
amplitude —0.85+ 0.03 0.04+ 0.02 0.09+ 0.01 0.10+ 0.002 1.0+ 01 —0.79+0.15
7.5uM
k(s >500 13+ 3 3.0+ 0.3 0.25+ 0.007 0.037: 0.005 0.0028t 0.0003
amplitude —0.89+ 0.02 0.04+ 0.01 0.08+ 0.01 0.09+ 0.002 1.2+ 0.06 —0.66+ 0.06

a General conditions are those of Figure 4A,B except (1) that stopped-flow data were obtained on a Bio-Logic SFM-3 stopped-flow spectrometer
[Aex= 280 nm (8 nm bandwidth}ern > 320 nm; path length of the observation cuvettd.5 mm; dead-time= 5.2 ms] and (2) that the bandwidth
for fluorescence emission was 7 nm in the manual mixing experiments. Traces were analyzed as in Figure 4A,B. Data for the burst phase and
phases 1, 2, and 3 are from stopped-flow experiments; standard errors (95% confidence limit) are from nonlinear least-squares analysis. Data for
phases 4 and 5 are from manual mixing experiments; errors are standard deviations from the average of four runs. The signs of the amplitudes
derived from eqgs 1 and 2 have been reversed so that an increase of the measured parameter is denoted by a positive amplitude.

cence enhancement, and, assuming that this is also true in
refolding buffer, the fluorescence of free ANS (value of
unity) in Figure 5 is also that of the unfolded state. A
dramatic increase in fluorescence intensity over that of free
ANS is thus observed within the mixing dead-time of8

ms. As in the case of intrinsic fluorescence, the burst phase
reaction is followed by a five-exponential decrease to the
values observed for the native enzyme, and the rate constants
are listed in Table 1. It is possible that the binding of the
probe to early intermediates could perturb the rate of their
subsequent transformation into more nativelike species, and
such an effect has been reported recently for lysozyafie (
Better fits—as judged by improved distribution of the
residuals-may be obtained by analyzing data from Figure
5A,B with an additional exponential phase, and therefore
the possibility that ANS slightly alters the folding kinetics
cannot be ruled out unequivocally. However, the close
similarity of the rate constants obtained from ANS binding
to those obtained using the two other probes (Table 1)
strongly suggests that, as for dihydrofolate reductd$g (

the presence of ANS does not significantly affect the kinetics
of folding.

Far-UV CD. The kinetics of formation of secondary Time (s)

structure were followed by stopped-flow circular dichroism ¢ - 6. Refolding kinetics of TEM-13-lactamase monitored

in the far-UV, using the same folding conditions as for the py stopped-flow CD at 225 nm in 0.273 M GdmCl, 50 mM sodium
other probes; 6665% of the native ellipticity was generated phosphate, 50 mM NaCl, pH 7.0 at 2C. The data, the average
within the mixing dead-time (Figure 6), indicating that a ©f 6 S':ptsd(?5q s t[ﬁcef) af:.d 21| Sh?tsfﬂfs tf?ce, I“.S?),'twe{%
e : Lo normalized to give the fractional values of native ellipticity. The
significant amount of s_econdary structure is formed W'thm signal for the fully unfolded protein is represented fy see
the burst phase. The kinetics for the subsequent folding areyaterials and Methods. The curves are fits to the sum of three
fitted by the sum of three exponentials with the rate constants exponentials (see Table 1). Residuals are shown in the lower panels.
given in Table 1. In contrast to fluorescence which detected (O) The signal extrapolated to zero time from the kinetic data.
additional slower phases, ellipticity reached its native value Refolding was initiated by 11-fold dilution of the protein (93

at the end of these three phases. unfolded h 3 M GdmCl.

Double Jump Kinetics.The slow phases of folding for  described under Materials and Methods. This approach was
TEM-1 g-lactamase, which contains 12 proline residues, are necessary because the configuration of the stopped-flow
the result ofcis—transisomerization of XaaPro bonds40, mixing system precluded the use of the 1:10 dilution for the
50). To investigate the possible effect of proline isomer- double jump routine. It has been well established for
ization on the kinetics of the early phases, folding from the g-lactamase that sulfate will thermodynamically reverse the
unfolded chain containing the native isomers has beenunfolding by denaturants@). The concentration of sulfate
followed, using the double jump techniqugl( 52 in which was chosen to give the same refolding kinetics in a refolding
the protein is fully unfolded for a time much shorter than solution containing 0.5 M GdmCl as in the 0.273 M GdmCl
that required for proline isomerization and then immediately buffer used for the single jump experiments. This approach
refolded. Thes-lactamase was unfolded for times ranging is justified by comparison of the kinetic curves (Figure 7A),
from 5 s to 10 min in 3 MGAmMCI at 25°C (kyns = 1.39+ rate constants, and amplitudes (Table 1) obtained after
0.05 s from stopped-flow CD and intrinsic fluorescence unfolding for 10 min with those obtained for the equivalent
kinetics) and refolding then initiated by a 1:5 dilution into  single jump experiment from equilibrium unfoldgdacta-
refolding buffer containing 0.24 M ammonium sulfate, as mase (Figure 2A).

Normalized CD signal (225 nm)

Residuals
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FiGURE 7: Refolding of TEM-1/-lactamase from the unfolded ~ FIGURE 8: Refolding of TEM-1/-lactamase from the unfolded
chain containing XaaPro bonds in their native configuration and ~ chain containing XaaPro bonds in their native configuration in
monitored by tryptophan fluorescence. Refolding was initiated by the presence of 0.183 M acrylamide. Experimental conditions are
a 6-fold dilution of the protein previously unfolded 8 M GdmCl as in Figure 7. Refolding was initiated after unfolding (A) for 10
for 10 min (A) and 5 s (B). The signal is normalized so that the Min and (B) for 5 s. The data are fitted to the sum of four
fluorescence of the unfolded state under refolding conditions is 0 €xponentialsk, being fixed at 0.03's* (see Table 1), and residuals
(indicated byd) and that of the native enzyme is 1. The data are are shown.Q) Fo/F extrapolated to zero time from the kinetic data.
fitted to the sum of four exponentialk, being fixed at 0.03 s (O) Fo/F for the unfolded protein measured as the ratio of the
(see l\r/llaterilals a?(fjl Methods and Table 1), and relsiduals are shownfluorescence values 8 M GdmCl, with and without acrylamide.
O) The v r nce intensity extr ted to zero tim
1£ro)m thee Ifilnueetigdattjg. escence intensity extrapolated to zero time DISCUSSION

Refolding after unfolding for 10 min, 5 min, and 5 s TEM-1 -lactamase comprises one alldomain and one
resulted in kinetic curves and constants for the trimodal o/ moiety (Figure 1) with the active site situated at the
change in intrinsic fluorescence that are similar, the shorter junction between the two46, 4. The o/ moiety is
delay time leading to marginally faster refolding (Figure 7 composed of two chains coming from the N- and C-terminal
and Table 1). Similar experiments, in which refolding takes ends of thex-domain which intertwine to form g-pleated
place in the presence of acrylamide, showed rather similarsheet. This makes for particular demands on the pathway
kinetics for the change in exposure of tryptophan to solvent, of folding. The enzyme contains 12 prolyl residues and a
this time with the longer delay time leading to slightly faster single disulfide bond which connects Cys77 and Cys123 in
folding (Figure 8 and Table 1). Again, a marked decrease the all-a. domain. In previous reports, TEM{i-lactamase
in tryptophan exposure occurs in the burst phase, followed was shown to fold via two major parallel pathways, both
by slower increases after about 100 ms. being rate-limited by XaaPro bond isomerizatiordQ, 50.
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The slower of these two phases was ascribed to the trans taquenching of fluorescence prior to the minimum to the
cis isomerization of the Glu166°Pro167 bond in th&-loop location of W210 close to its native topology in a hydro-
(50). phobic environment next to the wild-type enzyme disulfide
The use of a variety of spectroscopic probes, including bond.
fluorescence quenching, to follow the fast and slow kinetics  The monotonic increase in acrylamide quenching follow-
of folding of this enzyme has provided further support for ing the burst phase must therefore be assigned to the
initial steps of rapid (sub millisecond) hydrophobic collapse increasing exposure to solvent of one or more tryptophan
and formation of substantial amounts of secondary structure.residues other than W210. An attractive model would
Nonnatve Interactions in a Burst Phase Intermediate. involve the C-terminal W290 being buried in a nonnative
Like most proteins studied so far (ré4, p 47), TEM-1 conformation in the burst phase. The structurgggécta-
p-lactamase acquires a substantial proportion of its native mase 45, 46 suggests that early intermediates take the form
ellipticity in the far-UV during the burst phase. It remains of a collapsed and partially folded (molten globule-like)
to be seen whether, in this protein, this represents secondaryx-domain, with its N- and C-terminal extensions probably
structure that is nativelike with stable hydrogen bonding as collapsed but not yet intertwined in the natiykesheet
in ubiquitin 6, 54, nativelike with nonstable hydrogen structure of theo/§ domain (it is not possible to “unfold”
bonding as in interleukinA (12), or at least partially  the o/ domain by pulling either the N- or the C-terminal
nonnative as irp-lactoglobulin 83). What is clear is that,  residues without disrupting the whole domain at an early
at the end of the burst phase, secondary structure is formedstage, in contrast to the-domain). In this dynamic structure,
in an intermediate which exhibits increased aromatic fluo- the C-terminal tryptophan could well find a lower energy
rescence, decreased access of acrylamide to aromatic resstate by becoming buried in the hydrophobically collapsed
dues, and substantial ANS binding. The maximal binding a-domain. To fold and generate the nativeand3-second-
of ANS occurs within the burst phase, significantly earlier ary structure, this tryptophan would have to be extracted from
than is generally seen in other proteit3,(31, 49, consistent  the a-domain core and become exposed to solvent. This
with an early hydrophobic collapse and suggesting a would be consistent with the observed slower formation of
relatively greater stability for this intermediate. The large 35—-40% of the native ellipticity, complete in about 60 s,
increase in intrinsic fluorescence marks a significant change prior to the final, Xaa-Pro isomerization dependent changes
in the environment of one or more tryptophans which the in tertiary structure.
guenching experiments show to be less accessible in the burst The double jump experiments show that the early steps
intermediate than in the folded protein, in which they are in folding are unaffected by the isomerization state of the
largely exposed to the solvent. proline residues. The conformations of the intermediates that
These nonnative hydrophobic interactions, indicative of a accumulate transiently in the early stages of folding must
nonhierarchical folding pathway, are similar in principle to therefore be sufficiently loosely packed for the stereochem-

those demonstrated in the folding of lysozyni®,(20, 34, istry of the proline residues not to lead to significant
35) where their subsequent disruption accounts for the rate-differences in their stability.
limiting step in the folding 85). In the case of-lactamase, The increase in intrinsic fluorescence which characterizes

the nonnative interactions are detected only because tryp-the final three phases could result from formation of a-Trp

tophan is involved and, in addition, would probably not be Trp interaction. The equilibrium intermediate state H and

seen if the tryptophans were buried in the native state. Itis the fully unfolded protein both exhibit significantly lower

possible, therefore, as pointed out by Rothwarf and Scherag&luorescence quantum yields relative to the native enzyme

(39), that such nonhierarchical pathways are more common (40). This could be due to the close interaction of tryp-

than is presently recognized. tophans 229 and 290 in the native state. An analogous
Subsequent Foldingents. The results summarized in  interaction of His18 and Trp94 in barnase has been shown

Table 1 show that the folding of TEM--lactamase that  to lead to a marked change in quantum yiedé)(

follows the burst phase is a complex process that can be

decomposed into at least five measurable phases. It is knownPACKNOWLEDGMENT

that reactivation, which occurs in the two final phases, is

rate-limited by proline isomerizatiodQ, 59. Thus, folding

should occur in at least two parallel folding pathways, but it
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