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ABSTRACT: The conformational stability and kinetics of refolding and unfolding of the W290F mutant of
TEM-1 -lactamase have been determined as a function of guanidinium chloride concentration. The activity
and spectroscopic properties of the mutant enzyme did not differ significantly from those of the wild
type, indicating that the mutation has only a very limited effect on the structure of the protein. The stability
of the folded protein is reduced, however, by B kJ mot? relative to that of the molten globule
intermediate (H), but the values of the folding rate constants are unchanged, suggesting that Trp-290
becomes organized in its nativelike environment only after the rate-limiting step; i.e., the C-terminal
region of the enzyme folds very late. In contrast to the significant increase in fluorescence intensity seen
in the dead time (34 ms) of refolding of the wild-type protein, no corresponding burst phase was observed
with the mutant enzyme, enabling the burst phase to be attributed specifically to the C-terminal Trp-290.
This residue is suggested to be buried in a nonpolar environment from which it has to escape during
subsequent folding steps. With both proteins, fast early collapse leads to a folding intermediate in which
the C-terminal region of the polypeptide chain is trapped in a non-native structure, consistent with a
nonhierarchical folding process.

p-Lactamases very efficiently catalyze the hydrolysis of of which is in acis conformation in the native state) and a
the p-lactam ring of penicillins and related compounds. single disulfide bond connecting Cys-77 and Cys-123 in the
Synthesis of one or more of these enzymes constitutes theall-o. domain. It contains four tryptophan residues at positions
most common, and often the most effective, mechanism 165, 210, 229, and C-terminal 290. The folding properties
employed by bacteria to escape the actionfefactam of TEM-1 have been characterized in some defait10).
antibiotics (, 2). Many f-lactamases have been described As with most proteins with more than 100 amino aciti)(
and divided, on the basis of their primary structures, into folding is not kinetically two-state and intermediate, partially
four classes, A, B, C, and [3B). folded species are observed. Formation of the native state

TEM-1 class Ap-lactamase (Figure 1) is a widespread of TEM-1, monitored by intrinsic fluorescence and recovery
plasmid-encoded monomeric protein comprising 265 amino of enzymatic activity, occurs with biphasic kinetics, which
acid residuesN, = 28 907) organized into two structural indicates that the enzyme folds via two major parallel
domains (an alke domain and aro/g domain), with the  pathways ), both rate-limited bycis—trans isomerization
active site serine (Ser-70) situated in a cleft between the twoof Xaa—Pro peptide bonds. In particular, the slowest refold-
domains 4—6). The alla. domain is formed by the central  ing phase £ = 200-300 s at 25°C) has been associated
part of the polypeptide chain (residues-6812), and theu/3 with thetransto cis isomerization of the Glu-166Pro-167
domain is composed of the N- and C-terminal extensions of hond in theQ-loop (9) (see Figure 1). The use of a variety
the o domain, which intertwine to form a five-stranded of Comp|ementary spectroscopic techniqueS, inc|uding in-
p-pleated sheet. The enzyme contains 12 prolyl residues (oneyinsic and extrinsic fluorescence and far-Uircular
dichroism (CD) (0), has provided evidence of submillisec-
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vector of Amann et al. 13) containing the tetracycline
resistance gene. Recombinants containing the gene encoding
W290F TEM-1p5-lactamase were thus detected on the basis
of their ability to confer tetracycline resistance Eo coli.

That no unwanted mutation was present in the W290F
expression plasmid was confirmed by sequencing. Finally,
E. coli strain JM109 was transformed by the pTacllTc/
W290F vector for overproduction and purification of the
mutant enzyme, as described previoudl?)( This yielded
~5—10 times less mutant enzyme than wild-type TEM-1.

Determination of Enzyme Kinetic Parametek§inetic
parameters were determined at 3D in 50 mM sodium
phosphate (pH 7) as for the wild-type enzynmid)( using a
UVIKON 860 spectrophotometer (Kontron Instrument-Zu
rich, Switzerland).

Denaturant-Induced Unfolding TransitionEquilibrium
unfolding was studied at 25C in 50 mM sodium phosphate
buffer, in the presence of 50 mM NaCl (pH 7). Samples at
various GdmCI concentrations were left to equilibrate for at
least 12 h {;, for TEM-1 unfolding in the presence of 0.9
M GdmCI of <10 min @)]. Unfolding curves were deter-
mined by monitoring changes in intrinsic fluorescence
emission fex = 280 nm;Aem = 340 nm) and in far-UVv CD
at 220 nm, as described previoushp), using a Perkin-Elmer
LS50B spectrofluorimeter and a Jobin-Yvon CD6 spectropo-
larimeter. Denaturant concentrations were determined from
refractive index measurement$6f, using a R5000 hand
refractometer from Atago. Intrinsic fluorescence was mea-
sured at a protein concentration of ca. 0.015 mgh{D.4—

0.5 uM), and concentrations of ca. 0.1 mg miL(3 M)
were used in far-UV CD measurements.

Kinetics of Unfolding and Refolding in Manual Mixing
FIGURe 1: Schematic representation of the structure of the TEM-1 Mode.All experiments were carried out at 2& in 50 mM
B-lactamase4—6). (A) Ribbon representation with the secondary sodium phosphate and 50 mM NaCl (pH 7). Kinetics of
structure elements in the native structure highlighted in red ( unfolding and refolding were measured by fluorescence
helices) and bluefstrands). TheR-loop and the disulfide bond spectroscopy as described for the wild-type enzyBexith

are colored green and yellow, respectively. A few important residues . . " oY
and secondary structure elements (see the text) are indicated. (Bf: Protéin concentration of 04M. Refolding kinetics were

Enlarged view of the environment of Trp-220 and Trp-290 (i.e., also followed by estimating the recovery of enzymatic
the area in the box in panel A). activity, as described for the wild-type enzym®),(at a

) S . concentration of 0.2«M. Double-jump experiments were
the burst phase. To gain further insight into these early kinetic herformed as described previousB).(The dead time was
folding events, we have constructed the W290F mutant of 5109 g
TEM-l_ﬂ-Iactamase_ and ch_aracterized its folding prope_rties Fluorescence Stopped-Flow KinetigsBio-Logic (Claix,
in detail. Fl_thher evidence is prgsentedlsupportlng bgrlal of France) SFM-3 stopped-flow spectrometer was used, equipped
the C-terminus of the polypeptide chain very early in the yith a 1.5 mm path length cell. The dead time was estimated
folding of the enzyme. to be in the range of 34 ms. Refolding reactions were

initiated by an 11-fold dilution of the protein denatured in 3

MATERIALS AND METHODS M GdmCI [note tha a 5 sincubation h 3 M GdmCl is

Enzymes and Chemicaltlltrapure guanidine chloride  sufficient to completely unfold the proteinl@], with
(GdmMCI) was obtained from SERVA (Heidelberg, Germany). refolding buffer. Changes in the intrinsic tryptophan fluo-
Benzylpenicillin was from Rhoe-Polenc (Paris, France), rescence were followed by monitoring the total fluorescence
cephalothin from Sigma Chemical Co., and cefotaxime from above 320 nm (using a high-pass filter), with excitation at
Roussel-Uclaf (Romainville, France). Other chemicals were 280 nm (8 nm bandwidth). The final protein concentration
reagent grade. was 3uM. In all experiments, the photomultiplier voltage

Wild-type TEM-1p-lactamase was producedgcherichia was set to 750 V, and 1000 data points were acquired over
coli strain RB791) and purified as described by Dubus et al. the time course of one experiment. Usually, five kinetic traces
(12). The W290F mutant was constructed using a two-step were averaged for one time constant{ 1/k) measurement.
method including PCR and Dpnl digestion (Quick Change The fluorescence yield of the unfolded protein (in 3 M
site-directed mutagenesis kit, from Stratagene). For high- GAmCI) was measured after an 11-fold dilution in a solution
level expression, the corresponding gene was cloned into thecontaining an equal concentration of denaturant. Thereafter,
pTacllTc expression vector, using the Bsal and AlwNI the fluorescence yield of the unfolded protein under refolding
restriction enzyme sites. The pTac11Tc vector is the pTacllconditions (i.e., 0.273 M GdmCI) was estimated by extrapo-




1188 Biochemistry, Vol. 47, No. 4, 2008 Lejeune et al.

Iathn, on the ba_s_ls of that of the prOteln measured underTable 1: Kinetic Parameters for the W290F Mutant Enzyme at pH
equilibrium conditions at concentrations between 3 and 6 7 and 30°ca
M

' . _— . . KeafKm
Data AnalysisEquilibrium unfolding curves obtained by . KealKm (% of wild-
monitoring the intrinsic fluorescence of the protein were __ Substate  ka(sh  KmwM)  (MM7Es™)  typevalue)
: " ) . cephalotin 125(160) 260 (250) 470 (650) 72
for the unfolding transition, according to eq 1. Corresponding cefotaxime nél(9) nd (6000)  1.25(L5) a3

dat&.‘ obtained by CD measurements were an.alyzed on the aValues in parentheses are for the wild-type enzyi#®. Standard
basis of a three-state model (& H == U), using eq 2. geyiations are on the order of £20% of the experimental values (
Equations 1 and 2 are obtained by assuming that the= 3).>Not detected.

differences in free energy between both the N and H species
and the H and U species exhibit a linear dependence on
denaturant concentratiod{, 18):

Yobs = [Yn T Yu €Xp@J/[1 + exp@)] (1)

Yobs = [Yn T €XP@) Y + exp(@) exp@) yyl/[1 +
exp@) + exp@) expp)] (2) =

wherea = —[AG°(H20O)n-+ + mMy-w[GAMCI])/(RT) andb

= —[AG°’(H:O-u + mu—y[GAMCII/(RT). Yobs is the
measured parameter at a given denaturant concentration, and
YN, YH, @andyy are the values of this parameter for the native,
partially unfolded, and unfolded states, respectively, at the T I T I T I T |
same denaturant concentration. The observed linear depen- 0 1 2 3 4
dence of some of these parameters on denaturant concentra- [GdmCI] (M)

tion was taken into account, as described previou8Jy (
AG°(H20)n-1 andAG°(H20)n-y are the differences in free
energy between N and H and between H and U, respectively,
under physiological conditionsyw-4 and my—y are the
slopesp(AG®)/6[GdmCI], of the corresponding linear plots
of the free energy against denaturant concentraias.the

gas constant and the absolute temperature. The midpoints
of the transitions, i.e., the denaturant concentrations at which
[HI/[N] = 1 and [U]/[H] = 1, are given by the relationship
Cn = —AG°(H0)/m. The equilibrium folding data are
presented as the fraction of the native protein sighalds

a function of GdmCI concentration, calculated as follows

(eq 3):

w=

fn = (Yu = Yobs/(Yu — ) ®3) ’ 1 [dei)l] ) i 4

The kinetics of unfolding were analyzed according to a FIGURE 2 GdmCl-induced equilibrium unfolding transition of the
single-exponential term (eq 4). The kinetics of refolding were YW290F mutant at pH 7 and 2& monitored by (A) the change in

. . ..~ fluorescence intensity at 340 nm and (B) the change in ellipticity
analyzed according to the sum of two (eq 5; slow Kinetic 4 250 nm. The data were analyzed on the basis of a three-state

experiments) or four (eq 6; fast kinetic experiments) expo- model, and the solid lines represent the best fits to eqs 1 (A) and
nential terms. 2 (B), calculated using the values of the thermodynamic parameters
listed in Table 2. The dashed lines are the transitions obtained for
F, = F, + Aexp(—kt) (4) the wild-type enzyme§). Data are presented as the fraction of
© native signal fy, calculated according to eq 3), as a function of
GdmcCl concentration.

F.=F, + A exp(Kkgt) + A, expkyt) (5)
three substrates and do not differ significantly from those
Fe=F, + A expCkit) + Ay exp(kit) + of the wild-type enzyme (Table 1).
Asexp(—kst) + A, exp(=kyt) (6) Chemical-Induced Unfoldinghe stability of the W290F
] ) mutant was derived from GdmCl-induced denaturation of
Grafit 3.09 (Erithacus Software Ltd.) was used for the protein (Figure 2). With both the wild-type and mutant
nonlinear least-squares analysis of the data. Errors arégnzymes, unfolding was found to be fully reversible and the
calculated as standard deviations throughout. noncoincidence of the transitions obtained by intrinsic
RESULTS fluorescence emission and far-UV CD measurements indi-
cates that a stable intermediate species (H) is populated under
Enzymatic Actiity Measurementsvalues of the kinetic equilibrium conditions. State H, which is thermodynamically
parameters for the mutaftlactamase were measured with stable in the presence of 1.5 M GdmCI for both the wild-
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Table 2: Thermodynamic Parameters Characterizing Equilibrium Unfolding of Wild-Type and W290F TEMadtamases at pH 7 and
25°C?

AG°(H20)n—nP My—1° Cn-+P AG°(H20)n-1°® My Cmp-u®
protein (kJ mol?) (kJ moFt M) (M) (kJ mol?) (kJ moFt M1 (M)
W290F 12+ 1 —-20+2 0.60+ 0.03 30+ 4 -17+1 2.16+ 0.03
wild typed 22+2 —24+2 0.90+ 0.02 24+ 1 -11+04 2.2440.02

aThe parameter values were calculated from panels A and B of Figure 2, using eqgs 2 &noi2.equilibrium unfolding followed by fluorescence
spectroscopy: From equilibrium unfolding followed by circular dichroisriValues for the wild-type enzyme are from réf

type and mutant enzymes, has been described as a moltemonitored by intrinsic fluorescence emission following
globule-like species8). stopped-flow mixing, are shown in panels A and B of Figure
Values of the thermodynamic parameters for the transitions 5. The overall refolding of the TEM-#-lactamase monitored
(Table 2) were computed using egs 1 and 2, assuming aby intrinsic fluorescence exhibits six distinct phases, includ-
three-state model. Substitution of Trp-290 with Phe resulted ing the burst phase (phase 0) that takes place within the
in a nonsignificant decrease in the free energy of N relative mixing dead time (34 ms) (L0). We observed, similarly,
to U [AAGY(WT-W290F) = 4 + 5 kJ mol]. Interest- the first four measurable phasés-k;,) in the rapid mixing
ingly, however, the mutation destabilizes the native state by experiments (Figure 5A) and the last two phasea(dks)
10 £+ 2 kJ mol™? relative to the H state, and the latter is in the manual mixing experiments (Figure 3). With the
stabilized by 6+ 4 kJ mol! relative to the unfolded state. W290F mutant enzyme, the same number of measurable
The globalm values of the mutant and wild-type enzymes phases was observed, although phase 4 disappears at a

are identical within the error limitnfny ~ — 36 kJ mot? GdmCI concentration higher than 0.2 M and is thus not seen
M. in Figure 5B. The data in Figure 5 were fitted using the
Unfolding and Refolding Kinetics: Slow Phasesifolding values of k; and ks obtained from the slow refolding

and refolding of the W290F mutant were monitored by experiments for the wild-type and mutant proteins, respec-
fluorescence spectroscopy. With both proteins, unfolding tively. The accuracy of the fits can be assessed from the
kinetics were fitted by a single-exponential function (eq 4). random distribution of residuals shown in Figure 5. When
At all concentrations that were tested, unfolding of the mutant data were analyzed with only three exponentials, the accuracy
protein is~10 times faster than that of the wild-type species. of the fit was significantly poorer, as indicated by the
In the presence of low denaturant concentrations, thedistribution of residuals. Values of the refolding rate
refolding reactions were biphasic and experimental data couldconstants and corresponding amplitudes are listed in Table
be fitted according to eq 5. The kinetics for the wild type 4. The most noticeable feature is that the significant dead
and the W290F mutant, followed by the recovery of native time burst observed with the wild-typg-lactamase, the
fluorescence at 340 nm after manual mixing, are shown in amplitude of which accounts for ca. 20% of the total
Figure 3A. A typical biphasic renaturation curve is observed fluorescence change, is not observed with the W290F mutant
with both enzymes, and the values of the rate constants forenzyme.

the two phases [identified as phases 4 andl§)](are After the dead time of the experiment, the two enzymes
identical within the. error limit (Table 3). In the presence of ayxhibited similar time courses for the change in exposure of
GdmCl concentrations above 0.2 M for_the mutant and 0.5 tryptophans to solvent (Figure 5 and Table 4). Thus, in both
M for the wild type, however, the refolding reactions were cases;, a significant decrease in fluorescence intensity, whose
monoexponential, and the kinetic traces were interpreted with negative amplitude corresponded to-Z6% of the total
eq 4. The refolding branch of the chevron plot (Figure 4) fluorescence change, occurred in two phases to reach a
indicates that the folding rate constant values for the two minimum in ca. 800 ms, indicating a transient population of
proteins are similar and exhibit a similar marked dependenceintermediate species with lower fluorescence quantum yield.
on GdmCl concentration. _ Characterization of the C77A and C123A double mutant
The refolding of the W290F mutant protein followed at Tgpm-1 B-lactamase allowed Gervasoni and &ithun (7)
low GdmCl concentrations by measuring the recovery of tg assign this fluorescence quenching to the transfer of Trp-
enzyme activity (Figure 3B) is also biphasic, and the 210 to its native topology, in a hydrophobic environment
experimental data are in good agreement with the theoreticalpext to the enzyme disulfide bond (see Figure 1). This phase

curve (i.e., a sum of two exponential functions, where  yas followed by a relatively slow return of the fluorescence
20 s andrs ~ 200 s) obtained by Vanhove et a)for the  intensity to the value characteristic of the native state in two
wild-type enzyme. or three phases, depending on the experimental conditions.

Finally, the two major slow phases observed with the Tnhe gifferent amplitudes for the corresponding phases (1
TEM-1 f-lactamase have been shown, by double-jump 5y gpserved with the wild-type and mutaftactamases,
experiments, to be associated watis—transisomerization  are most probably due to the destabilization of the W290F

of Xaa—Pro peptide bonds8( 9). Under the same experi-  mytant and to its different fluorescence properties, rather than
mental conditions, the two slow phases of the W290F mutant 4 5 qualitative change in the folding process.

were also shown to be sensitive to double-mixing experi-

ments (data not shown), hence indicating that both enzymesp|scussIioON

refold via two major parallel pathway9)( rate-limited by

isomerization of the same proline residues. To test the contribution of Trp-290 to the refolding kinetics
Refolding Kinetics: Fast Phased’he refolding time of the TEM-1 g-lactamase, we initially constructed the

courses of the wild-type and mutant enzymes (first 50 s), W290L and W290R mutants. These, however, could not be
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15~250 s

Table 3: Kinetic Parameters for Fluorescence-Detected Refolding of
TEM-1 g-Lactamase and the W290F Mutant after Manual Mixing
in 0.15 M GdmClI at pH 7 and 25C?
. Adead time Ay
protein (%) (%) k(s As (%) ks(s™)
W290F 19+ 3 5+ 1 0.047£0.004 76+3 0.0047+ 0.0005
wild type 40+£3 1942 0.050+0.004 38+2 0.0040+ 0.0005

a2 The amplitude valuesA) are normalized with respect to the total
fluorescence change between the native and unfolded protein. All values
are the averages of results from three consecutive refolding experiments.
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FIGURE 4: Apparent first-order rate constant values for unfolding
(squares) and refolding (circles) of wild-type and W290F mutant
p-lactamases: (empty symbols) W290F and (filled symbols) wild-
type TEM-1. Rate constants were obtained by following changes
in fluorescence intensity at 28C, in 50 mM sodium phosphate
(pH 7) in the presence of 50 mM NaCl. Values for the wild-type
protein are from reB.
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®) mt results suggest that an aromatic residue at position 290 is
100 — 2 oy o o o critical for correct in vivo folding of the enzyme but that
| O%oa geeo o o the Trp to Phe substitution results in smaller production
80 o .' yields, probably for stability reasons (see below). In the
z 1 ..8 native wild-type protein, the side chains of tryptophans 229
e 0 and 290 interact closely (a minimal distance of 3.8 A is found
s 1l ° between CH of Trp-229 and CE of Trp-290), with their
® w0 9 indole rings roughly perpendicular to each other (Figure 1).
1o Examination of nine three-dimensional structuregdéc-
20 tamases [TEM-1, PDB entry 1XPB), SHV-1, PDB entry

1SHV (19); Mycobacterium fortuitumPDB entry 2CC1Z0);
o4+ Bacillus licheniformiBS3, PDB entry 112S21); PC1, PDB
0 200 400 600 800 1000 1200 1400 1600 entry 1DJA @2); TOHO-1, PDB entry 1BZA23); NMCA,
Time (s) PDB entry 1BUL @4); Streptomyces albus,@&DB entry

Fiure 3: (A) Refolding kinetics of the wild type®) and w2ooF ~ 1BSG @9); and PER-1, PDB entry 1E22@)] indicates that
mutant ©) of the TEM-1 S-lactamase at pH 7 and 2 in the a tryptophan residue is present at position 229 in seven of
presence of 0.15 M GdmCl, followed (A) by intrinsic fluorescence the enzymes (Tyr is present8ireptomyces auret®C1 and
measurements and (B) by recovery of enzymatic activity. Fluores- Thr in Pseudomonas aerugino$2ER-1) and also reveals

cence data have been fitted to double-exponential functions and : . ;
normalized to the total fluorescence difference between the native that residue 229 IS alwa_ys at van der Waals gontact distance
and unfolded protein. The average time constant values werefrom a hydrophobic residue, either Trp-290 (in TEM-1 and

calculated from kinetic data in Table 3. In both cases, the pattern SHV-1) or 287 (Leu irB. licheniformisBS3, lle in NMCA,

of residuals from the fit of the experimental data to single- or Ala in S. albus G or Leu-289 (in M. fortuitum).

exponential (1 expo) and double-exponential (2 expos) functions ¢\ hermore, this interaction is part of a large hydrophobic

is shown for comparison. Enzymatic activity data for the wild- ! ) - . .

type enzyme are from red. cluster (Figure 1B) involving residues situated at the C-
terminal end of the last9 helix (e.g., Leu-286 and lle-287

produced inE. coli, leading us to construct the W290F in TEM-1) and at the C- and N-terminal ends of strafids
mutant. Production and purification of this mutant yielded (Leu-250 in TEM-1) angs5 (Val-261 in TEM-1), respec-
reduced (510 times) quantities of protein in comparison tively. These interactions are likely to stabilize the tertiary
with those obtained with the wild-typé-lactamase. These  structure of the enzyme. Substitution of Trp-290 with Phe
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Ficure 5: Refolding kinetics of wild-type TEM-1 (A) and W290F mutant (BJactamases at pH 7 and 28& in the presence of 0.273

M GdmCI, monitored by intrinsic fluorescence after rapid mixihgc. = 280 nm;lem > 320 nm. The fluorescence emission is normalized

so that the value of the unfolded state under refolding conditions (see Materials and Methods) is 0 (indi€atechdbyhat of the native

state is 100. The insets show the ffiss of thereaction. Data have been fitted to the sum of four exponential functions (note that with the
W290F mutant, phase 4 is not observed; see the text), and residuals from the fit of the experimental data to a sum of three-exponential (3
expos) and four-exponential (4 expos) functions are shown for comparison. The average time constant values were calculated from kinetic
data listed in Table 4.Q) Intrinsic fluorescence intensity extrapolated to zero time from the kinetic data.

Table 4: Kinetic Parameters for Fluorescence-Detected Refolding of the TEMattamase and the W290F Mutant after Fast Mixing (phases
0—3) and Manual Mixing (phases 4 and 5) in 0.273 M GdmCI at pH 7 and5

protein burst phase phase 1 phase 2 phase 3 phase 4 phase 5
W290FA (%) 3+2 —-6+1 —20+3 15+ 3 nc® 115+ 7
k(s >500 19+ 3 21+01 0.21+ 0.02 nd 0.00274+ 0.0002
wild-type A (%) 19+ 3 —-4+1 —-17+2 24+ 2 28+ 2 43+ 4
k(s™ >500 14+ 2 25+0.1 0.17+0.01 0.033t 0.003 0.0034H- 0.0003

aThe amplitude values are normalized to the total fluorescence change between the native and unfolded protein. Values are averages of results
from three consecutive refolding experiments, and in the fast mixing refolding mode, each result is the average of five refoldifidgNtraces.

detected.

has no significant effect, however, on the specificity and TEM-1 is largely dominated by three of its four tryptophan
catalytic activity of thef-lactamase, indicating that the residues10) (see Figure 1), situated at positions 165, 229,
mutation, which is far from the active site, has no influence and 290 [Trp-210 being largely quenched in the native state
on its structure. The optical properties of the enzyme (data (7)]. This observation that removal of Trp-290 simply
not shown) further confirmed the lack of influence of the decreases the fluorescence intensity (b20%) without
W290F mutation on the overall structure. The far-UV CD shifting the maximum of the emission spectrum strongly
spectra of the wild-type and mutant proteins are indistin- suggests not only that the fluorescence contribution of Trp-
guishable, revealing that the indole group of Trp-290, despite 290 similar to those of Trp-165 and 229 but also that the
its proximity to Trp-229, makes no significant contribution solvent accessibility of Trp-165 and Trp-229 is unchanged
in the amide region (196250 nm). This is different from  in the mutant protein. This observation, together with the
the case of dihydrofolate reductas#/y and a number of  strong negative signal observed in the near-UV region of
other proteinsZ8), in which pairs of tryptophan side chains the CD spectrum (not shown), indicates that the tertiary
close to each other give rise to important CD bands in this structure of the W290F mutari-lactamase remains very
region of the spectrum, due to electronic coupling (“exciton similar to that of the wild-type enzyme. Taken together, all
splicing”) between the aromatic chromophores. In contrast these observations demonstrate that the structure of the
with the far-UV CD data, intensities are reduced in the W290F TEM-1j-lactamase is similar to that of the wild-
W290F mutant in the near-UV CD and intrinsic fluorescence type enzyme, even in the immediate neighborhood of the
spectra, but the overall shapes are the same, indicating thamutation.

a stable and similar tertiary structure is maintained in the W290F TEM-1 f3-lactamase unfolds in a three-state
mutant enzyme. Notably, the maximum in fluorescence transition, where a thermodynamically stable intermediate
emission fmax = 347 nm) of the mutant is the same as that state H is significantly populated, as observed with the wild-
of the wild-type-lactamase. The intrinsic fluorescence of type protein. The mutation, however, leads to a major
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decrease (1@ 2 kJ mol?) in the free energy difference to solvent of the C-terminal W290 upon burial in a nonpolar
between N and H, suggesting that the aromatic interaction environment at the onset of the refolding process. In the case
between residues 229 and 290 is not firmly established in of the W290F mutang-lactamase, the fact that these non-
the dynamic tertiary structure characteristic of state H and native interactions involving the C-terminal end of the protein
thus that the mutation destabilizes the native state to a largerare not seen in the burst phase detected by intrinsic
extent than the H state. This is consistent with the view that fluorescence is merely a consequence of the removal of the
aromatic residues that are far apart in the sequence stabilizéryptophan residue at position 290.

tertiary structure interaction29). Examination of the structural features of TEMsdacta-

Values of the first-order rate constants for the slow and mase (Figure 1) and th value associated with the mutation
very slow phases of refolding reactions of the wild-type and (¥ = 0) suggests that Trp-290, and thus the C-terminal end
W290F TEM-1 S-lactamases, measured by fluorescence of the enzyme, will not be in a native environment before
spectroscopy (Figure 4 and Table 3), indicate that the two the very last steps of the refolding process. This supports

major parallel pathways proposed by Vanhove et®)].{oth
being rate-limited by isomerization of proline-containing
peptide bonds (i.e., Xa&Pro), are unaffected by the muta-
tion.

Analysis of these data according to the protein engineering
method developed by Fersht and co-work&® (1) leads
to ® = 0, suggesting that the polypeptide chain at the site

of the mutation (i.e., position 290) exhibits a non-native fold .

in the transition state associated with the rate-limiting step
along both folding routes. This is consistent with tryptophans
229 and 290 being brought into contact during the very late
steps of the folding process of the wild-type enzyré)(

On the other hand, the10-fold increase in the unfolding

rate constant values observed for the mutant protein (Figure

4) indicates that the native protein is destabilized by ca. 6
kJ mol? relative to the molten globule intermediate
[AAGE_{(WT-W290F) = — RTIn(ky_" Tky_ 229
This is consistent with the values of the thermodynamic

the proposal 10) that a major contribution to the increase
in the intrinsic fluorescence intensity observed during the
three slower phases results from formation of the close
interaction of tryptophans 229 and 290 in the native state.
The non-native hydrophobic interactions observed in the
folding of the TEM-1 enzyme are similar in essence to those
demonstrated in the folding of hen lysozyn32<{34), where
their subsequent disruption accounts for the rate-limiting step
in the folding reaction. Although this is not the case with
class Ap-lactamases, the refolding of which is limited by
cis—transisomerization around XaaPro peptide bonds, the
occurrence of non-native interactions involving Trp-290
demonstrates that the folding of the TEMsdlactamase is
a nonhierarchical process.
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