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ABSTRACT. The refolding reaction of human carbonic anhydrase Il has been characterized by use of seven
variants in which tryptophan residues have been replaced by Phe or Cys, in each case giving proteins
with six tryptophans. Intrinsic tryptophan fluorescence was used to monitor the refolding in the 2 ms

60 s time range, and kinetic traces showing the contributions from each particular tryptophan were obtained
by calculation of differences between the wild-type protein and the variants. Earlier assignment
[Martensson, L.-G., Jonasson, P., Freskg®.-O., Svensson, M., Carlsson, U., & Jonsson, B.-H. (1995)
Biochemistry 341011-1021] of specific fluorescence properties to each tryptophan, especially regarding
energy transfer and intrinsic fluorescence quenching, has made it possible to use the kinetic data to describe
the formation of tertiary structure at defined tryptophan residues. In summary, it was found that tertiary
structure is formed earlier at those tryptophans that are associated with the central &steanfls than

at tryptophan residues in the N-terminal minidomain.

Refolding of human carbonic anhydrase Il (HCA),! amino acid side chains when the protein has adopted its
from the guanidine hydrochloride unfolded state, reveals a native structure, but the quenching is absent in a partly
complex pattern of kinetic phases when monitored by unfolded state and in an extensively unfolded form of the
intrinsic tryptophan fluorescence. There are both increasesprotein. Thus, the quenching of the fluorescence of these
and decreases in fluorescence intensity, and the changesyptophan side chains can be used as a sensitive indicator
occur on time scales from milliseconds to several minutes. of native-like tertiary structure.

Since the protein contains seven tryptophan residues, the In the present study, we have taken advantage of the
spectral overlap has made it impossible to determine which assignment of well-defined fluorescence properties to each
tryptophans contribute to these various changes in fluores-tryptophan. The kinetic fluorescence trace of HGfdhas

cence intensity. been compared to the traces of the seven different tryptophan

One way to get more specific information from intrinsic mutants. As a result, we obtained kinetic traces correspond-
fluorescence refolding studies is to replace a tryptophan withing to each particular tryptophan residue. The analysis
a less fluorescent amino acid residue, in the case of H&AIl  includes a description of the formation of tertiary structure
leaving six tryptophans. The difference in the tryptophan at each tryptophan location, giving information on intermedi-
fluorescence between such a mutant and the wild-type proteinate structures in the folding process.
would report on the fluorescence of the removed tryptophan.  Human carbonic anhydrase Il is a structurally and func-
However, the analysis must take into account the possibilitiestiona"y well-defined protein; it is a zinc containing enzyme
of energy transfer between tryptophan side chains and ofwhich catalyzes the interconversion of carbon dioxide and
quenching of fluorescence by neighboring amino acid side water into bicarbonate and protons (Liljas et al., 1994). It is
chains. In arecent study, we succeeded in assigning specifiGa monomeric, single-domain protein with a molecular mass
fluorescence properties to each particular tryptophan residuesf 29 300, and its X-ray structure has been resolved to 1.54
in HCAIlp,: (Mértensson et al., 1995). It is especially A (H&kansson et al., 1992). HCAIl has some helical

noteworthy that the fluorescence for three of these (Trp5, structure and a dominatingysheet which extends throughout
Trp123, and Trp209) is essentially fully quenched by nearby the entire molecule (Figure 1).
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is virtually complete 83 M GuHCI. In refolding experi-
ments, when diluting from the GuHCI-unfolded state (3.3
M) to native conditions (0.3 M), there is first a large increase
in fluorescence within the 2 ms dead time of the experiment
(Table 1). The amplitude of this burst phase is 90% of the
difference in intensity between the native and denatured state.
After the dead time, one can distinguish five exponential
phases, three of which were monitored in the stopped-flow
apparatus (Figures 2 and 3). At first there is a small, but
significant, increase in intrinsic fluorescence intensity with
arate of 12 st (ty» =58 ms). This increase is followed by
two larger exponential decreases with rates of 0:34ts)

= 2 s) and 0.0408 (ty = 17 s). On a yet slower time
scale there is a biphasic increase in fluorescence (phases 4
and 5). These phases are best studied in experiments using
manual mixing of reagents, and have been described earlier

Ficure 1: Schematic representation of the polypeptide backbone (f\rznsspn et gl.bloiggs); t'?]leythavs rilt7es qf 0.15‘(;”1‘1?1#/2'
of human carbonic anhydrase Il. The seven tryptophans are min) an : min (i, = min), an er

displayed as balls and sticks. The figure was produced using the@mplitudes (normalized to the amplitudes in the present

program Molscript (Kraulis, 1991). study) are 0.05 and 0.16, respectively.
o In another experiment, HCAJl; was diluted from 4.5 to
Kinetic Measurements The enzymes (5uM) were 1.3 M GuHCI, a concentration at which an equilibrium
denatured by incubating in 3.3 M GUHCI, 0.1 M T+ibl,- intermediate folding species is highly populated (Masson

SO, pH 7.5, at 23C for 1 h. Renaturation was achieved et 51 1995). In this experiment (Figure 2), the burst phase
by diluting the denatured enzymes 11-fold into buffer, giving has decreased in amplitude, which led to a larger amplitude
a GuHCI concentration of 0.3 M and a protein concentration o the first phase than in the original experiment (Table 1).

of 5 uM. Extra Zrf" was not added because it has been Thjs increase in fluorescence is followed by a decrease which
found that the reactivation kinetics and yield are unaffected i pest described by a single exponential. This last phase is

by excess Zff (Ikai et al., 1978; Bergenhem & Carlsson, ~ sjow and ends up on a fluorescence level of 0.95, a level at
1989). The changes in intrinsic fluorescence were monitored,yhich in the original experiment, only the first phase is

with an Applied Photophysics SX-17MV stopped-flow completed.

instrument equipped with 2.5 mL and 250 syringes to With the tryptophan mutants, however, only experiments
allow 1_0:1 mixing. With this conflguratlon, the_ experlmenta_l where the GUHCI concentration was diluted from 3.3 M to
dead time was 2 ms, as determined by using the reactionyne pative conditions of 0.3 M were carried out. To obtain
between 2,6-dichlorophenolindophenol argiscorbate (Tono-  he kinetic trace emanating from a particular tryptophan, we
mura et al., 1978). The excitation wavelength was 295 nm ¢aicylated the difference between the kinetic trace of
with a bandwidth of 5 nm, and the emission intensity was Hcay . and the trace of the mutant lacking that particular
recorded at 340 nm with a bandwidth of 7 nm. The cuvette yniophan. Previously, we calculated such differences at 5
was thermostated to 23C. Fast kinetics t1 s) were  \j GuHCI and equilibrium (Matensson et al., 1995), and
recorded with an instrumental time constant of 2 ms and \ye found that each tryptophan contributed roughly equally
slower kinetics ¢'1 s) with a 150 ms time constant. The g the intensity of HCAM (Trp209 contributes slightly more
SX-17MV does not allow measurements for much longer han the mean value and Trp245 slightly less). In the present
than a minute, due to diffusion between the mixer and the g,qy, we got similar results for the start conditions at 3.3
Cuvette. M GuHCI (Table 1); i.e., adding the contributions of each

_ In a different experiment, 17.aM of HCAIll,w was individual tryptophan produces the intensity of HCAI The
incubated in 4.5 M GuHCI, 0.1 M Tris-4$0;, pH 7.5, at reason to select 3.3 M GuHCI as the initial unfolding

23°Cfor 1 h. Refolding was initiated by a 3.5-fold dilution  ¢ondition was twofold. First, when the denaturation is
t0 5uM HCAll py and 1.3 M GuHCL. _ monitored by fluorescence from tryptophans, we observe two
Data Analysis All data were fitted with nonlinear least-  {ansitions of which the second is complete3avl GUHCI
squares analysis, using the computer program GraFit (Er-(vgrtensson et al., 1995). Second, earlier results, from
ithacus Software Ltd., Staines, U.K.). The fits are the least measurement of solvent accessibility for engineered cysteine
number of added exponentials needed to give randomly resiques, have shown that unfolded HG#dlcontain a
distributed residuals. _ _ residual compact structure at-8 M GuHCI, which is
Structure Analysis Analysis of the protein structure Was  gradually denatured in a broad transition between 4 and 8
done on a computer graphics system using the programy GuHC| (Martensson et al., 1993; Svensson et al., 1995).
Insight Il (Biosym Technologies, San Diego, CA). The 1pyg by unfolding at 3.3 M GuHCI, we select a reasonably
coordinates, from X-ray crystallography data, were kindly \ye|-defined initial state that is not within any unfolding
provided by H&ansson et al. (1992). transition that is presently known.
RESULTS Trp97 and Trp209 contribute more than the other five
tryptophans to the burst phase (Table 1). These two
HCAIl pwt unfolds in two global transitions, as monitored tryptophans account for one-third each of the amplitude in
by fluorescence, when subjected to increasing concentrationdHCAIll ...  Again, the amplitudes of all the individual
of GUHCI (Matensson et al., 1995), and the last transition tryptophans add up to the burst-phase amplitude of HGAII
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Table 1: Kinetic Parameters from Fluorescence Refolding Experiments of Hftlere Denoted pwt) and the Differences between Hgall
and Each of the Seven Tryptophan Muténts

Fdenat AMphurst ki(s™) Amp; ka(s™) Amp, ks (s™) Ampg
(£0.02) (£0.04) (£2) (40.002) (£0.04) (£0.002) (£0.007) (40.002)

pwib 0.58 0.38 12 0.02 0.34 —0.06 0.040 —0.08
W5P 0.48 0.34 6 0.03 0.22 —-0.07 0.024 -0.10
W16P 0.48 0.37 5 0.03 0.24 —0.08 0.028 —-0.08
wo7ch 0.49 0.26 15 0.01 0.25 —0.06 0.048 —-0.06
w123 0.48 0.34 8 0.01 ND ND 0.050 —-0.03
W192p 0.50 0.35 9 0.02 0.15 —0.04 0.021 -0.07
W209P 0.47 0.26 4 0.01 ND ND ND ND
W2450C 0.54 0.34 ND ND ND ND 0.018 —-0.05
pWt-W5F 0.10 0.04 ND ND ND ND ND ND
pWt-W16P 0.10 0.01 ND ND ND ND ND ND
pWt-W97¢ 0.09 0.12 ND ND ND ND ND ND
pwt-W123C 0.10 0.04 ND ND 0.30 —0.06 0.037 —0.05
pwt-W192p 0.10 0.03 ND ND 0.41 —0.05 ND ND
pwt-W209p 0.11 0.12 ND ND 0.36 —0.06 0.067 —0.07
pwt-W245C 0.04 0.04 ND ND 0.31 —0.07 0.071 -0.05
pwt (inter.} 0.58 0.32 5 0.10 0.018 —0.045 ND ND

a Standard deviations are given in parenthe&&ilution from 3.3 to 0.3 M GuHCI¢ Dilution from 4.5 M to 1.3 M GuHCI.

|||||||||//||||||||||| 0.80 0.25 gy inregreced
1.00 3 o 3 0% f
G g 015 E
- 0.70 3 E
% & L 010 3
—_ < 0.65 < E
S 0.95 . 00 WO7
. - 0.60 0.00
N . 20 40 60
L 090 F - 090 _
] 3 085 3
] £ 080 <
0.85 > &
|n||ln|||//||nl||al|| ""0.75w123c <
0 0.5 1 20 40 60 0.70
time (seconds) 0.90 prrrrrrrrrrTrrrer
Ficure 2: Changes in intrinsic tryptophan fluorescence of HGAIl - 0_85§ j 5
upon refolding from unfolded to native condition®)( 55 uM s tW209F 8
HCAIl 5« Was incubated in 3.3 M GUHCI, 0.1 M TrsH,SQy, pH < 080¢F ] %
7.5, at 23°C for 1 h. Renaturation was achieved by rapidly diluting & ¢.75 MW g
11-fold to 0.3 M GuHCI and %M protein. The other traceQ) SR T e
shows the changes in intrinsic tryptophan fluorescence of HGAIl 070 s 1 20 40 60 .
upon refolding from denaturing conditions to a GUHCI concentration o N
promoting an intermediate state. 178 HCAIl 5, was incubated time (seconds) time (seconds)
in 4.5 M GuHCI, 0.1 M Tris-H,;S0y, pH 7.5, at 23°C for 1 h. Ficure 3: The observed kinetic traces for HCAW and the
Renaturation was achieved by a rapid 3.5-fold dilution to 1.3 M tryptophan mutants W97C, W123C, and W209F (left column).
GuHCI and 5uM protein. Individual kinetic traces of tryptophans W97, W123, and W209

(right column), which were obtained by subtracting the kinetic trace

It may be noted that the amplitudes are calculated from of each tryptophan mutant from the trace of HGA!
differences between kinetic traces. The observation that the
sum total of the amplitudes equals the burst amplitude of alternative approach would be to use the raw data directly,
HCAII ot is a strong indication that experimental conditions and compare the phase amplitudes of the wild-type with those
were very well-defined in all measurements and that the of the mutants. As can be seen in Table 1, both approaches
differentiation method is robust. It also indicates that give the same picture of which tryptophans contribute to the
HCAIl,,: and all the mutants have similar structural proper- phases. In fact, by comparing differences in amplitudes for
ties upon completion of the burst phase. thek, andks, we find those to be similar to the corresponding

The experiments on HCAJl; and the mutants were always amplitudes obtained by fitting the difference of the kinetic
performed back-to-back using identical conditions, including traces.
the instrumental settings. Moreover, the experiments, which In the first observable phase, after the instrumental dead
were repeated several times, gave virtually identical resultstime, the signal-to-noise ratio is too low to determine which
regarding both amplitudes and rates, and, thus, it is reasontryptophans, if any, contribute more than others to the small
able to believe that the calculated kinetic traces describe thefluorescence intensity increase one sees in Hg.AllAfter
events at each particular tryptophan. A concern might be summation of all the difference traces, one can note that a
that the approach of obtaining individual kinetic traces by second after initiation of folding the individual contributions
calculation of differences between the wild-type and mutant still add up to the intensity of HCAll; i.e., energy transfer
traces would amplify nonsystematic errors. However, an between tryptophans and quenching of tryptophan fluores-
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cence is not prominent at this stage. 3, that were observed for the other mutants, are missing

Some tryptophans, namely, Trp5, Trp16, and Trp97, do andthe observed slow increase in fluorescence reflects the
not change their fluorescence to any significant degree duringcontributions of Trp5 and Trp16 that dominate the last two
the time interval +60 s (Table 1, Figure 3). Trp123, Phases (Aronsson et al., 1995). Apparently, the energy
Trp209, and Trp245 decrease their fluorescence biphasicallytransfer and quenching properties in this mutant are such
with rates in the range 0:30.4 st (ty, ~ 2 s) for one phase  that the contributions from the other tryptophan residues of
and 0.04-0.07 st (ty» ~ 13 s) for the other (Table 1). The the major domain vanish in phase 2 and 3. Therefore, these
amp]itudes of both phases for these three tryptophans aréjata do not show whether or not the W209F mutant folds as
roughly equal in size. Trp192 exhibits only one phase in the wild-type protein. However, the reactivation, which
this time range with a rate of 0.4 From one second and ~ Occurs in the same time domain as the slowest kinetic phases
onwards, the individual tryptophan traces do not add up to measured by fluorescence (Aronsson et al., 1995), is virtually
the reference, HCApl. As we will argue, the tryptophans  identical for HCAll, and the W209F mutant (data not
at this stage no longer fluoresce as separate entities but aréhown). Similar results have been obtained for the mutants
involved in energy transfers and are affected by specific at Trp16, 97, and 245 (Dick Andersson, personal com-
quenchers. The quenching of fluorescence by neighboringmunication). Hence the intermediate state that is formed
amino acid residues has made it possible to probe formationafter phases 2 and 3 should be similar for HGaland all

of native-like tertiary structure at Trp123 and Trp209. these mutants. Although arguments, that consider the initial
burst phase and the very last slow phases, indicate that the
DISCUSSION W209F mutant folds similarly to HCA}l, all interpretations

concerning the W209F mutant should at this stage be
Structural Perturbations Caused by Mutagenesighen considered as tentative.

replacing an amino acid by site-directed mutagenesis, there Formation of Tertiary Structure at Various Tryptophan
is always a concern that the mutation will cause long range Side Chains. In a recent study (NM#ensson et al., 1995),
effects on the structure, especially when one replaces a largeve assigned specific fluorescence properties of all the
amino acid such as tryptophan; in the present study, the sevenndividual tryptophans in the native protein and also of the
tryptophans in HCAl,. were replaced by other amino acids. proteins subjected to various concentrations of denaturant.
2D NMR spectra of thes&N-labeled tryptophan mutants e will use these assignments to aid in the interpretation of
have shown that there are no major structural disturbancesihe kinetic data.
in the surroundings of the six remaining tryptophan residues  The Burst Phase: Trp97 and Trp20®Refolding of the
from the positions where the mutations are made in the protein is initiated by dilution of the GuHCl-denatured
various tryptophan mutants (Mansson et al., 1995; P.  protein to conditions that favor formation of native structure.
Jonasson, UnpubliShEd reSUltS). Additional evidence for this |n|t|a||y, the fluorescence increases rap|d|y in a |arge burst
came from a circular dichroism study (Fretgyat al., 1994) hase that is completed within 2 ms, which is the dead time
where the spectrum of each tryptophan mutant was subtractegyf the experiment. The rapid increase of the fluorescence
from the spectrum of HCA}l«. When these seven CD in the burst phase most probably indicates a hydrophobic
difference spectra were added to produce a compositecollapse of the protein leading to complete or partial burial

spectrum, it exhibited all features of HCAIl in the near-  of several tryptophan residues in an apolar environment. In

Uv. particular, approximately one-third of the burst phase
In the analysis of the kinetic data, we have calculated the originates from Trp97, which in the native state is participat-

differences between the kinetic traces of HGadland the ing in a large cluster of thirty-four apolar residues, eight of

various mutants and we have used these differences towhich are aromatic (Figure 4B). The results show (Table
describe the folding at each individual tryptophan residue 1, Figure 3) that Trp97 finds a native-like environment
(Figure 3, Table 1). Alternatively, a direct comparison of already within the 2 ms of the burst. That is because the
phase amplitudes in the original kinetic traces of the mutants fluorescence from Trp97 remains constant during all sub-
with the corresponding amplitudes of HCAll can be used,  sequent folding steps. However, since Trp97 is completely
because our analysis shows that it gives the same informa-buried by apolar residues in the native state it may suffice
tion. For these approaches to be valid, each of the mutantsthat Trp97 becomes buried in an apolar cluster to restore its
and HCAIl,,: must fold as the same protein, i.e., their global native-like fluorescence properties, and therefore, the Trp97
kinetics must be identical. Stopped-flow far-UV CD mea- side chain is not necessarily locked in a well-defined
surements would have been ideal for that purpose, but,conformation at this stage but might remain rather mobile.
unfortunately, the far-UV CD spectrum of HCAlk is of The observation that the fluorescence intensity remains
low intensity and the interpretation in terms of secondary constant after the burst phase might also indicate that the
structure is severely complicated by large contributions from cluster is essentially dehydrated when the burst phase is over,
the tryptophan residues (Freskdeet al., 1994). Instead, at least in the region around Trp97. Hence, the core, in
we have chosen to use the raw data from the present studywhich Trp97 is located, must be relatively dense and, despite
as an indicator of global folding (Figure 3, Table 1). The the lack of information regarding its spectral shift, we might
rationale is that each mutant protein contains 6 tryptophan speculate that water is not allowed to penetrate, which is
residues and if the folding is unperturbed by the mutation thought to occur at least in the peripheral parts of a molten
the kinetic phases of HCAJl, should be observed for the globule (Ptitsyn, 1992). As illustrated in Figure 4B, it seems
mutants, albeit with different amplitudes. As can be seen as if a minimum requirement for formation of a dense and
in Figures 2 and 3 and in Table 1, all mutants except W209F apolar environment of Trp97 would be that the apolar
show folding kinetics that are very similar to those of residues orp-strands 2-6 are clustered. Since Trp97 is
HCAIll . For the mutant W209F, the kinetic phases 2 and situated in the periphery of such a cluster, it is probably
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Histd

FiGure 4: Schematic drawings of some features in the surroundings of tryptophans in JdCHI$64, situated in a loop betwegrstrands

2 and 3, quenches the fluorescence of Trp5 in the native state (A). A turn comprising Thr199, Pro200, and Pro202 is also essential for the
native conformation of the N-terminus. Trp97 is situated in a large hydrophobic cluster, and a major part of the cluster is made of side
chains on thes-sheet-containing amino acid segment-3&0 and thex-helix-containing segment 22242 (B). The native fluorescence

of Trp123 is quenched by Arg89 and possibly by Asp72 (C). Trp209 is situat¢gdstrand 7 (D), and putative quenchers are His107 (in

a loop betweers-strands 4 and 5) and His119 (frstrand 5 coordinating the active-site zinc ion together with His94 and His 96). Trp92,
situated ons-strand 8 (D), probably transfers its fluorescence to Trp209 in the native state.

needed that the helix-containing segment 2282 with truncated variant lacking Trp5 and Trp16 and in a full-length
residues Phe226, Leu229, Met241, and Val242 also partici- variant where Trp5 and Trp16 were replaced by phenylala-
pates to create the proper apolar environment. nines. However, since the fluorescence from Trp245 is not
Trp209 contributes another one-third of the amplitude of quenched by nearby residues, it is not possible from those
the burst phase, and the remaining one-third comes fromresults to determine if its fluorescence is modified in the
small contributions from the remaining five tryptophans. slow phases. When comparing the amplitude of Trp245 at
Since the fluorescence from each of these six tryptophan60 s with that observed by Mansson et al. (1995) of Trp245
residues changes, in one or more of the kinetic phases thain the native protein, it is clear that Trp245 contributes to
succeed the burst, none of them finds a native-like environ- the increase of the fluorescence in the slow phases. In the
ment within the time of the burst phase. native HCAlLy: protein, Trp245 is in close proximity to
When observing the intrinsic tryptophan fluorescence upon Trp16 (Figure 1). Apparently, the docking of the N-terminal
refolding of HCAIl,., we can distinguish five separate domain onto the central domain alters the structure at Trp245
kinetic phases after the initial burst phase. The two slowest When the residue at position 16 is tryptophan but not if it is
of these phases (phases 4 and 5) have been thoroughl@henylalanine.
described before (Aronsson et al., 1995). This study showed Trp5 and Trp16 Trp5 and Trpl6 are neighbors in the
that formation of a native structure at the N-terminus native protein, and their fluorescence properties are tightly
constitutes the last steps in the folding, and it was also notedcoupled. In the native state, Trp5 is specifically quenched
that the changes (a large increase) in fluorescence in theséyy His64 (Matesson et al., 1995) which resides in a short
phases could be attributed solely to Trp5 and Trp16. (four amino acids) loop betweghstrands 2 and 3 (Figure
Trp245. Interestingly, the results of the present study 4A). The side chains of the Trp5Trpl6 couple are situated
modify the earlier interpretation regarding the role of Trp245 close to Pro201 in A-turn of type Vla (Eriksson et al., 1988).
(Aronsson et al., 1995). The former study clearly showed This turn also includes Pro202 which is joined to Pro201
that Trp245 found its final fluorescence properties within via a peptide bond in theis conformation. It is probable
60 s of refolding in those cases when it was situated in a that this turn has to adopt a native conformation before it
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can be used as a template for the folding of the N-terminus. Zn?"—histidine complex (Figure 4D). The kinetic data
Interestingly, Tweedy et al. (1993) have shown that the indicate that the fluorescence from Trp209 becomes quenched
peptide bond between positions 201 and 202 adoptsithe  in phases 2 and 3 and that Trp192 transfers its light energy
conformation even when Pro202 is replaced with an alanine.to Trp209. Because the energy transfer is distance and angle
Apparently, other parts of the structure put severe constraintsdependent, it is probable that Trp192 is in a roughly correct
on the polypeptide at this turn, leading to a rate-limiting position, but its fluorescence properties do not allow a more
reaction in the fOldlng (Fransson et al., 1992) detailed structural interpretation_

Tryptophans in the Core Studies of a HCAW,: variant
in which the twenty-four N-terminal amino acids were
E&jrr;%it:gﬁ 2,[5 av?lllgzss),st:gf\;egnthgt \:\r/]EéF/r\(leVn%gEirg r;izi/r: at Trp209 is well-defined and native-like when the third

tryptophans regained fluorescence properties, that werePhase is completed. Trp209 is situated/batrand 7, and
virtually identical to those of the native state, within 60 s of 'S Putative quenchers His107 and His119 reside in a loop
refolding. The enzymatic activity of both HCAM and of ~ @nd onf-strand 5, respectively, while the two Znligands
the truncated variant reappears later in two phases havingis94 and His96 reside gitstrand 4 (Figure 4D). The result
half-times of 2 and 17 min, which are rates of similar Indicates that much of this structure is formed within 60 s.
magnitudes as those of phases 4 and 5 of the intrinsic Earlier studies by Bergenhem et al. (1989) on metal binding
fluorescence. Thus, the final very slow rearrangements of to the active site of bovine carbonic anhydrase Il showed
the protein structure, to give an active enzyme, do apparentlythat a high affinity metal binding is formed within 10 s of
not involve any substantial changes in the environments of folding. However, the tetrahedral coordination leading to
tryptophans 97, 123, 192, or 209. an active enzyme is not formed until much later, with a half-
Phases 2 and 3 observed for HCAMIdescribe a loss of  time of 9 min under their experimental conditions. Appar-
fluorescence emission. The analysis shows that these phaseantly, these late rearrangements of metal coordination seems
contain fluorescence components from tryptophans 123, 192,to be subtle enough not to affect the nearby Trp209.

209, and 245. Inspection of Table 1 reveals that the Equilibrium Unfolding Intermediates and Kinetic Inter-
contributions from these tryptophans all have the same sign, megiates. We have earlier characterized an equilibrium
showing a lowering of the fluorescence emission, which folding intermediate that is highly populated at +B5 M
indicates that the two phases describe the folding of two & 14 (Mrtensson et al., 1993, 1995; Svensson et al.
populations of the protein taking different folding pathways. 1995). The results of an e,xperim’ent in ,which HCAllis '
Thus, phases 2 and 3 do not represent sequential fOIdingallowed to refold at 1.3 M GuHCI are shown in Figure 2.

tsrteplz. h-g;‘i "\?\fﬁi;? r;ﬁgvrti ;ﬁ;ﬁ%’:;gﬁ;;g; tgfe ztertjgtjurres The rates differ from those observed when refolding at 0.3
yptop ’ M GuHCI, because the conditions are different. Initially,

iving th tive-like fl ties i trolled )
giving them native-ike TUorescence properties 1s controfie the pattern is similar with a large burst phase followed by a

by the same rate-limiting reaction in this population. . !
Notably, ks varies by a factor of 2 between the tryptophans somewhat slower phase of increasing fluorescence. There-

123, 209, and 245, which may indicate that the situation is after, hovyever, the si_milarities stop, and the fluorescence of
more complicated for this population. Tryptophans 5, 16, HCAllpwiin the experiment at 1.3 M GuHCl levels off, after
and 97 do not contribute at all to phase 2 or 3. a minor decrease,_ at a fluorescence level of 0.95. _Thls
Trp123does not emit any light in the native state due to ﬂuore_scence level is c_Iose to tht_a start level of phase 2 in the
guenching by the neighboring Arg89 and possibly Asp72 €xperiment at the native conditions of 0.3 M GuHCI.
which forms a hydrogen bond to the NH of the indole ring  These results seem to indicate that the kinetic intermediate
(Méartensson et al., 1995) (Figure 4C). Since Trp123 has that is observed after approximatel s of refolding under
obtained native-like fluorescence properties after completion native conditions has some properties in common with the
of the third kinetic phase, we propose that its structural equilibrium intermediate. The specific quenching of tryp-
environment, at that time, closely resembles the native statetophan fluorescence by neighboring amino acids is weak or
including van der Waals contact with Arg89 or Asp72. apsent in the equilibrium intermediate {Mensson et al.,
Trp123 and Arg89 are situated oftstrands 5 and 4,  1995), and it is absent in the kinetic intermediate as well.

respectively, while Asp72 is the second residue from the Tpys jt seems as if little or no tertiary structure is formed
C-terminal end off-strand 3 (Figure 4C). The secondary in either of these intermediates.

structure may form very early at thegestrands since they Both fi di . bl d rath
contain several of the residues in the large hydrophobic BOth types of intermediates contain a stable and rather

cluster and constitute the most stable part of the protein COMPact core that includes a hydrophobic cluster. CD
(Martensson et al., 1993; Svensson et al., 1995). It Seemsmeas.urements indicate _that the equilibrium intermediate
as if tertiary structure forms more rapidly in the region of contains much of the nativé-structure (Matensson et al.,
stablef-structure than in peripheral parts of the protein. ~ 1993). The kinetic experiments in the present study give

Trp192 The fluorescence of Trp192 decays in a single No directinformation on the formation of secondary structure.
exponential described by phase 2, which indicates that\We observe that the tertiary structure is formed earlier at
formation of the structure at Trp192 is controlled by the same tryptophans that are closely associated with the central
rate-limiting reaction regardless of which folding population f-sheet (i.e., Trp123 and Trp209) than for tryptophans in
this tryptophan is situated in. According to our earlier peripheral parts (i.e., Trp5 and Trpl16). Thus, since the
assignments, Trp192 will transfer all its fluorescence to tertiary structure at Trp123 and Trp209 is formed in phases
Trp209 in the native state, which in turn is fully quenched 2 and 3, the centrgd-strands might possibly be present in
by neighboring histidine side chains or by the active site the kinetic intermediate.

Trp20Q The results on Trp209 can be interpreted in much
the same manner as for Trp123, indicating that the structure
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