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Folding Kinetics of the Protein Pectate Lyase C Reveal Fast-Forming Intermediates
and Slow Proline Isomerizatidi
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ABSTRACT. Pectate lyase C (pelC) is a member of the class of proteins that possess a panelizl

folding motif. A study of the kinetic folding mechanism is presented in this report. Kinetic circular dichroism
(CD) and fluorescence have been used to observe changes in the structure of pelC as a function of time
upon folding and unfolding. Three folding phases are observed with far-UV CD and four phases are
observed with near-UV CD. The two slowest phases have relaxation times on the order of 21 and 46 s in
aqueous buffer. Double-jump refolding assays and the measured activation enthalpies (16.0 and 21.2 kcal/
mol for the respective slow phases) suggest that these two phases are the result of ttie-di@ns
isomerization of prolyl-peptide bonds. We have determined that the earliest observed folding phase involves
the formation of most, if not all, of the secondary structure with a relaxation time of 0.25 s. We also
observed a phase by near-UV CD on the order of 0.25 s. This suggests that along with the appearance of
secondary structure, some tertiary contacts are made. There is one kinetic phase observed in the near-UV
CD and fluorescence that has no corresponding far-UV CD phase. This occurs with a relaxation time of
1.1 s. The temperature dependence of the natural log of the folding rate constant suggests that folding
occurs via a sequential mechanism in which an on-pathway intermediate in rapid equilibrium with the
unfolded protein is present. Semiempirical CD calculations support the idea thathbléx region of

pelC forms in the fast kinetic phase, yielding near-native secondary and tertiary structures in that region.
This is followed by the slower formation of the loop regions connecting individual strands gGftleéx.

In recent years, significant advances in the field of protein the first protein observed to possess such a backbone

folding have been made. These advances have come in théopology (L8). The majority of the regular secondary structure
form of insightful theoretical modeld.{-3) and information- is composed of paralli-sheets (about 30%). The individual
rich experimental advanced~6). Protein folding is cur- strands of the sheets are connected by unordered loops of
rently viewed from the perspective of free energy surfaces varying length (Figure 1). The architecture of the sheets
in which the delicate balance between enthalpy and entropyresults in the backbone winding up to form a large helix
contribute to guide an unfolded polypeptide chain along a composed ofi-sheets. There are two disulfide bonds in pelC
free-energy surface toward the native, active biological entity. that remain intact throughout all of the experiments reported
Developments and advances in instrumentation and tech-here. In addition, there are 12 proline residues. One of these
nigues have led to observation of folding reactions in the prolines, Pro220, is involved in @is peptide bond 18).
milli-, micro-, and nanosecond time scalés-(2). These The in vitro folding of this class of proteins has been
achievements over the last several years have led to a shiffargely untouched. Several studies on the in vivo folding,
in the way one thinks about protein folding) @nd a deeper  misfolding and assembly of the tailspike protein from bac-
understanding of the physical phenomenon of folding. teriophage P22 have been publish&é8<22). In addition,

Small, single-domain proteins that fold via a two-state some in vitro work has been done on the tailspike protein
mechanism have been the focus of many recent studies(23, 24). We propose that because of the relatively simple
(13—16). These studies have provided much of the basis for topology of the parallels-helix, these proteins will be
understanding the fundamental properties of protein folding. excellent folding models, yielding relatively simple and easily
In this paper, an initial characterization of the folding kinetics understood mechanisms. It is also important to understand

of pectate lyase C (pel€¥rom Erwinia chrysanthemis the nature of the folding of these proteins because amyloid
presented. PelC is a member of the class of proteinsfibrils may be assembled froff+helical precursors2).
containing a paralleB-helix folding motif (17, 18). It was This study represents a detailed characterization of the in
vitro kinetic folding mechanism of a parallgthelix protein.
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Unfolding Kinetics.Unfolding of pelC was initiated by
manually diluting a stock solution of pelC into a concentrated
solution of gdn-HClI in a cuvette thermostated at’25 The
dead-time for this procedure was between 15 and 20 s.
Unfolding was monitored by CD at 218 nm using a Jasco
J-720 CD spectropolarimeter (Tokyo, Japan). A 0.1-cm path-
length cell was employed for all measurements. The tem-
perature of the cell was maintained by circulating water from
a NES-LAB RTE 110 water bath. PelC concentrations were
5—10uM. Kinetic traces utilized the following parameters:
0.5-1 s time resolution, 051 s response time, and a
spectral bandwidth of 2.0 nm. Solution conditions were 25
mM MES, 15 mM NacCl, pH 6, and 1:05.0 M gdn-HCI.

All kinetic experiments were fit to the following model:

0= 3 aexpk +o (1)

6 is an observable parameter (CD, fluorescences; ig,the
amplitude of theith phasek; is the rate constant of thiéh
phaset is the time, andt is the equilibrium value of the
observed property. All kinetic data were analyzed by
nonlinear regression using the data analysis software Axum
(MathSoft Inc, Northhampton, MA). This program uses the
LevenbergMarquardt 27) nonlinear leassquares algorithm

to fit the curves. The reported errors represent the standard
deviation of the mean, unless otherwise specified.

Ficure 1: A model of the structure of pelC determined by X-ray .Folding Kinetic.s..The folding of pelC was initia}ted by
crystallography 17). B-Sheets are shown as gray arrows, and €ither manual mixing or the stopped-flow technique. For
a-helixes are shown as black coils. This image was generated usingmanual-mixing experiments, a mixing device similar to that

RasMol 64). used by Kuwajima et al2g) was employed. A rectangular

cuvette holder was made. The holder was designed so that
isomerization around X-Pro peptide bonds is a major event coplant could be circulated to regulate the temperature. In
in the folding of pelC. Two slow kinetic phases have been addition, a magnetic stirring device was installed (Starna
assigned to proline isomerization. One fast folding phase is cells, Atascadero, CA). The result was a thermostated cuvette
also observed that corresponds to the rapid and highly holder capable of holding a 1-cm path-length cell with a
cooperative formation of the secondary structure. There arerotating stir bar inside. Dead times for this device were
two kinetic phases that have been assigned to the formationgetermined by measuring the time to mix a solution of 0.1%
of ordered side-chain structure. Semiempirical calculations (+)-pantoyl lactoner 5 M gdn-HCI, 25 mM MES into 25
were used to calculate the CD spectrum of pelC and pelC mp MES. The CD at 220 nm was followed as a function of
with deleted aromatic side chains. Results from the calcula- time. The time it took for the CD signal to reach a constant
tions support a model in which thg-helix region of pelC  yajue was taken as the mixing time. In all cases, additional
folds in the fast kinetic phase. The formation of the loop time was allowed for the instrument response. The resulting
regions occurs in a subsequent slower step that is dependenjead-time was 4 s. In cases of high denaturant concentration
on the formation of thes-helix region. A folding model of  or Jow temperature, when the folding is slow, a resolution
pelC is presented. With the exception of complications of 5 s with a 4-s response time was used. PelC concentrations
arising from proline isomerization, the model presented is were 14M in 5 mM MES, 50 mM NaCl for data collected
relatively simple, consistent with the simple topology of the at 218 nm. CD in the near-UV was observed at 277 nm using
parallel 5-helix. a pelC concentration of.8v.

To observe the earliest phases of the folding process,
stopped-flow mixing was used. A Bio-Logic SFM-3 stopped-

MATERIAL AND METHODS

Materials. All chemicals purchased were of the highest
quality and purity. MES (241-morpholino]ethanesulfonic
acid) was>99.5% pure and purchased from Sigma Chemi-
cals (St. Louis, MO). Ultrapure guanidine-hydrochloride
(gdn-HCI) was purchased from ICN Biomedicals (Aurora,

flow module (Claix, France) was interfaced with a Jasco
J-720 CD spectropolarimeter. The stopped-flow device was
equipped with a high-density solution mixer and a small-
volume syringe for the sample. Solutions of pelC in 5 M
gdn-HCI, 25 mM MES, 50 mM NaCl, pH 6, were equili-

OH). Sodium chloride (99.9%) was purchased from Fisher brated to 25C in the reservoir of the stopped-flow device.
Chemicals (Fair Lawn, NJ). PelC was prepared as previouslyDilutions were made into identically buffered solutions

describedZ6). Gel electrophoresis in sodium dodecyl sulfate
gave a single band at the loadings used (caudp This
shows that the purity of the protein wa®98%.

containing the necessary concentration of gdn-HCI in order
to give the desired final gdn-HCI concentrations by a 50-
fold dilution. A 0.2- or 1-cm flow cell was employed. Dead-
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times were 12 ms. Data were collected at 20 ms intervals charges were located at atomic centers for aromatic side
with a response time of 16 ms and a bandwidth of 2.0 nm. chains and at the positions given by the semiempirial
A total of 25-30 transients were averaged. For all CD values for amide transitionS6).
measurements, pelC concentrations @fNd were used.

Temperature Dependence of Foldinghe temperature ~ RESULTS
dependence of the rate constant was determined for the slow
folding phases. Activation enthalpieAKl*) were calculated
using Eyring’s equation from absolute rate thed2g)(

Unfolding Kinetics of pelCUnfolding of pelC was moni-
tored by far-UV CD. In all cases examined, the unfolding
kinetics fit to a single-exponential model (Figure 2a). This
suggests that unfolding is composed of a single process.
Previous studies of the denaturation of pelC at equilibrium
. . . . suggested that two unfolding units are pres@®).(This is
In the above equatior |s_the fol_dln_g rate consta}n’dj IS not observed in the kinetic unfolding experiments, perhaps
the absolute temperature in Kelvks is iBoItzmann SCON-  pecause the thermodynamic stabilities of the unfolding units
stanth is Planck’s constant\S” andAHf are the transition  4re similar, or because the thermodynamic driving force for
state entropy and enthalpy changes for folding, respectively, ynfo|ding is so great that the two phases are not resolved.
andR s the gas constant. The fo!ding rate constants_, for the gpe interesting observation is made, however. The depen-
slowest phase were measured with far-UV CD. Folding was gence of Ink, on denaturant is nonlinear (Figure 3a). Similar
measured in gdn-HCI concentrations of 84 M at  gpservations have previously been interpreted as reflecting
temperatures from 5 to 2&. The activation enthalpy was 5 change in the structure of the transition state with a change
determined for this phase using the extrapolated rat_es in Ojy denaturant concentratioB§—41).
M gdn-HCI at each temperature. These rates were fit o €q  |ding Kinetics of pelCThe folding kinetics of pelC can
2, yielding activation parameters for folding. The activation e proken down into two parts, which include fast and slow
enthalpy for the intermediate slow phase was obtained “Singphases. Stopped-flow CD was used to observe the fast-
the P220A mutant, as described in the following paper in fqging events, and manual-mixing techniques were used to
this issue 80). Eluorescence emission spectroscopy was usedgpserve the slow phases. The CD at 218 nm (far-UV) is an
to monitor folding following & jump in the pH from 210 6. gycellent indication of the formation @-sheet secondary
Double-Jump Folding Assafpouble-jump assays to test gy cture. Figure 2b shows a representative folding experi-

for the presence of slowly unfolding populations Were  ment of pelC monitored by CD at 218 nm. Unfolded pelC
performed for the slow phases of pelC folding. For the i, 5\ gdn-HCI was diluted to 0.2 M to initiate refolding.

slowest phase, CD and fluorescence spectroscopies Wergrhe folding process consists of three phases. The stopped-
used. PelC was unfolded b M gdn-HCI in 25mM pH 9.5 10,y gata (Figure 2b, inset) fit a single exponential in the

Gly-NaOH at 0°C. Refolding was initiated after various  gqjiest time points that are resolved (residuals not shown).
delay times by 50-fold dilution of the unfolded pelC solution This fastest phase,comprising about 40% of the total
into 25 mM pH 6 MES, 50 mM NaCl at 23C and gdn-  5pjitude, has a relaxation time in buffer of 0.250.01 s

HCI necessary to make the final denaturant concentration rigyre 2p, inset). There is no evidence for a 1-s phase, as
0.4 M. The final concentration of pelC wasM. A1-cm g ghserved in near-UV CD and fluorescence. The slower
path-length cell was used. Refolding amplitudes were deter'decay at long times in the stopped-flow CD signal is
mined by fits of the data to eq 1. For the intermediate phase’compatible with the two processes observed in the manual

only fluorescence was used because this method yieldedyiying experiments. These two slow phases have relaxation
better signal-to-noise ratios. times of 21+ 2 s and 46+ 1 s. The residuals for a single-

Folding Catalyzed by Peptidyl-Prolyl Isomeragtuman —  gyhonential fit to the manual mixing data (see Figure S.1,
peptidyl-prolyl isomerase (also known as PPI or cyclophilin) g pnorting Information) demonstrate the need for two
was purchased from Sigma Chemical Co. (St. Louis, MO). gynonentials to accommodate the systematic deviations at
Because the activity of PPI is significantly reduced in gport times. The total change in amplitude in the kinetics
splupons containing gdn-l_—|CI, folding was carried out by experiments £5100 deg criidmol) is in very good agree-
dilution of pelC unfoldedn 9 M urea at pH 8.0 (50 MM pent with the change observed for the equilibrium unfolding
Tris) to 0.3 M urea. Folding was followed by fluorescence ansition (5500 deg criidmol from ref26). The difference
emission spectroscopy. A final PPI concentration giM in amplitude, if real, probably results from the unfolded
was used and included in the refolding buffer. polypeptide adjusting to changing solvent conditions upon

Semiempirical CD CalculationsCalculations were per-  qijution of the denaturant 4Q). Figure 3a shows the
formed as described by Woody and Sreerai®d.(The  gependence of the natural logarithm of the rate constant on
matrix method 82) in its origin-independent form3@) was  fina| denaturant concentration for folding and unfolding.
used. The calculations consider three peptide transmons:,;igure 3b shows the change in amplitude of each phase as
nr*, 7wt (NVy), and sz (NVo). Transition moment g fynction of denaturant concentration. Experiments were
directions for the secondary amide facetylglycine were

" " i

urs]ed forf thg]mr* :rans-ltt-lons %42 -[rans-ltt-lon monOp(z!e 2 Throughout this paper, each kinetic phase is named according to
charges tor thea ,rans' lon and for transitions connNecting - e time constant as measured by the method that gives the highest
therz* and nr* excited states were calculated from INDO/S  accuracy. (See Table 1 for a comparison of time constants and associ-
wave functions 35) for N-methylacetamide. The ground- ated error estimates from the three spectroscopic parameters.) For the

A ; three phases detectable by far-UV CD, the time constant is most
state monopole charges were from Woo8§)( Side-chain accurately determined by the kinetics 615 The fourth phase is re-

transitions of Trp and Tyr were included using the parameters fgrred to as the 1.1-s phase because this is the time constant determined
described by Grishina and Woody7). The monopole by near-UV CD, which is more accurate than fluorescence in this case.

In(k/T) = In(kg/h) + AS/R — AH}/RT 2)
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FiGure 2: (a) A representative unfolding curve for pelC measured
by far-UV CD in 5 M gdn-HCI, 25 mM MES and 50 mM NacCl at
25 °C. (b) A representative folding curve for pelC measured by
far-UV CD. Conditions are 25 mM MES, pH 6, 50 mM NacCl, 0.2
M gdn-HCI, 25°C. The main figure shows the results from manual
mixing and the inset is from stopped-flow mixing. (c) Time-resolved
CD spectra of the fast events in pelC folding. Final conditions were
the same a®. Shown are the spectra of pel@ § M gdn-HClI
(e-e-¢), and native pelC (- - -). The solid lines are pelC folding from
0.24 to 2.2 s at 200 ms intervals. Also shown is the spectrum at 0
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Ficure 3: (a) natural log of the observed folding and unfolding
rate constants as a function of final denaturant concentration. The
filled circles are from unfolding experiments and are fit to a second-
order polynomial [Ink, = —12.2 + 2.8([gdn-HCI]) — 0.2([gdn-
HCI))?). The filled squares, diamonds and triangles represent the
rate constantsk(;, ki, andks; respectively) as determined by far-

UV CD. The open symbols represent the respective rate constants
as determined by near-UV CD. The open circles represent the phase
observed by near-UV CD and not by far-UV CD. The plus signs
represent the rate constants as determined by fluorescence. (b) The
change in the folding amplitude determined by far-UV CD. The
squares, diamonds and inverted triangles represent the measured
amplitudesan, arn, andag respectively. The solid lines are free-
hand efforts to represent the trends in the data. Conditions are the
same as outlined in Figure 2.

the time-resolved CD spectrum of the product of the fast
phase. The spectrum is less intense, but the shape resembles
that of a f5-sheet-rich protein. This suggests that the
intermediate has a very nativelike secondary structure.

The folding of pelC was also examined in the near-UV.
CD at 277 nm is sensitive to the chiral environment of
aromatic side chains. It is a good probe of the formation of
tertiary structure. The folding process monitored at 277 nm

and no dependence of the rates or amplitudes on proteinhas some interesting similarities and differences relative to
concentration was detected (data not shown). As the denaturthat followed by 218 nm CD. A representative kinetic trace
ant concentration is increased, the amplitude of the fast phasas shown in Figure 4a. One feature is the negative amplitude
decreases, while the amplitude of the intermediate phaseof the fastest phase (Figure 4a, inset). This is interesting for
increases. The amplitude of the slowest phase shows littletwo reasons. The rate of this phase agrees, within experi-
dependence on denaturant concentration. Figure 2c showsnental error, with that of the fast phase in the far-Uv CD.
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Table 1: Relaxation Times and Amplitudes for Folding of pelC in 0
200 - a ‘ M Denaturant Concentratién
8 far-Uuv CD near-UV CD fluorescence
5 L
o 150 7 0.25+ 0.01 0.33£ 0.1 n.o¢
= 75 nd 1.1+0.1 1.7+ 0.6
o100 1 ° T3 2142 25+2 25+ 20
Rl 2 T4 46+ 1 75+ 60 83+ 28
c L £ 50 a 1960+ 84 —35+4 n.o¢
£ 90 g 2 nd? 105+ 9 0.24+ 0.04
= I EO as 600+ 31 60+ 8 0.11+0.01
S oF o — a 25654 150 2549 0.18+ 0.01
i ’ . ﬁflm- seconds L 2The relaxation times and amplitudes shown are those in 0 M
denaturant, determined by extrapolation from the values measured at
30 80 130 180 increasing denaturant concentration. Error estimates are based upon
time, seconds the mean error from a linear least-squares analysis. Because the extra-
polation is for Inz rather tharr, the error bounds onare asymmetric.
2007 However, the upper and lower values were averaged and reported here.
Conditions are 25C, pH 6, 25 mM MES, 50 mM NacCl. The units for
5 150 the relaxation times are seconds. The units for the folding amplitudes
= as measured by CD are deg%dmol, and for fluorescence the units
o 100 t are relative intensity? In the following paper in this issued(), the
N relaxation time for this phase was measured with a pH jump by
g 50t fluorescence in the P220A mutant to be 21 s. This is probably a more
o accurate measurement than that obtained by extrapolafimt.observ-
z 0 able in manual-mixing experimentéNot detected in far-UV CD.
==
50t 11
-100 —— : : : 101
240 260 280 300 320 340 -
7\,, nm 091

Ficure 4: (a) A representative folding curve for pelC measured
by near-UV CD at 277 nm. Conditions were 25 mM MES, 50 mM
NaCl, 0.3 M gdn-HCI, 25°C. The data are cut for clarity, but
equilibrate to the native CD value. The inset shows the fast phase 07
and the change in sign. (b) The equilibrium intermediate CD
spectrum of pelC. Conditions are 25 mM gly-HCI pH 2, 25,

fluorescence
[en)
(=]
T

with no salt ¢-+), 100 mM NaCl (- - -), 150 mM NaCle{e-e), and o.sj ,
native pelC, pH 7 ). N

It is also opposite in sign to the native CD in the near-UV. 001 e
There are two possible explanations for this observation. An o[ b /
intermediate is formed in the fast phase with nativelike
secondary structure and nonnative tertiary structure, or the
intermediate is nativelike and the aromatic residues that are
structured make a negative contribution to the native CD
spectrum, which overall is positive. The latter seems plausible
due to the fact that at low pH, a salt-induced intermediate e
also has a negative sign for the CD in the near-UV (Figure 0 100 20 X0 40 50 60 70 80 90

4b). It is also interesting in that there are four kinetic phases b

resolved in the near-UV (Figure 3a). The change in sign of FiIGURES: (a) Representative folding experiment for pelC monitored
- by fluorescence spectroscopy showing the slow-folding kinetics.
the near-UV CD in the stopped-flow trace between 1s and copgitions are 0.3 M gdn-HCI, pH 6 MES 25 mM, 50 mM NaCl

2s clearly indicates the need for two exponentials with time 25 °C. The excitation wavelength was 290 nm and emission was
constants of seconds or less. This is borne out by the analysidollowed at 326 nm. The data are fit to the sum of three
(Table 1), which gives time constants of 033.1 and 1.1 exponentials. Residuals are shown for the single (b), double (c),
+ 0.1 s. The manual-mixing data (Figure 3a) also require and triple exponential fits (d).

two exponentials, as evidenced by a comparison of the of the remainder of the tertiary structure. The 1.1-s phase
residuals from a one- vs two-exponential fit (Figure S.4 may involve the folding of this intermediate to the native
Supporting Information). These longer time constants of state.

about 25+ 2 s and 75+ 60 s (Table 1) also agree, within Manual-mixing experiments were also monitored by
experimental error, with the two slower processes seen influorescence (Figure 5). Three exponentials are clearly
the far-UV CD. Three of these near-UV CD phases have needed to fit these data, as seen by a comparison of residuals
rates that correlate with the phases observed by far-UV CD, obtained with one-, two-, and three-exponential fits. Only
and one phase is unique (relaxation timel.1 + 0.1 s). the latter shows residuals that exhibit no systematic devia-
This indicates that the secondary structure forms very rapidly tions from zero. The time constants derived from fluores-
along with some tertiary structure, followed by the formation cence data are 1F# 0.6 s, 25+ 2 s, and 83t 28 s (Table

o
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1), agreeing with those obtained from far- and near-UV CD, -5000
within allowable error. Although the mean time constants
from far-UV CD and fluorescence differ by more than the
sum of their estimated errors, Figure 3a shows that the far-
UV CD data show substantially less scatter than the
fluorescence data, and the extrapolation to zero denaturant
concentration is therefore more reliable for the far-Uv CD 2 -8000 [}

-6000 [}

-7000 [

cm? / dmol

results. There is no evidence that different processes are being ©
observed in far-UV CD and in fluorescence. On the contrary, § -9000 |
the double-jump experiments described below provide .d_f'
evidence that the two spectroscopic probes are following the =_10000 |
same slow process. It is interesting to note that the two
spectroscopic probes that sense tertiary structure reveal the -11000 : :
1.1-s phase, whereas the far-UV CD that senses secondary 0 100 200 300
o time, seconds
structure does not exhibit this phase.
At high temperatures, and especially in gdn-HCI concen- -3000
trations above 0.6 M, single-exponential kinetics are observed _4000
(Figures 6a and b). This suggests that at these extreme -g _
conditions, all the intermediates in the folding process are £ -5000
destabilized and no longer detectable, thus yielding two-state S -6000 |
kinetics. Intermediates are still present under these conditions, “% 2000
but they are in rapid equilibrium with the unfolded state. 2
Evidence for the presence of intermediates can be seen from . -8000
the temperature dependence of the folding rate constant for 3 9000
the slowest phase (Figure 6¢). For simple two-state processes, &
the rate constant must monotonically increase with temper- =-10000
ature. At all gdn-HCI concentrations examined, the slow -11000 [

folding rate constant does not increase monotonically with
temperature, but is maximal at a certain temperature. A model
employing an on-pathway intermediate in rapid equilibrium
with the unfolded state would display this non-Arhennius

0 1750 3500 5250 7000
time, seconds

type of temperature dependence of the rate constdsts ( 30
44). This suggests that the intermediate is necessary for I
folding and is populated to some degree under all conditions “
examined. 5t
The Two Slow Steps of pelC Folding Are Due to Proline ®
Isomerization.For many proteins, the slow kinetic phases 6]
have been shown to be the resulcid—transisomerization |
about prolyl-peptide bond€%—48). In model peptides, this )
isomerization occurs with a relaxation time of1000 s near 8t
room temperature4b). In the unfolded ensemble, thans
isomer of proline is more favorable than this, but in a 9 ‘ ‘ ‘ ‘
folded protein, structural constraints can result in the 0 10 20 30 40 50
stabilization of thecis isomer. This is somewhat common Temperature, °C

with X-Pr(_) peptld_e bonds because the re!z_itlve_stablllty of Ficure 6: Folding kinetics measured by far-UV CD (218 nm) by
Fhe trans isomer is Qecreased. The equmbratlon of th_e manual mixing. (a) 0.1 and 0.2 M gdn-HCl at 40 and (b) 0.7 M
isomers occurs relatively slowly due to a high enthalpic gdn-HCI at 25°C and 0.8 M gdn-HCI at 15C (bottom to top in
barrier. In pelC, the two slow phases have relaxation times both). Conditions were the same as from Figure 4. (c) The natural
in denaturant-free buffer of 21 and 46 s. It was therefore 109 of the rate constant for the slow folding phase at various

: P g : denaturant concentrations (top to bottom: 0018 M gdn-HCI)
hypothesized that proline isomerization IS.OC(?UI’I’Ing.. . and temperatures {815 °C). The solid lines are free-hand efforts
One way to test for the presence of proline isomerization (g represent the trends in the data.

is to use the double-jump technique. This procedure takes

advantage of the fact that there is a high enthalpic barrier to fluorescence. Using fluorescence spectroscopy, three kinetic
proline isomerization relative to protein folding or unfolding. folding phases are observed with rates consistent with those
If the slow phases are due to a slow isomerization, such asobserved by CD (Figure 3a). This technique yielded much
prolyl-peptide bond isomerization, then the amplitudes of better signal-to-noise ratios and was therefore used for very
these phases will increase with increasing delay time. This precise determination of the relative amplitudes for the
is because at short delay times relatively few prolines will kinetic traces obtained at various delay times. It is demon-
have undergone isomerization from the native conformation. strated in Figure 7a that the relative change in amplitude for
As time goes by, equilibrium is reached and a stable the slowest phase, as measured by CD and fluorescence, is
population of incorrect isomers will be present. Figure 7 identical. The overall results indicate behavior typical of
shows double-jump experiments using far-UV CD and proline isomerization. With increasing delay time, the relative
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in 0 M gdn-HCI. The slowest phase hA$i* = 21.2+ 0.9
0.107 a & 8 kcal/mol andASF = 5.84 0.2 cal/mol K. This suggests that
0.09 e 11400 5 a typical proline isomerization event is responsible for the
o 5 slow folding of this phase. For the intermediate slow phase
z 0.08 | ® 11200 - AH* = 16.0 £ 0.7 kcal/mol andASF = —11.24+ 2.5 cal/
5 0.07¢ 5 5 mol K (determined with the P220A mutant as described in
£ 006 | »e 11000 @ the following paper in this issue). These activation parameters
< = R '°E are also typical of proline isomerization.
0057 1800 The enzyme peptidyl-prolyl isomerase has been shown to
P I . . T .
004+ > catalyze thecis—transisomerization of X-Pro peptide bonds
& 1600 <« in small polypeptides and some proteigg)( The catalytic
0031 o - .
ability of this enzyme was tested on pelC. In a fluorescence
0.02 ' ' ' ‘ - experiment monitoring folding in 0.3 M urea, it was found
10 30 50 70 90 hat th fthe s| h h d he s|
delay time, minutes that the rates of the slow phases are enhanced. For the slowest
phase, the rate approximately doubles from 0.0070 to 0.0147
s 1. The intermediate slow phase shows an almost 3-fold
b rate enhancement. The rate increases from 0.0301 to 0.0855
0.7 st in the presence of M human PPI.
All of the presented data strongly support the proposal
205l ® . that the two slow steps in pelC folding are due to tiee-
B Y L . S ;
2 ~— e trans isomerization of prolyl-peptide bonds.
fg ° . PelC CD Calculationslt was noted that when the folding
<« 037 VW kinetics are followed by near-UV CD, there is a change of
% sign in the fastest observed folding phase. This phase occurs
o4t 2 e A with a rate constant that agrees, within experimental error,
R with that measured with far-UV CD. The experimental
. , ‘ , , evidence so far cannot determine whether this species is
10 30 50 70 90 nativelike or not. It was hypothesized that a portion of the
delay time, minutes folding protein has nativelike secondary structure, and this

FiGURE 7: Double-jump refolding experiments for pelC. (a) The port_lc_)n has a negative T‘ear'UV .CD' in contras_t to the Over_all
change in amplitude for the slowest phase of folding at various POSitive CD of the native protein. To test this hypothesis,
refolding delay times measured by fluorescer@gdr far-Uv CD calculations on pelC with each individual tyrosine and
(?)_- (b) The Ch?n%e in(?Tplittl_Jde gf teach O%Sgrvﬁd kinetic phe;se tryptophan changed to alanine were carried out. The differ-
at increasing refoloing delay ime aetermined Dy Tluorescence 1or ence spectra between the wild-type and mutant proteins were
m& 1|.\/]|-ESS’[)),H2]€-5,S 5%)’£&d ,f}ggl' pgg)scesg.ngorr;ilité%gsl ‘ggrerZC‘L;l then obtained._ If an in_dividual aror_nat_i(_: side chain_or a cluste_zr
concentration of 0.4M. of aromatic side chains has a significant negative band in
the near-UV, this might indicate which side chains were
amplitude of the 1.1-s phase decreases exponentially to astructured in the intermediate. The CD spectrum for native
limiting value of about 0.4 (Figure 7b). However, the relative pelC was calculated in the near-UV spectrum. The calculation
amplitudes of the two slower phases both increase exponenis in good agreement with experiment (Figure 8a). The
tially with delay time to limiting values of 0.3 and 0.1. This experimental maximum is at 279 nm with an intensity of
is very strong evidence that there are multiple populations 174 deg cri/dmol. The calculation predicts the correct sign
of unfolded protein molecules that interconvert relatively of the CD band with an intensity of 231 deg #¥dmol at
slowly. (The remaining relative amplitude, 0.2, is attributable 273 nm. Qualitatively, the features are also quite good. The
to the 0.25-s phase, which is not resolved in the manual- tail above 290 nm is not predicted by the theory. However,
mixing experiments.) Unfolding of pelC occurs very rapidly we suspect that this results from disulfide bonds, which are
at 0°C, pH 9.5, andn 5 M gdn-HCI (25 s). Because of  not considered in the calculations.
the high activation enthalpygis—trans isomerization of Difference spectra were obtained in order to resolve
prolyl-peptide bonds will be dramatically slower. Thus, the individual aromatic side chain contributions to the CD
equilibration of thecis—trans isomers will be very slow  spectrum. Figure 8b shows representative difference spectra
compared to unfolding, effectively decoupling these pro- for some of the mutations. (Difference CD spectra for all
cesses. This experiment allows one to observe the isomer-aromatics in both the near and far-UV are provided in the
ization directly. The increase in amplitude as the protein is Supporting Information.) The difference spectra show the
left unfolded for longer times before refolding results from individual contributions to the near-UV CD. Most side chains
more nonnative prolyl peptide bonds forming and more make positive contributions, but several side chains make
molecules populating the slow kinetic phases. The 1.1-s negative contributions to the spectrum. If one looks at only
phase shows a decrease in amplitude because fewer pelGhe residues in thg-helix region, one sees that the sum of
molecules are able to populate the fast-folding pathways. the CD values at 277 nm is8 deg cm/dmol (Table 2).
Proline isomerization occurs with a characteristically high This is consistent with the magnitude of the fast phase in
activation enthalpy45). In model peptide systems, this is the refolding process. The observed amplitude-&5 deg
194 3 kcal/mol @5, 49). Using eq 2, the activation enthalpy cnm?dmol (Table 1). This supports, but does not prove, the
can be calculated from the rate dependence on temperaturéypothesis that the fastest phase in pelC folding results from
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300 stabilized with a far-UV CD spectrum very similar to that
3 of native pelC but a near-UV CD opposite in sign, with an
200 intensity of about-60 deg cré/dmol at 280 nm (Figure 4b).
The total side-chain contribution from thehelix domain
g 100 cannot account for this amplitude. There are some subsets
] of individual contributions that could account for the
o~ 0 amplitude but no specific assignments are possible. It is likely
5§ that the kinetic and equilibrium intermediates are not as
D 100 similar as originally thought. It is possible that binding of
e : anions induces a conformation with only partial native
=2 ; structure and that some side chains might assume orientations
-200 ' different from those in native pelC.
-300 | ' , DISCUSSION
260 300 340 The folding of small proteins is generally a relatively fast
A, nm process, especially the formation of secondary structure
(1-3). Secondary structure formation for many larger
401t b proteins occurs on a relatively fast time scale as wsst).(
In the folding of small and large proteins alike, the rate-
200 ~ \/"\\ limiting steps that occur on time scales on the order of tens
° ~, N f ds or more may result in the formation of ordered
e \\ N “ of secon y .

A, Nl ,-5/ - secondary structure, but the energy barriers are due to a
o~ e > e process other than secondary structure formation. In many
§ 20t T T cases, along with the added complexity of intramolecular
> ) { domain association and subunit association, the slow steps

© | : of folding involve slowcis—trans isomerization of X-Pro
. 40 peptide bonds45—-48). In larger proteins, retardation of
< protein folding by this isomerization is much more common.
-60 ' One reason is that large proteins contain more amino acids,
and the statistical probability of prolines being present is
80 — ) : : greater. The presence and location of prolines are certainly
240 260 % nm 280 300 not random occurrences. One of the specific roles of proline

is to form a tight turn or kink in the backbone. Larger proteins

Ficure 8: (a) Calculated near-UV CD spectrum) and experi-

mental CD Spectrum (- - ) for pelC. {tome representative often have highly evolved and optimized functions requiring

difference CD spectra showing the individual contributions to the finely tuned architecture. Proline side chains are very

CD spectrum for W276:(+), W256 (- - -), Y184 ¢-e-e), and Y230 important in fine-tuning backbone architecture, acid
) prolines are often functionally important.

In studying the folding mechanism of RNase A, Baldwin

Table 2: Calculated Near-UV CD for Aromatic Amino Acids in the

and co-workers§3—55) observed multiple unfolded popula-

p-Helix Region tions corresponding to fast and slow folding kinetics. Brandts
_ [0]277nm _ [0]277nm et al. @5) first proposed the proline isomerization hypothesis
residue no.  (deg cn¥fdmol) _ residue no. (deg cni/dmol) for RNase A, which states that the slow- and fast-folding
W106 -1 Y207 6 forms of the protein differ in theis—trans configuration of
w;gé _119 \\((221112 % X-Pro peptide bonds. The original proposal suggested that
W276 —52 Y230 18 the slow and fast folding forms of the protein exist in
Y56 23 Y234 -1 equilibrium and the slow form must convert to the fast form
Y184 —-15 Total -8 prior to folding to the native protein. It was subsequently

shown that in RNase A, an intermediate is formed with some

the rapid formation of thg-helix domain. In a single step, ~ degree of compact structure but with some molecules having
the 8-sheet backbone forms, and at the same rate, thethe incorrect proline conformatio§, 57). This cleared up
aromatic side chains in this region fold to their native SOme problems with the original ideas. It seems unlikely that
structures. In a slower phase, the remainder of the side chainsan entire protein could remain completely unfolded until one
which are in the loop regions of pelC, adopt their native Proline obtains its correct isomeric configuration. This leads
conformations as the |oop regions fold. A Corresponding to the view that a sizable fraction of the prOtEin can acquire
phase is not observed in the far-UV because the majority of Native structure while the local region about the incorrect
the rest of the molecule is unordered structure and there isProline isomer is somewhat unordered.
no detectable change in going from the dynamically unor- There are 12 prolines in pelC, and one of these, Pro 220,
dered random coil to the statically unordered loops, i.e., this is in the cis conformation in the native enzyme. In model
phase is spectroscopically silent in the far-UV CD. peptides and unordered proteins, the ratitarfiscisisomers

It has also been showrbl) that, at pH 2 and NaCl of proline is about 70:3046). The slow kinetics result from
concentrations greater than 100 mM, an intermediate isthe slow interconversion of these isomers. The slowest kinetic
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Upyy == Ipy == Npy the near-UV CD spectrum, which overall is positive. Also,
ﬂ u “ 21 sec at low pH and high salt, an intermediate with a negative CD
amplitude in the near-UV is stable in pelC (Figure 4b). Itis
possible that these intermediate states are structurally related.
The next step in the folding process involves the ordering
ﬂ “ ﬂ 46 sec of the remainder of the side chains. These side chains are in
the loop regions of pelC. Thus, because the backbone in the
loop regions are dynamically unordered in the intermediate

Ficure 9: A model for the folding mechanism of pelC. U is the | and statically unordered in N, no changes in the far-uUv
unfolded protein, | is the intermediate formed in the fast phase, cp are observed.

and N is the native protein. i i - . . . . .
native state in Whigh th:g o':l1I\),/Vltnr:;};ugﬁ‘(f:enrrt)atnrggrf?grenmt?wg %Sa?il\ﬁo The case.of f0|dmg_ with one or more prolln(_as in the in-
protein is the conformation of a peptide bond. U, I, and N represent correct configuration is more complicated and is also repre-
the major pathway taken when all peptide bonds are in the correctsented in the kinetic model (Figure 9). When the unfolded
conformation. Wz Ip220 and Neaporepresent the slowest pathway  protein solution is transferred to conditions stabilizing the
when Pro220 is in thérans conformation in the unfolded state.  native fold, there is a rapid condensation of the structure
Upxx Ipxx @Nd Ny is the pathway taken when other prolines are in . , .
the cis conformation in the unfolded state. via at least three pathways. For the 46-s phase, the region
around the incorrect proline is highly disordered because of
folding phase for pelC exhibits properties that are very typical the inability to form some native contacts. It seems unlikely
of proline isomerization. These include a relaxation time of that the proline isomerization is occurring in a completely
46 s, a high activation enthalpy, catalysis by the enzyme unordered protein. It is more likely that the majority of the
PPI, and an increase in the amplitude of the slow phase withprotein is folded correctly but the region of the protein near
increasing time of unfolding during a double-jump assay. the incorrect proline isomer is unstructured or improperly
The intermediate slow phase shows similar properties. Thefolded. The 21-s phase occurs slightly faster, probably be-
relaxation time of 21 s and the increase in amplitude in the cause structural constraints put strain on the incorrectly
double-jump assay are consistent with proline isomerization, configured prolyl peptide bond, facilitating its conversion
as is the 16.0 kcal/mol activation enthalpy and the catalysisto the correct configuration. That is to say, the local en-
by PPI. vironment of the polypeptide chain lowers the activation
Pro220 is a plausible candidate for a proline that is enthalpy, thus resulting in a slightly faster isomerization rate.
responsible for one of the slow phas&§)( This residue is  This results in an activation enthalpy that approaches the
in the cis conformation in the native structurd). It is lower limit observed for proline isomerization. It is also
located within the centraB-helix region at the end of a  possible that an intermediate helps stabilize the correct back-
strand. Results from site-directed mutagenesis indicate thatbone geometry. One commonly observed property of proline
isomerization of the Leu219Pro220 peptide bond results isomerization is the independence of the rate on denaturant
in the slowest kinetic phase observetD)( In the mutant concentration §9). This is not observed for pelC, but can
P220A, the 46-s kinetic phase is eliminated. It is also possible be explained by our model. The presence of an intermediate
that prolines that argansin the native protein demonstrate strongly influences the rate of folding for pelC, and the
slow kinetics, because in the unfolded protein, some small intermediate’s stability is strongly dependent on denaturant
population iscis. In pelC, the 21-s phase is not the result of concentration. As the intermediate is destabilized, the rate
isomerization of a nativeis proline. Folding kinetics of  dramatically slows, and only one phase is observed, corre-
P220A shows a slow phase that is consistent with the 21-ssponding to a rate-limiting proline isomerization.
phase observed in wild-type pelC. Experiments with other In the presence of PPI, rate enhancements of abegt 2
proline—alanindvaline mutants indicate that no single prolyl- fold are observed. PPl does not necessarily show dramatic
peptide bond is responsible for this pha86€)( It is more rate enhancements or catalyze all prolyl isomerization events
likely that this phase results from an ensemble of prolines (50, 60). There must be access for the enzyme active site to
in the incorrect isomeric configuration. It is also possible the improperly configured prolines. In the present case,
that this phase results from isomerization of nonprolyl peptide access to the incorrect prolines is apparently limited. This
bonds. This phenomenon has recently been observed byobservation is consistent with the proposed folding model.
Pappenberger et als§). The formation of essentially all of the secondary structure
A proposed kinetic model is presented in Figure 9, and occurs in about 0.25 s. This occurs in parallel with the
can be described as follows for the case of folding with all formation of some degree of tertiary structure. It is therefore
of the prolines in the correct native configuration. The major not surprising that the folded regions of pelC protect the
fast phase results in the complete formation of the secondaryincorrectly folded proline residues from PPI.
structure. This occurs in a single cooperative step. At the Individual Aromatic Side-Chain Contributions to the Near-
same time, certain aromatic side chains of the molecule areUV CD. CD in the near-UV is much less predictable than
forming a defined tertiary structure. The possibility of a that in the far-UV. In the far-UV the major chromophore is
population of molecules forming rapidly with completely the peptide group. The predictability lies in the secondary
native side-chain structure was ruled out by the negative structures that can be populated. In the near-UV the
amplitude in the fast phase of folding observed by near-UV chromophores are primarily the side chains of tryptophan,
CD. Itis very possible that the side chains that are structuredtyrosine, and phenylalanine. These side chains can combine
at the end of this phase are in an essentially native in all kinds of geometries and couple in an almost infinite
conformation. Calculations suggest that the aromatic sidevariety of ways. Therefore, one cannot relate the sign, shape,
chains in the3-helix region make a negative contribution to  or intensity of the CD spectrum to any particular structure.

UPZZO‘— IP220 _ NP22O
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However, one can look at particular contributions and SUPPORTING INFORMATION AVAILABLE

changes to the near-UV CD spectrum with conditions, Residual plots for far- and near-UV CD and fluorescence

_ The kinetic experiments indicate that some collapsed \neic experiments are available. Calculated far- and near-
intermediate forms in the early stages of folding. This inter- |\, cp spectra for pelC and difference spectra for all

meqllate has a very _nat|veI|ke secondary struc_ture, b”t_ thearomatic mutations are available. This material is available
tertiary structure is different from that of the native protein. (..o charge via the Internet at http:/pubs.acs.org.

At least that is what one might think at first. CD calculations
support the idea that the-helix region is the domain that
forms in the fast kinetic phase. This domain forms rapidly
in the folding process, followed by the slower arrangement
of aromatic side chains in the loop regions of pelC. In a
previous studyZ6) of the equilibrium denaturation of pelC,
calorimetry indicated that two energetic domains were
present with similar thermal stabilities. The nature of the
two domains was not identified. It is possible that fhelix
region constitutes one of the domains observed in the equi-
librium experiments, and the loop regions form the other
domain. The two domains are not observed in unfolding
experiments because they are interconnected. They can be
resolved in the kinetic refolding experiments because of the
sequential nature of the folding pathway. The formation of
the #-helix domain must occur before the side chains in the
loop regions are in close enough proximity to interact and
form the minimum energy conformation.

Near-UV CD is a powerful and sensitive tool for observing
the formation of side-chain structure during protein folding,
but it has gone widely underutilized. This is possibly because 11.
far-UV CD overshadows the usefulness of near-UV CD.
Different far-UV CD spectra are very characteristic of
specific secondary structures and combinations thereof, and
the rules governing this are quite well understood, but the 13.
only rules for CD in the near-UV are that aromatic side
chains and disulfide bonds are the chromophores. There is 14.
no a priori way to tell from CD what the specific conforma-
tion of the side chain is. This study demonstrates the
qualitative utility of near-UV CD in understanding a kinetic
protein folding mechanism. It is not too surprising that there
is a change of the sign of the folding amplitude. To our
knowledge, this behavior has not previously been observed ;g
with near-UV CD, but similar observations have been made
with far-UV CD (44, 61-63). These, however, were 19.
overshoots of the native amplitude and not opposite in sign 20.
to the native CD.
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