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ABSTRACT. The folding of the two-domain bacterial chaperone PapD has been studied to develop an
understanding of the relationship between individual domain folding and the formation of dedaairain
interactions. PapD contains six phenylalanine residues, four in the N-terminal domain and two in the
C-terminal domain. To examine the folding properties of PapD, the protein was both uniformly and site-
specifically labeled wittp-fluoro-phenylalanine'fF-Phe) for'®F NMR studies, in conjunction with those

of circular dichroism and fluorescence. In equilibrium denaturation experiments monitoféd RMR,

the loss oft®F-Phe native intensity for both the N- and C-terminal domains shows the same dependence
on urea concentration. For the N-terminal domain the loss of native intensity is mirrored by the appearance
of separate denatured resonances. For the C-terminal domain, which contains residues Phe 168 and Phe
205, intermediate as well as denatured resonances appear. These intermediate resonances persist at
denaturant concentrations well beyond the loss of native resonance intensity and appear in kinetic refolding
9F NMR experiments. In double-jumiyF NMR experiments in which proline isomerization does not

affect the refolding kinetics, the formation of domaitiomain interactions is fast if the protein is denatured

for only a short time. However, with increasing time of denaturation the native intensities of the N- and
C-terminal domains decrease, and the denatured resonances of the N-terminal domain and the intermediate
resonances of the C-terminal domain accumulate. The rate of loss of the N-terminal domain resonances
is consistent with a cis to trans isomerization process, indicating that from an equilibrium denatured state
the slow refolding of PapD is due to the trans to cis isomerization of one or both of the N-terminal cis
proline residues. The data indicate that both the N- and C-terminal domains must fold into a native
conformation prior to the formation of domattomain interactions.

PapD is a chaperone required for the assembly of therapidly in the refolding kinetics as monitored by stopped-
subunits of P-pili in the periplasm of uropathogeBscheri- flow °F NMR, consistent with a rapid change in CD at 230
chia coli. In the absence of PapD these subunits are nm, and indicating the C-terminal domain forms structure
proteolytically degradedlj. The protein is composed of two  before the N-terminal domairs).

domains with each domain having an immunoglobulin (I9)-  gecause the chemical shift difference between the native
like fold (Figure 1) @). Previous experiments have shown ,nq genatured resonances o®B-Trp 36 in the N-terminal

that equilibrium denaturation in urea using fluorescence or 4o~ /o small and because Trp 36 is a surface-exposed
circular dichroism (CD)is a single cooperative transition, residue, it was difficult to determine whether the N-terminal

. . i Py )
\l/)vhle:jeas f)_(perlmer::tsN\'l\v/:g]ﬁ;]F trypto_pthan (gf':t-rfr P) réa domain may also form an intermediate. We hypothesized
eled protein using? show an intermediate forng), previously that the slow rate of folding (accumulation of

This |r_1termed|ate, orlglngtmg from Trp 128 in the C-terminal native N- and C-terminal domain resonances) was due to
domain, was characterized by an observable peak that

resonated at a frequency between that of the natitéE-6- the slow trans to cis isomerization of one or both of two cis
Trp 128 and that of denatured'®&-Trp 128 resonances. The proling resid_ues (Pro 49 anq Pro .54). in the N-terminal
intermediate appeared at urea concentrations from the star homsl?. Untll Iﬂ;e trans to Cllds |St)trr;elgzatlgr;hev$nt octg: urre?,
of the transition from native to denatured and persisted € N-terminal domain could not fold and the formation o

beyond the complete loss of native resonance intengjty ( domain-domain interactions was prevented. An alternative

Furthermore, the same intermediate was observed to formNYPOthesis is that folding of the N-terminal domain is
dependent on the C-terminal domain. In this case the

t This work was supported by NIH Grant DK13332 (C.F.) and in intermediate would represent a misfolded form of the protein
part by a Keck fellowship to J.G.B. and must initially correct itself (which may be a slow
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Here, we again examined the folding of PapD, usifig labeling (K10F&\) have been describe8)( The latter was
NMR combined with fluorescence and CD, but monitoring obtained as a generous gift from Dr. David Tirrell (California
the phenylalanine residues of PapD that have been labelednstitute of Technology, Pasadena, CA). Standard PCR
with p-**F-phenylalanine. PapD contains six phenylalanine strategies were used for subcloning the gene encoding PapD
residues that are well dispersed throughout the sequence anth pLS101 ) into the Qiagen vector pQE8OL (pQE80PapD)
are located in different environments (Figure 1). Phe 11, 86, and include the signal sequence required for export to the
88, and 114 are positioned to report on the folding of the periplasm. Mutagenesis of the Phe codons in pQE80PapD
N-terminal domain. Phe 11, 86, and 88 are buried within to amber codons was done using the QuikChange mutagen-
the core of the N-terminal domain, whereas Phe 114 is esis kit (Stratagene, La Jolla, CA). The resulting plasmids
located at the domaindomain interface. Phe 114 may, along were used for complete labeling of the phenylalanine residues
with the potential to monitor the formation of the domain  in NK6024 (pQE80PapD) and also for site-specific labeling
domain interface, also provide information on the formation (pQE80PapD-amber mutants) after insertion of the PheRS
of complexes with pilus subunitg), Phe 168 and Phe 205 gene. The PheRS expression cassette was obtaindevall a
are located in the C-terminal domain, are also buried residues restriction fragment from the plasmid pRO143.(This was
and are distant from the one tryptophan residue (Trp 128) then inserted into th&ma site of the pQE80PapD-amber
and the domairrdomain interface. Phe 205 is near the single mutants. The plasmid pRO117, which encodes the yeast
disulfide bond in PapD formed by Cys 207 and Cys 212 tRNAPhe/amberextexpression cassette, has also been described
and may provide information on the time frame that this (8).
region forms. Complete and Site-Specific Labelirigpr complete label-

The structure of PapD with the phenylalanine and tryp- ing, NK6024/pQE80PapD was grown in 5 mL of LB
tophan residues identified is shown in Figure 1. As was medium. From this, 1 mL was removed and diluted 1:1000
reported previously for the C-terminal domain resonance of into 1 L of aminimal medium §) containing 0.8 mM Phe
6-1%F-Trp 128, new resonances are observedpidi-Phe and grown in a Fernbach flask overnight. This was then
168 and 205 that remain visible at denaturant concentrationsadded to 12 L of the same minimal medium in a Bioflo 5000
beyond the loss of native resonance intensity. These samdermentor (New Brunswick Scientific, Edison, NJ). A pH
resonances are also observed to form rapidly upon refoldingof 7.0 was maintained with 8.0 M ammonium hydroxide,
from the equilibrium denatured state. Furthermore, we find the dissolved oxygen was maintained at or above 25%, and
thatnative intensity for Phe 168 and Phe 205 is also observed the glucose was maintained at 0.5%, which was monitored
to form early along with the intermediate, preceding the With urinalysis strips §). Bacteria were grown to an Qg
formation of observable native intensities for the N-terminal of 3.0 and harvestechil L bottles. The cells were then
domain residues. Although no intermediate resonances arevashed twice with 0.9% NaCl and 1 mp*9F-Phe and then
apparent for the N-terminal domain, there is significant grown for 20 min in minimal medium supplemented with 1

missing intensity for this domain that may indicate some MM p-**F-Phe. IPTG was added to a final concentration of
early structure formationsj. 1.0 mM, and the bacteria were allowed to grow for an

The formation of the native N-terminal domain resonances, dditiond 1 h (final ODsoo ~ 6.0).
the loss of the intermediate resonances, and the continued FOr Site-specific labeling, 1 mL of cells (K10A6
formation of the native C-terminal domain resonances occur PQE80PapDPheRS/pRO117) was diluted from 5 mL of LB
concomitantly and are slow processes, consistent with 1:1000 inb 1 L of thesame minimal medium only containing
previous studies3). To determine if this is because of a 0-2 MM Phe and 3.0 m\p-1F-Phe. The cells were grown
slow trans-cis isomerization event in the N-terminal domain © @n O of 1.0, washed twice with 0.9% NaCl and 3
itself, we performed®F NMR double-jump experiments to MM p-**F-Phe, and then resuspended in 0.04 mM Phe and
monitor the effect of proline isomerization on folding)( 3 mM p-'%F-Phe §). After 20 min of growth, the cells were
The double-jump data indicate that the rate-limiting step in induced with 1.0 mM IPTG and grown for an additional 45
the folding of PapD is the slow folding of the N-terminal Min—1 h. PapD was |solated_from the penplasm as described
domain itself and specifically the transis isomerization ~ Previously 4). PapD was dialyzed against 20 mM MES/
of one or both of the two cis prolines. The data indicate that KOH, pH 6.0, and purified using Pharmacia SP Sepharose

the formation of native structure in the N- and C-terminal @nd Source 15Phe hydrophobic interaction chromatographies
domains is a prerequisite for the formation of dormain (Amersham Pharmacia, Piscataway, NJ). The concentrations

domain interactions. of the purified protein were determined using an extinction
coefficient of 24 977 M cm 1, as described previously
MATERIALS AND METHODS ©)F

Buffer. The buffer used in all experiments presented

Chemicals All of the amino acids and reagents used for here is 30 mM MOPS/HCI, pH 7.0. For the NMR experi-
the preparation of the minimal media were from Sigma (St. ments, we include 3@M 6-1°F-Trp as a standard and 10%
Louis, MO). Ultrapure urea was obtained from United States D,0.
Biochemical. Reagents for the preparation of Luria Bertani  FluorescenceEmission spectra were recorded on an Alpha
(LB) medium were from Difco. Enzymes used in the Scan PTI spectofluorometer (Photon Technologies, Ontario,
subcloning procedures were from New England Biolabs. For Canada) using an excitation wavelength of 295 nm. The
the PCR of thepapD gene from pLS1017), we used the  concentration for all fluorescence experiments was\L
Proofstart PCR kit from Qiagen. Stopped-flow experiments were performed using an Applied

Strains and Vectord'he strain used for complete labeling Photophysics SX.18MV (Applied Photophysics, Surrey,
(NK6024; CGSC#6178) and the strain for site-specific U.K.). Excitation was at 295 nm, the slits on the monochro-
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mator were 2 mm, and the fluorescence above 320 nm was A
recorded using a cutoff filter.

Circular Dichroism.CD spectra were recorded using a
Jasco J-715 spectropolarimeter. Equilibrium measurements
were performed at a concentration of 21, in a 0.1 cm
path length cell. The response time was 2 s, and the scar
rate was 20 nm per minute.

Stopped-flow CD experiments were performed with an
Applied Photophysics RX1000 accessory equipped with a
0.2 cm flow cell. Final concentrations were 2M. Because
there was only a small CD difference at 216 nm between
folded and unfolded protein, measurements were recorded
at 230 nm. In the presencé 6 M urea, however, the CD
spectrum was that of an unfolded protein (data not shown). B
For data collected to 150 s, a response time of 0.125 s was
used. For data to 5000 s, a response tih2 s was used.

F NMR SpectroscopyFluorine NMR spectra were
recorded on a Varian Unity-Plus 500 MHz spectrometer
operating at 470.3 MHz with a Varian Cryo-Q dedicated 5
mm fluorine cryoprobe. The cryoprobe was maintained at
20 K with the Varian Cryo-Q Open Cycle cryogenic system.
The t; relaxation times of the fluorine resonances were
measured using the inversion recovery method as describec
previously 8). Sample concentrations were %M for the
experiments shown. Stopped-flow experiments were per-
formed using an Applied Photophysics RX1000 mixer
adapted for use as described elsewhé&® 11). Approxi-
mately 1 mL of freshly mixed solution displaces 90% of the
old solution. The dead time of the mixer is estimated at 100
ms. Experiments were performed using a modified s2pul (C
pulse sequence that delays acquisition until the user trig-
gers the acquisition of data using the stopped-flow device.
After an initial delay of 1.5 s to allow for magnetic equi-
librium to be attained, data were recorded 1.24 s apart for
150 s. The data represent 48 separate injections, and the
individual shots were summed as described previouly (
For the long time course experiment, data were recorded
using the pad command in VNMR, such that each spectrum
at a given time point represents 32 transients. Three separat
injections from the long time course experiment were then
summed to give the final time course of refolding as
described previously3j.

F NMR Double-Jump Experiment$he double-jump
experiments were performed as follows: The protein and
urea were kept on ice. The protein was diluted to a final

[8] (deg cm’ dmol” X 107)

Fraction Folded
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concentration of 7.5 M urea, being sure not to disturb
the solution prior to mixing, which may cause crystalliza-
tion of the urea. After the initial 110 s to allow unfolding,
this mixture was then diluted on ice to 2.14 M urea,
quickly placed in a prechilled NMR tube, and injected
into the magnet with VT set to 5 1.0 °C. Different
periods of time after the 110 s unfolding were used before
refolding. A single, 64-transient spectrum was then re-
corded.

Data Analysis.The fluorescence, CD, an#F NMR
equilibrium unfolding transitions were fit to the two-state
equation of Santoro and Bolerid) using Kaleidagraph
(Synery Software, Reading, PA). The amplitudes from the
1%F NMR data were obtained from fitting the individual fids
using the Bayesanalyze program within VNMR (L. Bretthorst,
Washington University)3J).

Ficure 1: (A) Ribbon diagram of PapD (1PDK:A). The pheny-
lalanine (Phe) residues are blue, and the tryptophan (Trp) residues
are purple. The disulfide bridge at the end of the C-terminal domain
is yellow. (B) CD spectra of PapD unlabeled)(and p-'F-Phe
labeled #®) at a concentration of 2&M in 30 mM MOPS/HCI,

pH 7.0. (C) Normalized fluorescence of PapD unlabel@jl dnd
p-1°F-Phe labeledd) as a function of urea at 2IC (ex, 295; em,

335 nm) in 30 mM MOPS/HCI, pH 7.0. Fluorescence was
normalized using the equatidfhorm = Fobs — Fu/Fn — Fg; Fn =
native fluorescencdsy = denatured fluorescence. The fluorescence
data shown are corrected such that the slopes of the folded and
unfolded states are zero.

RESULTS

19 NMR: Assignment of thHéF-Phe Resonancekn 1998,
Furter described a novel method for the insertion of a single
%F-Phe amino acid into mouse dihydrofolate reduct&e (
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Table 1: Thermodynamic Parameters for Unfolding of Urea-Induced Unfolding As Monitored b{F NMR:

p-19F-Phe-Labeled PapD Equilibrium ExperimentsFigure 2A shows thé’F NMR
AGE P spectra of fully labeled PapD as a function of urea concen-

method (kcal/mol) (kcal/mol/M) AG/m (M) tration. Several points are immediately apparent. First, we
fluorescence wild type 8.95+ 0.4 27 331 note that the two native resonances of Phe 11 and Phe 168
fluorescence-19F-Phe-labeled 6.2 0.4 1.8 3.44 shift well before the appearance of denatured resonances and
19 NMR Phe 11 N 742 2 35 that the shifts are in opposite directions, whereas other
19 NMR Phe 86 N 8.2:3.6 24 34 resonances appear to shift very little. Phe 11 and 168 are
12'5 “mg EE: 224 N - 2’\“9 a5 predicted to be inaccessible to solveht)( but there may
19 NMR Phe 11, 86, 114D 7.45+ 1 5 37 be gffects from urea on the I_ocal structure _surrour_1d|ng these
19F NMR Phe 168 N 6.8 3.4 1.9 3.57 residues that are reflected in these chemical shift changes.
1% NMR Phe 168 D 8.4-0.5 1.9 4.4 There are no significant chemical shift changes for the native
19 NMR Phe 205 N 7.326 2.1 3.48

resonan f Phe 114 that li n the tw mains.
1% NMR Phe 205 D 10.50.8 2.3 4.56 esfo ance o . € that lies between the wo domains
: : _ _ This resonance is, however, broader than the other resonances
@ Obtained from a nonlinear least-squares fit according to the method 5,4 may be indicative of a relaxation mechanism that

of Santoro and Bolenl@).  Fluorescence data are taken from 8ef . . . . .
¢ Phe 88 native (N) and denatured (D) resonances overlapped, and thénvolves interdomain motions (see Figure 1A). Second, the

denatured resonances of Phe 11, 86, and 114 also overlapped and coultWO native resonances of Phe 168 and 205 split to separate
not be resolved. The fit represents the sum amplitude of these resonances (F168 | and F205 I) as the concentration of urea
resonances shown in Figure 2B. increases, and these new resonances persist at urea levels at
] - which the native N- and C-terminal domain resonances have
This method utilizes a heterologous yeast amber tRMA  jisanneared. Finally, four peaks are observed in the denatured

PheRS system ifischerichia colito incorporatep-*°F-Phe protein, three of which are identifiable as specific residues
at AUG amber stop codons in the sequence of the protein tO(F88 F168, and F205 D).

be labeled. We have shown previously that the method can
be successfully applied to assign the natie-Phe reso-
nances of PapDL@). The chemical shifts for the individually
labeled proteins did not differ significantly from that of the
fully labeled protein, indicating that there is little effect on

The amplitudes of the resonances as a function of urea
for the N- and C-terminal domains are also shown in Figure
2B. The loss of the native N- and C-terminal domain
intensities occurs at similar denaturant concentrations, indi-
the structure of the proteirL8). cating a concomitant loss of native structure for the two

Urea-Induced Unfolding Transitions of Unlabeled and d0mains ). Also, the loss of native intensity mirrors the
p-9F-Phe-Labeled Proteinghe CD spectra of the unlabeled  ¢1anges observed by fluorescence and CD, indicating that
andp-1F-Phe-labeled proteins are shown in Figure 1B. The these techniques are monltorlng the same loss of.nat|ve
differences in stability between the unlabeled and labeled Structure. In contrast to our previous study, the amplitudes
proteins were determined by equilibrium denaturation experi- ©f the intermediate species are much greater, and at 4 M
ments using fluorescence (Figure 1C), and the data arel®@ areé>50% of the initial native amplitudes. The
summarized in Table 1. Previous experiments have Shownmtermedlate mtensme_s of Phe 168 and 205 perS|s_t at hlgh_er
that PapD undergoes a cooperative two-state transition wherflénaturant concentrations than was observed previously with
measured by fluorescence or CD changes at 230 nm, with®-°F-Trp 128 and are reflected in the higher midpoint for
both methods providing nearly identical results. Foriér- the unfolded resonances of the C-terminal domain. This
Phe-labeled protein, the spectral changes as a function ofsuggests that the intermediate is more highly populated than
urea closely match that of the unlabeled protein, indicating Previously observed.
that fluorine labeling has not greatly affected the stability =~ Although we observed a concomitant loss of native
of the protein. Also, the secondary structure as measured byintensity for the N- and C-terminal domain resonances, the
CD has not been affected, indicating that fluorine labeling persistence of intermediate resonance intensity for Phe 168
has not changed the structure of the protein. and 205 suggested that perhaps fluorine labeling one or both

Table 2: Kinetic Data fop-*°F-Phe-Labeled PapD Refoldihg

method A ki (s79) A ko (s79) As ks (s7h)
fluorescence (WT) 0.2% 0.001 2.5+ 0.03 0.06+ 0.0007 0.0A- 0.003
fluorescencef-*F-Phe) 0.25t 0.001 3.35+0.03 0.04+ 0.001 0.07# 0.006 0.6 0.00067
CD p-'F-Phe 0.4t 0.02 1.7£0.2 0.2+ 0.02 0.05+ 0.02 0.6 0.00048
1%F-Phe 11 N 529 0.00068
19F-Phe 86 N 524 0.00086
1%F-Phe 88 850 ND
19F-Phe 114 N 717 0.00088
1%F-Phe 11, 86, 114 D 5060 0.029 1268 0.00086
19F-Phe 168 N 0.03 340 0.002
19F-Phe 168 | 490 ND 366 0.00088
19F-Phe 205 N 0.024 395 0.00086
19F-Phe 205 | 492 ND 311 0.0009

a Refolding was carried out in 30 mM MOPS/HCI, pH 7.0, at’®) 2.14 M urea final concentration. The final concentration for the fluorescence
data was uM. The CD and*®F NMR data were recorded at a final concentration of.®0. Stopped-flow NMR data were recorded in 30 mM
MOPS/HCI, pH 7.0, 10% BD, 0.3 mM 64%F-Trp (as a standard).The %F NMR relative amplitudes and rate constants were obtained from
Bayesian analysis. ND indicates that the changes were too fast to be determitfed\iyR.
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FiIGURE 2: (A) %F NMR spectra of-*°F-Phe-labeled PapD as a function of urea af@0The concentration of PapD was #M in 30

mM MOPS/HCI, pH 7.0, 10% BD, and spectra were referenced to an internal standard of 6-F-Trp (0.3 mM). N, |, and D represent native,
intermediate, and denatured resonances, respectively. The lines through the spectra are best fits using Bayesian analysis. (B) Amplitudes
of the 1% NMR data in (A) as a function of urea: (top) N-terminal domain resonances of Phe 11 natjvehg 86 nativel), Phe 88
native/denatured®), Phe 114 natived), and the sum of the denatured resonances of Phe 11, 86, an@)t 1Bdttom) C-terminal domain
resonances of Phe 168 native, intermediate, and dena®ire®, (J) and Phe 205 native, intermediate, and denatu@edy, O).

of these residues selectively stabilized the C-terminal domain.stability (13, 15—17). To determine if there was a selective
The insertion of a fluorine atom into a protein has been stabilization of this domain by fluorine, we site-specifically
shown to have either stabilizing or destabilizing effects on labeled Phe 168 and Phe 205 individually wi#i°F-Phe
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Ficure 3: 1°F NMR spectra ofp-1°F-Phe-labeled PapD Phe 168-amber and Phe 205-amber as a function of ureg€Caf\20, and D
represent native, intermediate, and denatured resonances, respectively. The separately purified proteins were combined such that the amplitude:
of the native resonances were similar3-fold higher concentration of Phe 205 relative to Phe 168). The final concentration of Phe 168
was 70uM, and data were recorded in 30 mM MOPS/HCI, pH 7.0, 1099 Dand 6-F-Trp (0.3 mM). The asterisk (*) indicates a likely
impurity.

thep-*°F-Phe intermediates at 4.5 M urea, we chose to initiate
refolding from 7.5 M urea, at which we had no evidence of
residual structure. The kinetic data indicate the presence of

5 three separate phases, which are summarized in Table 2. Also
®05 summarized are stopped-flow fluorescence data obtained at
= a concentration of kM. The rate constants of these phases
£ o using either technique are similar, indicating that both are
ki likely to be reporting on the same events during folding. A
g o5y 1 rapid change in CD at 230 nm precedes the slow phase, and
= Unfolded Baseline we attribute this rapid change to the collapse of the
24 M . C-terminal domain ).

Kinetics of Folding of PapD As Measured by Stopped-
'1-50 10'00 20'00 30'00 40'00 2000 Flow °F NMR. Figures 5 and 6 show the time course of
folding of the individual residues as measured by stopped-
flow °F NMR using a urea jump from 7.5 M to a final
Ficure 4: Stopped-flow CD data gi-*F-Phe-labeled PapD at 20 concentration of 2.14 M. The data are also summarized in

uM for a urea jump from 7.5 to 2.14 M. The unfolded baseline ) i ; ;
(7.5 M urea) is shown along with the time course of refolding of Table 2. The stopped-fiow data indicate that there is a rapid

PapD. The refolding conditions were 30 mM MOPS/HCI, pH 7.0, formation of structure around Phe 168 and Phe 205,
20°C. indicating that the C-terminal domain collapses early (see

inset at 2.74 s in Figure 5). In contrast to our previous study,

and measured the stability to denaturant¥fyNMR (Figure native intensity is also apparent along with intermediate
3). To match the urea concentration, both proteins were intensity. The native resonances of the C-terminal domain
combined such that the natiV¥# NMR resonances matched continue to form as the intermediate resonances disappear.
intensity (requiring~3-fold more Phe 205-amber than the The rate of formation of the Phe 168 native intensity--
Phe 168-amber mutant) and added to NMR tubes containingfold faster than the appearance of the Phe 205 native intensity
urea to give the final urea concentration shown. Although and is observed at either a different urea jump (from 4.5 to
the signal-to-noise is somewhat poor, the data indicate that2.25 M) or if the final concentration of protein is halved (35
the disappearance of native and intermediate resonancegM). However, the rate of loss of intermediate intensity is
occurs at the same denaturant concentration, and therefor¢he same as the appearance of native Phe 205 intensity
the persistence of intermediate intensity is likely not a (Figure 6). The native resonances in the N-terminal domain
consequence of the fluorine labeling at these positions.  appear at the same slow rate as the loss of denatured

Kinetics of Folding of PapD Measured by Fluorescence resonance intensity, and at the same rate as the (continued)
and Circular Dichroism.Figure 4 shows the stopped-flow formation of native Phe 205 intensity. At the beginning of
data for refolding from 7.5 M urea to 2.14 M at 2C and folding, we note that there is a substantial amount of intensity
pH 7.0 monitored by CD at 230 nm. In previous experiments missing from the N-terminal domain denatured resonances
we used a urea jump from 4.5 to 2.25 M urea, because byof Phe 11, 86, 88, and 114 (Figure 5, peak 3). Figure 7 shows
% NMR, fluorescence, and CD the protein wa®95% the summation of resonance intensity for the N- and
unfolded at 4.5 M urea3). Because of the persistence of C-terminal domain resonances as a function of time at 70

Time (s)
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FiIGURE 5: °F NMR stopped-flow refolding kinetics gf-'°F-Phe-labeled PapD. The final concentration wasu®) and spectra were
recorded at 20C in 30 mM MOPS/HCI, pH 7.0, 10% i, and an internal standard of'&-Trp (30uM). Refolding was initiated by a
rapid jump from 7.5 to 2.14 M urea using a stopped-flow apparatus mounted on the magnet (see Materials and Methods). (Inset) Initial
timepoint at 2.74 s after mixing. The 9@ulse was 6.3:s, and the pulse sequence included a 3.1 s delay and an acquisition time of 200
ms. Spectra were arrayed using the pad command in VNMR, and 32 transients were collected between each pad (no delay). Each spectrum
represents the sum of three separate injections. 1, 2, and 3 correspond to the denatured resonances of Phe 88 and 205, the denatured forn
of Phe 168, and the denatured form of Phe 11, 86, and 114, respectively.

and 35«M final concentrations. Comparison of the zero time prior to unfolding. The rate of unfolding in urea as measured
point (denatured) and the earliest refolding time point by fluorescence (M) was independent of temperature from
indicates that there is missing intensity for the N-terminal 20 to 5°C, with a rate constant 0£0.14 s, and at 5°C is
domain resonance but not for the C-terminal domain expected to be faster than proline isomerization (data not
resonances and that there is clear missing intensity that riseshown). At different times after unfolding in 7.5 M urea,
at the same rate as the stabilization of the other resonancesthe protein was diluted to 2.14 M urea, and the NMR spectra
Because the amplitudes for the C-terminal domain resonanceswere recorded with time. At the shortest time allowable for
are unchanged throughout the time course, this indicates thatecording a spectrum~110 s for denaturation and then a
this unaccounted for missing intensity is likely not due to jump back to 2.14 M urea), the spectra show that all of the
aggregation. Furthermore, the same loss of intensity is native intensity is present, with only some intensity apparent
observed at half the protein concentration (38), and the for the denatured form of Phe 11, 86, 88, and 114. With
rate constants for the faster phases obtained by stopped-flowincreased time of denaturation, the native resonances of the
CD at 20uM are similar to that observed by fluorescence N-terminal domain decrease, whereas the N-terminal domain
(1 uM final). Finally, a shallower urea jump to a similar denatured resonances accumulate. However, while the native
final denaturant concentration (4.5 M to 2.25) has little effect resonances of Phe 168 and Phe 205 decrease, the intermediate
on the disappearance of intensity. resonances accumulate. Importantly, the rate constant for the
Double-JumpF NMR ExperimentsTo determine if the  disappearance of the native resonances of Phe 11 and 86 in
observed slow folding of PapD was because of the trans tothe N-terminal domain corresponds to the rate of cis to trans
cis isomerization of proline of either Pro 49 or Pro 54 (which isomerization at this temperature (Figure 8BB)( This
are cis in the native state) in the N-terminal domain, we indicates that one of the cis proline residues, either Pro 49
performed double-jump experiments usiig NMR (Figure or Pro 54, is required to isomerize back to the cis conforma-
8A). Because of the need to use urea as a denaturant, weion to form the native state of the N-terminal domain and
performed the double-jump experiments at low temperature allow the subsequent formation of domaithomain interac-
(5 °C) to prevent significant isomerization from occurring tions.



13782 Biochemistry, Vol. 43, No. 43, 2004

1000

Bann and Frieden

1000 T T T T T T T T T
@ @
-l -
= =
= =
- = T
£ £
< <
s s
i 8
% $ 1
> >
G ]
o [
200
0 1 1 L 1 Il
0 1000 2000 3000 4000 5000
Time (s)
3500 T T T
3000 5
g s+ = Phe11,86,114 D -
g 2 ¢ 11,00,
= -
£ g 2000 f .
5 : Phe 88
£ § €
] 2 1500 [
-4 k]
g g . v
K] T
L] o
1000 | ™ oo, E
200 1© oo%oooooooocooo%ooo% 000 ,000000506°0°
500 - 5
=
0 1 L | Il | 0 | | | | 1
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time (s) Time (s)
T T T T T 1000 T T T By
1000 - oo o
o o - DI\UDHEIDHHJ o
a
E CIE o = 800 |- i
)
e 800 8
£ < Phe 168 N £ “— Phe 205N
3 & 600 E
£ 600 |© B £
< <
s s
2 3
@ @ 400
Y Phe 1681 | ¢ R Phe 2051
] ©
“ A/ “
200 200
00
o Oooo )
0 1 1 0 1 L 1 1 1

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Time (s)
Ficure 6: Analysis of1% NMR stopped-flow kinetics data:O) native resonances for the N-terminal domain and for the intermediate
resonances of Phe 168 and 208) fative resonances for Phe 168 and 205 and for the denatured resonance of Phe 11, 86, and 114. The

amplitudes were obtained from the data in Figure 5 using Bayesian analysis. The solid line through the curves represents the best fit to a
single-exponential rate function.
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DISCUSSION intensity was concomitant with the rate of stabilization of

. . _ Trp 36 in the N-terminal domain and, thus, the entire protein
The experiments described here usmgF-Phe-labeled (3). Phe 168 and 205 are more distant from the domain

PapD indicate that the folding process from an equilibrium domain interface, and the side chains project into the core

P"?‘?a‘“red state involves three sequgntlal events: (1) .theof the C-terminal domain. Phe 168 is in the D strand of the
initial collapse of the C-terminal domain, (2) the trans to cis

isomerization of proline in the N-terminal domain, and (3) C-terminal domain and is near thehelix between the C

the formation of domaindomain interactions. From tHéF and.D. 'stra.nds. The rate_ of formation of this helix may be
NMR kinetics folding data, intermediate and native side- the initial site of nucleation for. the C-terminal domgm and
chain intensities for the C-terminal domain are observed early MaY affect the rate of formation of Phe 168, which was
on and with nearly equal intensity. This indicates that the observed to be-2-fold faster than the _rate of stabilization
rate of stabilization of the Phe 168 and Phe 205 side chains®f Phe 205. Phe 205 is only two residues away from the
was faster than what we had observed previously for Trp disulfide bond formed between Cys 207 and Cys 212 but,
128, where no native resonance intensity was observed atnterestingly, showed a rate of stabilization similar to that
the earliest time point3). One reason for this difference of the N-terminal domain resonances. These data suggest
may be due in part to the proximity of these side chains to that side chains stabilize (even within the same domain) at
the domain-domain interface. Trp 128 is close to the different rates during the folding process, a point that has
domain—-domain interface, and the rate of formation of native been largely overlookedL9).
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' ' (J. Bann, unpublished observations). The disulfide is distant
suo0 | 0ouM | from the domair-domain interface, so maintaining the native

Sum Unfolded N-term structure of the C-terminal domain is important for the
a0t~ - AT . .
S e " stability of the entire PapD structure. In other experiments,
" g Yy p p

we have shown that the C-terminal domain (residues-119
214) can be stably produced in the periplasm at°@7

i et e el whereas expression of the N-terminal domain (residues

v
el
=1
% w000 - 1 1-118) is not detectable in the periplasm at 20 orr@7(J.
E , ‘ . . . ‘ Bann, unpublished observations). This is despite both
g 0 0 ww Wl oo s domains being expressed from identical plasmids and both
é m@’l_tm ' 35' ' encoding the nativpapD signal sequence. Similar findings
Z o uM have been reported by Hermanns et al. on the PapD
P T homologue FimC (which doasot have a disulfide), in that
2000 ._:_..'-."-".," o e the C-terminal domain could be produced (in the cytoplasm)
ot ' &@ o and under no conditions was a stable N-terminal domain
20 ?@%m‘iﬁ“’“@é@cﬁ%{é’fw Pl XN observed 21).

The observation that the N-terminal domain cannot be
expressed alone may not be so unusual. Proteins that exhibit
0 . . . . . structural homology to the N- and C-domains include,
¢ e A Mo a0 s respectively, the major sperm protein (MSP) and the small
o-amylase inhibitor TendamistaR?—25). Whereas Ten-
FIGURE 7: Plots of total resonance intensity frdfff NMR stopped-  damistat is monomeric in solution, the MSP is a homodimer

flow kinetics data. The data are separated into resonances from ; ; i irmi
the N- and C-terminal domains at final concentrations ofu®D (26). The homodimer interface of MSP is similar to the

(top) and 35M (bottom). Note the initial loss of amplitude from ~ interface between the two domains of PajJ)( suggesting

the sum of unfolded resonances for the N-terminal domain to the that the N-terminal domain structure may not exist in nature

initial time point obtained using the stopped-flow apparatus. as a monomer and may require the C-terminal domain for
stabilization.

The intermediate resonances that appear early in the Although there is no evidence during the initial stages of
kinetics studies also appear in the equilibrium denaturation refolding that the N-terminal domain Phe side chains have
experiments. This is consistent with our previous study in stabilized, there is substantial missing intensity from the
which an intermediate is observed from the C-terminal denatured side chains of Phe 11, 86, and 114 that may
domain residue Trp 128 that persists beyond the loss of nativeindicate the formation of a meta-stable structure (Figures 6
resonance intensity and is reversib®. (However, in the  and 7). Previous kinetics studies Bf coli dihydrofolate

Time (s)

previous study intermediate intensity is observed updl5 reductase have also shown missing intensity early in the
M urea, whereas the intermediates of Phe 168 and Phe 203efolding process that was attributed to the presence of a
persist at>5 M urea. Furthermore, whereas for thé®s- dry molten globule %). The dry molten globule was de-

Trp-labeled protein the maximum population of intermediate scribed as the formation of native-like secondary (as
intensity approached only 10% of the native intensity, the measured by CD) and tertiary structure where solvent has
maximum intermediate intensity for the!%F-Phe-labeled  presumably been excluded from the core but where the side
protein is>50% of the native intensity (Figure 2). Therefore, chains have not been stabilizes).(Previously we hypoth-
Phe 205 and Phe 168 may be in more stable environmentsesized that the slow formation of the positive CD at 230 nm
in the intermediate state, which may be a reflection of the was evidence of the formation of secondary structure in the
faster rate of stabilization. In separd® NMR kinetics N-terminal domain of PapD. Although the palygroline)
measurements, the rate of formation of the intermediates of|| helix contributes to this regior2(), studies on the cardio-
Phe 168 and 205 from a urea jump of@4 M (where no  toxins and neurotoxins from snake venom have shown
native intensity is present) shows that the intermediates canthat the CD at 230 nm is likely a contribution from a tyro-
form within 10 s, with no evidence of native intensity (data sine side chain rather than a regular secondary structure
not shown). Again, this suggests that the intermediates (28, 29). Therefore, our data cannot discount the possi-
observed are stable and can form reversibly, indicating thatbility that the N-terminal domain also forms a dry molten
they are on-pathway. globule that includes the early formation of secondary
The persistence of intermediate resonance intensity instructure that the CD at 230 nm is not sensitive to. However,
equilibrium experiments suggests that the C-terminal domainthis structure is likely to be in rapid exchange with other
can exist as a stable independently folding unit, whereas theconformations that make its detection as a separate resonance
N-terminal domain likely requires interactions from the difficult.
C-terminal domain for stability. This difference in stability From the equilibrium denatured state, the trans to cis
may be a consequence of the single disulfide bond presenisomerization of one of the cis proline residues in the
at the C terminus. Mutagenesis of both of the two cysteines N-terminal domain must occur to form the native structure.
Cys 207 and 212 to serine significantly destabilizes PapD In the unfolded state the trans form constitute30% of the
and prevents the formation of pil2Q) at 37 °C. Recent proline forms on the basis of the PapD sequence and the
experiments also indicate that mutation of the two cysteines data of Reimer et al.18). This in conjunction with the
to alanines also destabilizes PapD and results in a very slowdouble-jump experiments indicates that proline isomer-
refolding process that requires days to reach equilibrium ization is rate limiting in the slowest phase of refolding.
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Ficure 8: (A) %F NMR double-jump refolding op-1°F-Phe-labeled PapD. The double-jump experiments were conductetiCatThe

samples and urea were kept on ice prior to insertion in the magnet. The samples were diluted into a tube containing urea and allowed to
incubate for the specified time. After the initial denaturation period in 7.5 M urea, the samples were then diluted back to 2.14 M. The
sample was then placed into a chilled NMR tube and quickly inserted into the magnet, which wasl&(h The spectrum at 0 time was

taken with a sample that had not undergone a double jump, but had simply been brought to 2.14 M urea on ice. (Inset) Spectrum after 110
sin 7.5 M urea. (B) Amplitude of Phe 86 as a function of time of denaturation. The solid line through the curve is a best fit to a single-
exponential rate function.

Neither of the two cis proline residues is near the domain protein in the periplasm compared to wild-type or Pro 49
domain interface, suggesting that the influence on domain Ala/Gly mutants (data not shown). This indicates that the
domain interactions is through a secondary effect on thein vivo stability of PapD is compromised to a greater
structure of the N-terminal domain itself (Figure 9). Although extent if the cis Pro 54 is absent and may be because of the
we cannot rule out the role of Pro 49 (which is also cis in inability to form either the hydrogen bond or the subsequent
the native structure), Pro 54 is conserved among all kink.

chaperone sequences found to date as well as N3P ( The equilibrium®®F NMR data show that as the protein
This cis proline induces a kink in the middle of th# is unfolded, all of the native resonances disappear con-
(D' and D) strand that initially forms a hydrogen bond comitantly, and the kinetics data show that the regaining
with the E strand and then switches to the C strand mid- of native intensity is also concomitant between the two
way through the sequence (Figure 9). A hydrogen bond domains. Although Phe 114 is ideally suited for monitor-
is formed from the carbonyl of the Thr 5®ro 54 imide ing the formation of domaindomain interactions, the rate

to the amide NH of Arg 68 (E strand). Mutation of Pro 54 of formation of this resonance matched the rate of appear-
to either Ala or Gly results in barely detectable levels of ance of Phe 11 and 86 (Figure 6 and Table 2). Because of
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Ficure 9: Ribbon diagram of PapD showing the proline residues. Both Pro 49 and Pro 54 are distant from the-domaiim interface.
(Inset) Blowup of the region around Pro 54, showing the hydrogen bond of the carbonyl of Pro 54 to the amide hydrogen of Arg 143 in

the E strand.

the slow rate-limiting proline isomerization process, we ACKNOWLEDGMENT

could not determine the rate at which the domains come
together after this process has occurred. However, on
the basis of the® NMR double-jump experiments,

when the N-terminal domain proline residues are in their
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native cis conformation (and thus a native N-terminal REFERENCES

domain), the formation of domairdomain interactions
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with the formation of native structure in the N-terminal
domain.
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