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Abstract: PpiD is a periplasmic folding helper protein of Escherichia coli. It consists of an
N-terminal helix that anchors PpiD in the inner membrane near the SecYEG translocon, followed by

three periplasmic domains. The second domain (residues 264–357) shows homology to parvulin-

like prolyl isomerases. This domain is a well folded, stable protein and follows a simple two-state
folding mechanism. In its solution structure, as determined by NMR spectroscopy, it resembles

most closely the first parvulin domain of the SurA protein, which resides in the periplasm of E. coli

as well. A previously reported prolyl isomerase activity of PpiD could not be reproduced when
using improved protease-free peptide assays or assays with refolding proteins as substrates. The

parvulin domain of PpiD interacts, however, with a proline-containing tetrapeptide, and the binding

site, as identified by NMR resonance shift analysis, colocalized with the catalytic sites of other
parvulins. In its structure, the parvulin domain of PpiD resembles most closely the inactive first

parvulin domain of SurA, which is part of the chaperone unit of this protein and presumably

involved in substrate recognition.
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Introduction

Proteins destined to the periplasm of bacteria are

synthesized in the cytosol, and most of them are

exported in an unfolded form through the Sec trans-

locon.1 Folding in the periplasm is assisted by fold-

ing helper proteins, such as protein disulfide isomer-

ases, peptidyl-prolyl cis-trans isomerases and

chaperones.2–4 Several of these proteins, in particu-

lar FkpA, SurA, and PpiD, combine prolyl isomerase

domains with chaperone domains.5–8

The SurA protein participates in the maturation

of outer membrane proteins. It consists of an N-ter-

minal chaperone domain that is followed by two

prolyl isomerase domains of the parvulin type.9

Studies with intact SurA and various truncated

forms revealed that only the C-terminal parvulin do-

main (SurA-P2) is active as a prolyl isomerase.6

SurA mutants are viable but show defects in the

folding of outer-membrane proteins.10–14

PpiD was found in a genetic screen as a multi-

copy suppressor in a surA deletion strain.15 The si-

multaneous inactivation of both ppiD and surA

genes was initially reported to confer synthetic

lethality,16 a finding that was recently disputed.17

Both proteins SurA and PpiD bind to peptide sub-

strates with SurA being more specific than PpiD.18

In PpiD, an N-terminal transmembrane helix

(residues 16–34) is followed by three domains that

face the periplasm.15 The transmembrane domain

anchors PpiD in the inner membrane near the

SecYEG translocon,19 the first (residues 35–263) or

the third domain (residues 358–623) are probably

chaperone domains and predicted to contain a high

amount of a-helical structure. The second domain

(residues 264–357) is a parvulin-like domain.18

Parvulins are ubiquitous globular protein

domains of about 100 residues that catalyze the cis/

trans isomerization of prolyl peptide bonds,20,21

which are often rate-limiting steps during protein

folding.21,22 They fold into a four-stranded antiparal-

lel b-sheet, surrounded by four a-helices (ba3bab2),
which is called the parvulin-fold.20 At present, struc-

tures of eight parvulins are available in the Protein

Data Bank.9,23–30 The different subtypes differ in

the length and the composition of the loop between

the strand b1 and the helix a1. Human Pin1 is the

most prominent member of the parvulin family. It

shows a strong preference for substrates in which

proline is preceded by a negatively charged residue,

in particular by phosphorylated serine or threo-

nine.9,23 This specificity of Pin1 is mediated by sev-

eral positively charged residues in the b1-a1 binding

loop. In the first parvulin (P1) domain of SurA, this

region contains mainly hydrophobic residues.9,29

Here, we investigated the structure, the stabil-

ity, and the catalytic prolyl isomerase function of the

parvulin domain of PpiD. Its solution structure was

solved by NMR spectroscopy and its interaction with

a peptide substrate by chemical shift analysis. The

parvulin domain of PpiD resembles most closely the

first parvulin domain of SurA in its structure as

well as in the lack of prolyl isomerase activity.

Results

The parvulin domain of PpiD (264-357) is a
well-folded, monomeric, and stable protein

We produced a recombinant version of the parvulin

domain of PpiD that comprises residues 264–357

with a hexa-His tag at the carboxy terminus. This

isolated domain, denoted as PpiD*, is well folded

and monomeric in solution. The circular dichroism

spectrum shows a maximum near 195 nm, as

expected for a protein with a high content of second-

ary structure (data not shown). The thermal unfold-

ing transition is cooperative and shows a midpoint

(TM) at 57.1�C and an unfolding enthalpy (DHD) of

253 kJ mol�1 [Fig. 1(A)]. TM is independent of the

protein concentration, and unfolding is about 80%

reversible when the unfolded protein is kept in

the thermally unfolded form at 70�C for less than

10 min.

PpiD* contains one Trp residue, and the fluores-

cence at 340 nm decreases by 70% between 0 and

6M urea. The urea-induced unfolding transition

[Fig. 1(B)] shows a midpoint at 3.6M urea and an m-

value of 4.2 kJ mol�1 M�1. The DGD values extra-

polated from urea-induced unfolding (DGD
25�C ¼

15.3 6 0.6 kJ mol�1) and heat-induced unfolding

(DGD
25�C ¼ 15.7 6 0.5 kJ mol�1) are very similar,

which suggests that PpiD* is a well-folded protein

with a two-state equilibrium unfolding transition.

The folding kinetics of PpiD* are well explained

by a two-state mechanism

Unfolding and refolding are very rapid, monoexpo-

nential reactions at all denaturant concentrations.

The logarithms of the microscopic rate constants of

refolding and unfolding vary linearly with the con-

centration of urea, which results in a chevron-type

profile for the denaturant dependence of the meas-

ured rate constant k [Fig. 1(C)]. Linear extrapolation

to 0M urea gave rate constants of kf ¼ 241 s�1 for

refolding and ku ¼ 1.0 s�1 for unfolding.

In the folding kinetics, PpiD thus differs from

the parvulin 10 (Par10) from E. coli, which was the

first parvulin to be discovered.31,32 Par10 shows two

refolding reactions, a fast one that represents the

direct, conformational folding and a dominant slow

reaction that is limited in rate by the trans-to-cis

isomerization of the Gly75-Pro76 bond.33 In PpiD,

Pro76 is replaced by Val, which apparently simplifies

and accelerates folding.

Figure 1(D) shows the initial and final fluores-

cence values of PpiD* as obtained in the stopped-

flow experiments. Identical final values were
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observed when unfolding and refolding was per-

formed under the same conditions (between 3 and

5M urea). The final values trace the equilibrium

unfolding transition of PpiD* [Fig. 1(D)], and the

transition midpoint [urea]M determined from this

plot (3.6M) is identical with the value obtained from

the equilibrium unfolding transition in Figure 1B.

Moreover, the equilibrium constants calculated from

the ratio of the microscopic rate constants [Fig. 1(C)]

agree well with those derived from the equilibrium

unfolding transition in Figure 1(B). This confirms

that the folding of PpiD* is indeed a reversible two-

state reaction.

The solution structure of PpiD* reveals a
parvulin fold

The solution structure of PpiD* was determined by

NMR spectroscopy. Resonances of 15N-labeled PpiD*

were assigned by 15N-NOESY-HSQC, 15N-TOCSY-

HSQC, and 1H-NOESY spectra. Using 2357 distance

restraints and 162 TALOS34 derived dihedral angle

restraints, an ensemble of 50 structures was calcu-

lated by ARIA 2.0.35 Experimental restraints and

structure statistics for the 10 lowest energy struc-

tures are summarized in Table I. The ensemble is

well defined between residues 268 and 357 [Fig.

2(A)]. According to the statistics and the quality

assessment with PROCHECK-NMR37 the NMR

analysis yielded a family of structures of very high

quality, with 95% of the backbone dihedral angles

residing in the most favored regions of the Rama-

chandran plot.

The PpiD* structure consists of four a-helices
(residues 279–291, 295–301, 306–311, and 325–330)

and a central four-stranded b-sheet (residues 268–

276, 314–319, 338–343, and 348–357) revealing a

Figure 1. Stability and folding kinetics of PpiD*. (A) Thermal transition of 4 lM PpiD* measured by CD at 222 nm. The two-

state analysis (continuous line) results in TM ¼ 57.1 6 0.1�C and DHD ¼ 253 6 10 kJ mol�1. (B) Urea-induced unfolding

transition of 1 lM protein at 25�C measured by protein fluorescence at 340 nm after excitation at 280 nm in 100 mM K

phosphate (pH 7.0). The two-state analysis (continuous line) gives values of DGD
25�C ¼ 15.3 6 0.6 kJ mol�1, m ¼ 4.2 6

0.3 kJ mol�1 M�1 and [urea]M ¼ 3.6M. (C) Refolding kinetics (filled symbols) and unfolding kinetics (open symbols). The

apparent rate constants k are shown as a function of the urea concentration. A chevron fitted to the experimental data based

on a linear two-state model is shown by the continuous line. The results of the analysis are: knu ¼ 0.99 6 0.09 s�1, kun ¼ 241 6

14 s�1, mnu ¼ 0.92 6 0.02 M�1, mun ¼ � 0.67 6 0.04 M�1, DGD
25�C ¼ 14.0 6 0.4 kJ mol�1, m ¼ 4.0 6 0.1 kJ mol�1 M�1,

[urea]M ¼ 3.5M. (D) Initial (n,h) and final (l,*) values of the unfolding (open symbols) and refolding (closed symbols) kinetics

as a function of the urea concentration. The continuous line indicates the fit of a transition curve to the final values, giving the

following parameters: DGD
25�C ¼ 16.3 6 2.8 kJ mol�1, m ¼ 4.5 6 0.7 kJ mol�1 M�1, [urea]M ¼ 3.6M. The folding kinetics

were measured after stopped-flow mixing by the change in fluorescence above 320 nm (excitation at 280 nm) in 100 mM K

phosphate, pH 7.0 at 25�C.
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parvulin fold [Fig. 2(B)].26,29 In its overall structure,

PpiD* closely resembles the first parvulin domain of

SurA [Fig. 2(C), with a backbone RMSD of 1.5 Å]

and human Pin1 [Fig. 2(D)], the best studied parvu-

lin. At the sequence level, the parvulin domain of

PpiD shares rather low identities of 34.4% and

26.9%, respectively, with SurA and Pin1 (Supporting

Information Figure S4). Within the elements of sec-

ondary structure, the backbone atoms of PpiD* and

of human Pin1 (as taken from the X-ray structure

1pin.pdb) superimpose with a RMSD of 2.0 Å. The

four b strands and helices 1–3 are virtually identi-

cal, only helix 4 is slightly re-oriented and shortened

in PpiD*. The turns and loops connecting the sec-

ondary structure elements a2 with a3, a3 with b2,
and a4 with b3 are also similar in PpiD* and Pin1,

those connecting b1 with a1, a1 with a2, b2 with a4
and b3 with b4 are different. In particular, the con-

nection between b1 and a1 is strongly shortened in

PpiD* [Fig. 2(D)]. In Pin1, this long loop of 17 resi-

dues harbors the cluster of positively charged resi-

dues, which determines the specificity of Pin1 for

phosphorylated Ser/Thr-Pro substrates. Interest-

ingly, the connection between b1 and a1 is also lon-

ger in the P1 domain of SurA, which differs in this

region from both Pin1 and PpiD* [Fig. 2(C,D)].

These differences are accompanied by different

lengths of helix a1, which is extended by one and

two turns, respectively, in Pin1 and SurA, relative to

PpiD* [Fig. 2(C,D)]. Large variations between the

individual structures of the NMR ensemble are

observed for the turn between b3 and b4, the loop

between b2 and a4 (320–324), the loop between a4
and b3 (331–337), and for helix a4. Whether these

deviations in the respective chain regions of PpiD*

originate from a high flexibility in solution on a

pico-to-nanosecond time scale was elucidated by the

following relaxation study.

PpiD is a rigid molecule with a defined
structural core and mobile loops

The backbone dynamics of PpiD* on the ps-ns time-

scale was examined by recording 15N R1 [Fig. 3(A)]

and R2 [Fig. 3(B)] relaxation rates and hNOE-values

[Fig. 3(C)],39 at two magnetic field strengths (B0 ¼
14.1 T and B0 ¼ 18.8 T). Based on these relaxation

data and an axially symmetric model (axes of inertia

1:0.98:0.84) for overall diffusion of the molecule we

Table I. Statistics of the Structure Calculation

Experimental restraints
NOEs 2357
Dihedrals 164

NOE violations (Å)
>0.5 0.00 6 0.00
>0.3 0.00 6 0.00
>0.1 14.80 6 2.95

Energies (kcal mol�1)
Etot 160.1 6 5.8
Ebond 5.2 6 0.3
Eangle 68.1 6 2.4
Eimproper 18.7 6 1.9
ENOE 28.4 6 2.2
Ecdih 39.6 6 4.5

rms deviation (Å)
Backbone (res. 268–357) 0.77 6 0.20
Heavy atom (res. 268–357) 1.29 6 0.19
NOE 0.0155 6 0.0006
Bond 0.00181 6 0.00005

rms deviation (deg)
Angle 0.394 6 0.007
Improper 0.390 6 0.019

Ramachandran analysisa residue 268–357 (%)
Most favoured 95.1
Additionally allowed 4.6
Generously allowed 0.3
Disallowed 0.0

a Analysis by PROCHECK.37

Figure 2. Solution structure of PpiD*. (A) Ensemble of the

10 lowest-energy NMR structures superimposed on the

backbone heavy atoms in ordered regions of the protein.

(B) Ribbon representation for residues 264–357 in the same

orientation as in (A). b strands are colored in blue, a helices

in red and coil regions in gray. The a helices and b strands

are labeled sequentially from the N- to the C-terminus. (C,

D) Superimposition of the NMR structures of PpiD* (pink)

and (C) the crystal structure of the first parvulin domain of

SurA (2pv2.pdb, green) and (D) the crystal structure of

human Pin1 (1pin.pdb, cyan). The figures were prepared

with MolMol.36
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calculated order parameters S2 [Fig. 3(D)], internal

correlation times (se), additional exchange terms

(Rex) and an overall correlation time (sm) of motion

of 7.3 ns40 at 25�C. Only 33 of 91 amides required

additional Rex contributions to adequately describe

the relaxation rates, 46 required se terms. They do

not cluster over the sequence. This indicates that ps-

ns dynamics is described well by a simple model for

local motions and no additional dynamics is taking

place in this time range.

This analysis confirms that the turn between b3
and b4 (residues 344–347), the loops between b2 and

a4 (residues 320–324) and between a4 and b3 (resi-

dues 331–337) and the chain termini show increased

dynamics. This is indicated by a drop of the hNOE

values [Fig. 3(C)] below 0.7 (especially for turn b3/
b4) and a reduced order parameter (S2) below 0.8

[Fig. 3(D)]. The remaining regions of PpiD* are very

rigid (S2 0.8 or higher) on the ps-ns timescale. In its

local dynamics, PpiD* resembles the parvulin do-

main of PrsA of Staphylococcus aureus.25 Slower dy-

namics on a ls-ms timescale could not be observed

by R2-dispersion experiments41,42 (data not shown).

The recorded R2eff values show no dependence on

the applied field strength by usage of CPMG pulse

trains. This holds for all NH vectors.

The protection from H/D exchange43 with the

solvent of individual amide NH of PpiD* was used to

probe the local stability of folded PpiD* at pH 7.0

and 25�C. 66 NH exchanged with the solvent within

the dead time of the experiment, indicating that

they show protection factors that are smaller than

100. As expected, all nonhydrogen-bonded regions,

the chain termini, and the loops and turns belong to

this class of fast exchanging NH. Rapid exchange

was also observed for strand b2 and the exposed

short helix a3. These structural elements apparently

exchange via local unfolding (breathing) and thus do

not belong to the cooperatively unfolding core of the

molecule. Still, they show a well-ordered structure

and do not differ from other elements of structure in

ps-ns dynamics.

33 residues exchanged slowly. Nine of them

showed protection factors between 100 and 1000

[colored light blue in Fig. 4(B)], and 24 were pro-

tected 1000–10,000-fold [colored dark blue in Fig.

4(B)]. Most of them cluster around a value of 2000

[Fig. 4(A)] leading to a DGD of about 19 kJ mol�1,

Figure 3. Picoseconds to nanoseconds dynamics of PpiD*. (A) R1 rates, (B) R2 rates, (C) 15N hetero nuclear NOEs and order

parameter S2 are plotted as a function of the amino acid sequence. Parameters shown as squares in (A–C) were derived at

800 MHz, those shown as triangles at 600 MHz proton resonance frequency. (D) Order parameters S2 calculated using both

datasets in MODELFREE.38 The secondary structure elements are indicated at the top of each panel.
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which is 3–4 kJ mol�1 higher than the overall value

obtained from the thermal and the urea-induced

unfolding transitions (Fig. 1).

Residues with high protection factors are found

predominantly in the central b-strands b1 (residues

268–276) and b4 (residues 348–358), and in helix a1
(residues 279–291), which packs against the center

of the b sheet. These elements of secondary struc-

tures apparently form a molecular core, which is dis-

rupted only in the course of global unfolding. Sev-

eral highly protected amide NH were also found in

strand b3 (residues 337–339 and 342) and helix 2

(residues 297–300). Both are adjacent to the struc-

tural core of PpiD* defined by b1, b4, and a1. With

protection factors <500, helix 4 is less protected

and, apparently, not linked with this structural core

in terms of its exchange dynamics.

In summary, the elements of secondary struc-

ture of PpiD* are well defined and superimpose well

with the corresponding structures in the homologues

Pin1 and SurA. The backbone of PpiD* is rigid on

the ps-ns timescale. The peripheral chain regions

can undergo local unfolding reactions. Helix a1, the
strands b1 and b4 and several adjacent areas define

the core of the molecule, which loses its structure

only in the course of global unfolding.

PpiD* does not catalyze prolyl isomerization in
peptides or proteins

To investigate the prolyl isomerase activity of PpiD

and its parvulin domain, we initially used the tetra-

peptide succinyl-Ala-Ala-Pro-Phe-4-nitroanilide (Suc-

AAPF-pNA) in a protease-coupled assay,44 which

exploits the finding that a-chymotrypsin can hydro-

lyze the 4-nitroanilide amide bond only when the

Ala-Pro bond is in the trans conformation. Unlike

originally reported,15 we could not detect a prolyl

isomerase activity for full-length PpiD or for its par-

vulin domain. The protease coupled assay can be

used only for prolyl isomerases that are protease-re-

sistant. To avoid the coupling with isomer-specific

proteolysis, a protease-free assay with improved sen-

sitivity was developed.45,46 For this assay, tetrapepti-

des are used that carry an aminobenzoyl (Abz) group

at the amino terminus and a para nitroanilide (pNA)

group at the carboxy terminus. In their general

sequence Abz-Ala-Xaa-Pro-Phe-pNA, the position

Xaa is occupied by various natural amino acids. The

extent of quenching of the Abz fluorescence by the

pNA group is sensitive to the isomeric state of the

prolyl bond in these peptides. This assay was vali-

dated for all three families of prolyl isomerases.46

The prolyl isomerases SlyD47–49 and cyclophi-

lin1850,51 from E. coli (both at 0.5 lM) strongly

accelerated the isomerization of the peptide with a

Leu-Pro bond [Fig. 5(A)]. In contrast, 10 lM PpiD*

Figure 4. Protection of PpiD* from amide NH exchange.

(A) The protection factors derived from H/D exchange

experiments in 100 mM K phosphate (pH 7.0) at 25�C are

plotted as a function of the amino acid sequence. The

secondary structure elements are indicated at the top of

the figure. (B) Protection factors higher than 1000 are

mapped in blue on the backbone structure, protection

factors between 100 and 1000 in cyan, and residues

exchanging in the dead time of the experiment are colored

in red. Residues lacking an amide proton are colored in

gray.

Figure 5. Assays for the prolyl isomerase activity of PpiD.

(A) Kinetics of cis/trans isomerization of 5 lM Abz-Ala-Leu-

Pro-Phe-pNa followed by fluorescence at 416 nm. (B) Slow

refolding of 1 lM of the N2 domain of the gene-3-protein of

phage fd, followed by the change in fluorescence at

340 nm after excitation at 280 nm. All kinetics were

measured at 15�C in 0.1M K phosphate, pH 7.0. Kinetics

without PPIase are shown in black, in the presence of 10

lM PpiD* in green, in the presence of full length PpiD in

magenta, in the presence of 0.5 lM SlyD in blue and in the

presence of 0.5 lM cyclophilin in red.

Weininger et al. PROTEIN SCIENCE VOL 19:6—18 11



could not accelerate this reaction [Fig. 5(A)]. Several

prolyl isomerases, in particular those from the

FKBP family, show high substrate specificities with

respect to the amino acid at position Xaa before the

proline.52 To examine, whether PpiD* might have a

peculiar substrate specificity as well, we employed

additional assay peptides, in which the position

before proline was occupied by a negatively charged

(Glu), a positively charged (Lys), a small (Ala), or a

large hydrophobic (Phe) residue. For all these pep-

tides, a catalysis of prolyl isomerization could not be

observed for PpiD*, even when its concentration was

increased to 20 lM (Supporting Information Table

SI). These data suggest that PpiD* is in fact devoid

of prolyl isomerase activity.

We also examined whether PpiD* is able to cat-

alyze prolyl isomerization in the course of protein

folding and measured its effect on the proline-lim-

ited folding reactions of two proteins, the reduced

and carboxymethylated form of the S54G/P55N vari-

ant of ribonuclease T1 (RCM-T1)53 and the N2 do-

main of the gene-3-protein of the phage fd.54 Again,

a catalysis by PpiD* could not be detected [Fig. 5(B)

and Figure S1, Supporting Information]. Full length

PpiD was equally inactive in the peptide and the

protein folding assays [Fig. 5(A,B)].

PpiD* has the same peptide binding site as

other parvulins

The lack of prolyl isomerase activity might originate

from impaired binding of PpiD* to its substrate. To

examine whether PpiD* is able to bind to proline-

containing peptides, we titrated 0.59 mM 15N la-

beled PpiD* with Suc-Ala-Leu-Pro-Phe-pNA, a

highly soluble peptide substrate, which is commonly

used in prolyl isomerase assays.21 Adding 2.29 mM

of this peptide led to shifts stronger than 0.035 ppm

for the NH resonances of 12 residues [Fig. 6(A)]. In

all cases, the resonances changed their positions

continuously during the titration, indicating that

binding and dissociation occurred in the fast

Figure 6. Peptide binding site of PpiD*. (A) The change in

the averaged weighted chemical shift DdMW, caused by

titration with Suc-Ala-Leu-Pro-Phe-pNA) at a ratio of 4:1

(2.29 mM peptide, 0.59 mM PpiD*) at 25�C, 0.1M K

phosphate and pH 7.0 is plotted as a function of the amino

acid sequence. Secondary structure elements are indicated

on top. The threshold of 0.035 ppm is indicated by the

horizontal line. The backbone of residues of PpiD* with a

DdMW larger than this threshold (R270, Y271, I273, S308,

I323, D325, E326, K328, S345, V346, F348, L349) are

colored in orange in (B) and (C). (B) Overlay of the solution

structure of PpiD* (in pink) and the crystal structure of the

first parvulin domain of SurA (2pv2.pdb, in light green) in

ribbon representation. The side chains of the active site

residues of SurA (H178, Q223, M231, E238, L239, P240,

V263) are shown in green, the corresponding side chains of

PpiD* (I273, S308, M315, T322, P324, E326, V346) in red.

(C) Overlay of the solution structure of PpiD* (in pink) and

the crystal structure of human Pin1 (1pin.pdb, in cyan) in

ribbon representation. The side chains of the active site

residues of Pin1 (H59, C113, L121, M130, F134, T152,

H157) are shown in blue, the corresponding side chains of

PpiD* (I273, D305, M315, P324, L327, S344, L349) in red.
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exchange limit of the NMR chemical shift timescale

(about 100 ms). Saturation could not be reached in

these titration experiments, indicating that the dis-

sociation constant of the complex between the pep-

tide and PpiD* is in the range of 1 mM. Similar val-

ues were observed previously for other parvulins25,30

and for cyclophilin18.55–57

Figure 6(B,C) shows the backbone positions of

the 12 residues for which the NH chemical shifts

changed by more than 0.035 ppm upon peptide bind-

ing (R270, Y271, I273, S308, I323, D325, E326,

K328, S345, V346, F348, L349) in comparison with

the first parvulin domain of Sur A [Fig. 6(B)] and

the parvulin domain of Pin1 [Fig. 6(C)]. The residues

involved in peptide binding are all located along the

rim of a groove in the PpiD* structure, which, in the

homologous parvulins (the first parvulin domain of

SurA, human Par14,29 Pin1At from Arabidopsis

thaliana27 and PrsA from Bacillus subtilis30) forms

the substrate binding site. The residues that are

assumed to participate in substrate binding and ca-

talysis (in SurA: H178, Q223, M231, E238, L239,

P240, V263; in Pin1: H59, C113, L121, M130, F134,

T152, H157) are shown in green and blue in Figure

6(B,C), respectively. The respective side chains of

PpiD* in fact occupy similar positions as the side

chains of the corresponding residues H178, M231,

E238, and V263 of SurA and H59, C113, L121, and

H157 of Pin1. The chemical nature of these side

chains is, however, different, which probably is cor-

related with the lack of prolyl isomerase activity of

PpiD*.

Prolyl isomerase activity could not be generated

by substitutions at the peptide binding
site of PpiD*

In its architecture, the binding site for proline-con-

taining peptides in PpiD* resembles the catalytic

prolyl isomerase site of Pin1, but PpiD* is appa-

rently inactive. To examine whether a possibly

latent prolyl isomerase function in PpiD* can be

activated by mutations towards the Pin1 sequence

at the seven sites that were suggested to be involved

in the prolyl isomerase activity of Pin1 [Fig. 6(C)],23

we replaced the corresponding amino acids of PpiD*

with those present in Pin1, first individually in

seven single mutants (I273H, D305C, M315L,

P324M, L327F, S344T, L349H) and then in various

combinations.

To examine the consequences of these substitu-

tions for the stability of PpiD*, we measured ther-

mal unfolding transitions for all variants (Support-

ing Information Figure S1A). Two substitutions

(M315L, S344T) were found to be stabilizing, three

were mildly destabilizing (P324M, L327F, D305C)

and two (I273H and L349H) were strongly destabi-

lizing. They decreased the melting temperature TM

by 8.6 and 14.5 degrees, respectively, indicating that

these two residues are important for protein stabil-

ity. This is consistent with results obtained for other

parvulins. In PrsA from B. subtilis the mutation

H122A (corresponding to I273 in PpiD*) leads to

unfolding,30 and in Pin1, mutations at position 157

(corresponding to position L349 in PpiD*) are also

strongly destabilizing.58

The potential prolyl isomerase activities of the

seven variants with single substitutions were

assayed by using five different tetrapeptide sub-

strates and two proline-limited protein folding reac-

tions. Catalytic activities could not be detected, even

when PpiD* concentrations as high as 20 lM were

employed (Supporting Information Table SI).

Next, the seven single substitutions were com-

bined in various ways, leading to eight variants with

two to seven substitutions (Supporting Information

Table SI). All variants were completely folded at

15�C, where the prolyl isomerase assays were per-

formed and showed circular dichroism spectra simi-

lar to the wild-type protein (data not shown). The

effect on the stability of the amino acid replacements

were almost additive (Supporting Information Fig-

ure S1B) and the seven-fold variant showed a TM

value of 40.9�C, which is 16.4 degrees lower than

the TM of wild-type PpiD*.

All PpiD* variants, including the sevenfold vari-

ant, were inactive in our prolyl isomerase assays

(Supporting Information Figure S2, Table SI). Graft-

ing all residues that have been implicated to form

the active site of Pin1 onto the conserved scaffold of

PpiD* is apparently not sufficient to create a prolyl

isomerase activity or to activate a latent activity in

this protein.

Discussion

The parvulin domain of PpiD (PpiD*) is a well-folded

protein with a high stability and a simple two-state

folding mechanism. The analysis by NMR spectros-

copy resulted in a well determined structure with a

parvulin fold, which shows the highest similarity to

the first parvulin domain of SurA.

Dartigalongue and Raina reported very high

prolyl isomerase activities of up to 3 � 109 M�1 s�1

for PpiD in a protease-coupled peptide assay.15 We

were unable to confirm this very high prolyl isomer-

ase activity for the isolated parvulin domain by

using the same protease-coupled PPIase assay. We

extended this investigation to full-length PpiD and

used a panel of five different peptides in a protease-

free assay with improved sensitivity.46 In addition, a

protein folding assay with refolding proteins as sub-

strates was employed. With all these assays, we

could not detect prolyl isomerase activity, even at

high PpiD concentration. The origin for this discrep-

ancy remains unclear. All attempts to activate

PpiD* by transplanting seven key residues of the

catalytically active homolog Pin1, individually or in
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various combinations, to PpiD* remained unsuccess-

ful. It is thus unlikely that PpiD* possesses a latent

prolyl isomerase function that can be activated by

variations in the substrate or mutations in PpiD*.

PpiD* interacts, however, with a standard tetrapep-

tide as used for the assay, and the binding site, as

identified by NMR resonance shift analysis, colocal-

ized with the catalytic sites of other parvulins.

The natural function of PpiD is not known. It is

ubiquitous in Gram-negative bacteria and the resi-

dues of the substrate binding site of the parvulin do-

main are highly conserved (Supporting Information

Figure S3). This domain is probably important for

the biological function of PpiD. Dartigalongue and

Raina used a screen based on the ability to induce

the rE response as well as hypersensitivity to novo-

biocin15 to identify residues that are critical for

PpiD function in vivo. Four of the isolated point

mutations mapped to the parvulin domain. The

NMR analysis of PpiD* provides a structural expla-

nation for the effects of the inactivating mutations

G312R and G313R. Both are located in the loop that

connects helix a3 with strand b2. These positions

are sterically demanding and residues other than

glycine probably interfere with the proper folding of

PpiD*. The other two positions identified, G347 and

I350, are located at the peptide binding site, sug-

gesting that substrate binding to the parvulin do-

main is important for the function of PpiD.

Originally, PpiD was identified as a multicopy

suppressor in a surA deletion strain,15 and in fact,

the parvulin domain of PpiD shows the closest struc-

tural similarity to the first parvulin domain of SurA.

SurA consists of three globular domains and a car-

boxyterminal helix.9 The N-terminal domain, which

is also a-helical, the first parvulin domain and the

C-terminal helix form a compact structural entity,

which is thought to function as a chaperone. The

second parvulin domain protrudes from this entity,

to which it is tethered by two long and presumably

flexible linkers.9 It is active as a prolyl isomerase,

but apparently dispensable for the function of SurA

in vivo.6,9 The first parvulin domain, which is struc-

turally similar to the parvulin domain of PpiD, is

devoid of prolyl isomerase activity as well, both in

intact SurA and as an isolated domain.6 As a part of

the chaperone entity, it seems to cooperate with the

N-terminal domain of SurA. It was suggested that

this domain acts as a binding module for unfolded

proteins and confers specificity for unfolded outer-

membrane proteins.6,13,59,60

The similarity between PpiD and SurA extends

also to the helical aminoterminal domains of the two

proteins. The 86–191 region of PpiD shows 31%

sequence identity and 50% similarity with the 65–

168 region of SurA, which comprises the major part

of the chaperone entity of this protein (residues 21–

168).9 In the 54–85 region of PpiD, the similarity to

SurA is less pronounced, but this region is predicted

to form two short b-sheets and a long a-helix as the

corresponding 21–64 region of SurA. The long helix

a1 is involved in substrate binding in SurA9 and

possibly also in PpiD. These similarities in sequence

and structure suggest that the aminoterminal

regions of the two proteins share an identical fold.

Together with the also highly conserved inactive

parvulin domain, they probably form homologous

chaperone entities with similar architecture and

function.

The binding interface of the PpiD parvulin do-

main is nonpolar, and similar to the corresponding

binding site of the inactive parvulin domain of SurA.

This explains the finding that these domains bind to

similar peptide substrates and that binding is sensi-

tive to the presence of Triton X-100. Using a variety

of peptide substrates, Stymest and Klappa found,

that the interaction with PpiD usually requires lon-

ger peptide chains compared with SurA, and that

PpiD seems to be less specific than SurA.18 This dif-

ference might reflect the different biological func-

tions of the two proteins. PpiD is anchored in the

inner membrane, near the SecYEG translocon19 and

can be crosslinked to translocated proteins after

their release into the periplasm. PpiD is thus possi-

bly a periplasmic gatekeeper at the exit site of the

Sec translocon and involved in the folding of many

exported proteins. SurA is a soluble periplasmic pro-

tein and presumably participates in the maturation

of proteins destined to the outer membrane.15

The folding helper proteins trigger factor in the

cytosol and SurA and PpiD in the periplasm of E.

coli show interesting common design principles.

Trigger factor is targeted to the exit site for newly

synthesized protein chains by a ribosome-binding do-

main, PpiD is located next to the exit site of the

SecYEG translocon by a membrane-anchor helix.

The chaperone domains of trigger factor, SurA and,

presumably, also PpiD share a common helical fold.

In trigger factor and in SurA, a prolyl isomerase do-

main is inserted into a long loop of the chaperone

domain. This prolyl isomerase module is an FKBP

domain in trigger factor but a parvulin domain in

SurA. PpiD lacks such a flexibly tethered active

prolyl isomerase domain, but it shares with SurA an

inactive parvulin domain, which presumably forms

an integral part of the chaperone unit in both pro-

teins. Clearly, further structural and functional

studies, in particular of the other domains of PpiD,

are needed to elucidate the common functions of this

family of chaperones and their structural basis.

Materials and Methods

Expression and purification of variants of PpiD*
For the expression of the parvulin domain of PpiD*

(residues 264–357 of mature PpiD, plus a C-terminal
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Ala2His6 extension) the gene fragments were PCR-

amplified from E. coli XL1-Blue. The fragments

were cloned into the expression plasmid pET11a

(Novagen, Madison, Wisconsin) via its NdeI and

BamHI restriction sites, and the proteins were over-

produced in E. coli BL21(DE3) DslyD (gift from B.

Eckert). Site-directed mutagenesis of PpiD* was per-

formed by Quik-Change (Stratagene).

After lysis of the cells in 50 mM Tris/HCl, 50

mM NaCl, pH 8.0, 40 mM imidazol with a micro-

fluidizer and centrifugation, all PpiD*-variants were

found in the supernatant. The proteins were purified

by immobilized metal-affinity chromatography on a

Ni-NTA column (elution with 250 mM imidazole)

and then subjected to size-exclusion chromatography

in 100 mM K phosphate, pH 7.0 on a Superdex

HiLoad column (GE Healthcare). The protein-con-

taining fractions were pooled and concentrated in

Amicon Ultra units (Millipore). Yields were about 5–

30 mg L�1. Isotopically labeled 15N-NMR-samples

were produced using M9 minimal medium contain-

ing 15NH4Cl as the source of 15N and supplemented

with vitamin mix. The isolated N2 domain variants

and RCM-T1 were expressed and purified as

described.61–63

For the expression of PpiD (residues 37–623 of

mature PpiD, without the N-terminal transmem-

brane helix), the gene fragment was PCR-amplified

from E. coli XL1-Blue. The fragment was cloned into

the expression plasmid pET11a (Novagen, Madison,

WI) via its NdeI and BamHI restriction sites, and

the protein was overproduced in E. coli BL21(DE3)

(Stratagene, La Jolla, CA). The cells were lysed as

described above, and the supernatant was applied to

a Fractogel EMD DEAE-650(M) column (2.5 � 20

cm2) equilibrated with 50 mM Tris/HCl, 50 mM

NaCl. Using a linear 0–1M NaCl gradient (500 mL),

the protein was eluted, concentrated and subjected

to size-exclusion chromatography in 50 mM Tris (pH

8.0) on a Superdex HiLoad column (GE Healthcare).

The protein-containing fractions were pooled and

subjected to a second anion-exchange chromatogra-

phy on a MonoQ HR5/5 column and eluted with a

linear 0–1M NaCl gradient in 50 mM Tris (pH 8.0).

The protein-containing fractions were pooled and

concentrated in an Amicon Ultra unit (Millipore).

The yield was about 100 mg L�1.

Equilibrium unfolding transitions

Samples of PpiD* (1.0 lM) were incubated for 1 h at

25�C in 100 mM K phosphate, pH 7.0 and varying

concentrations of urea. The fluorescence of the sam-

ples was measured in 1-cm cuvettes at 340 nm (10-

nm band width) after excitation at 280 nm (5-nm

band width) in a Hitachi F4010 fluorescence spec-

trometer. The experimental data were analyzed

according to a two-state model by assuming that

DGD as well as the fluorescence emissions of the

folded and the unfolded form depend linearly on the

urea concentration. A nonlinear least-squares fit

with proportional weighting of the experimental

data was used to obtain DGD as a function of the

urea concentration.64

The heat induced unfolding transitions were

measured in a Jasco J-600A spectropolarimeter

equipped with a PTC 348 WI peltier element at a

protein concentration of 4 lM in 100 mM K phos-

phate, 1 mM EDTA, pH 7.0 at a heating rate of 1 �C
min�1. The transitions were monitored by the

increase of the CD signal at 222 nm with 1 nm band

width and 10-mm path length. The experimental

data were analyzed on the basis of the two-state

approximation,63 with a calculated heat capacity

change DCp of 6000 J mol�1 K�1.65

Folding experiments

A DX.17MV stopped flow spectrometer from Applied

Photophysics (Leatherhead, UK) was employed to

follow the urea-induced unfolding and refolding

kinetics. All experiments were performed in

100 mM K phosphate, pH 7.0 at 25�C. The native or

the unfolded (in 8.8M urea) protein was diluted 11-

fold with urea solutions of varying concentrations.

The kinetics were followed by the change in fluores-

cence above 320 nm after excitation at 280 nm

(10-nm bandwidth) in an observation cell with 2 mm

path length. A 0.5-cm cell with acetone was placed

between the observation chamber and the photomul-

tiplier to absorb scattered light from the excitation

beam. The kinetics were measured at least eight

times under identical conditions and averaged.

Prolyl isomerase activity assays
The prolyl isomerase activities of the PpiD* variants

were measured by using tetrapeptides with the gen-

eral formula Abz-Ala-Xaa-Pro-Phe-pNA. They show

an aminobenzoyl (Abz) group at the aminoterminus

and a 4-nitroanilide (pNA) group at the carboxyter-

minus, Position Xaa before proline was occupied by

Glu, Lys, Ala, or Phe. For the assay, the peptide sub-

strates Abz-Ala-Xaa-Pro-Phe-pNa (3 mM) were dis-

solved in trifluoroethanol containing 0.5M LiCl.

Under these conditions, about 50% of the peptide

molecules are in the cis conformation. Upon 600-fold

dilution into aqueous buffer the cis content

decreases to about 10%. The kinetics of the decrease

in cis content was measured by the change in fluo-

rescence at 416 nm (5-nm bandwidth) after excita-

tion at 316 nm (3-nm bandwidth) in a Jasco FP-6500

fluorescence spectrophotometer. The assays were

carried out in 50 mM Hepes/NaOH, (pH 7.8) at

15�C. Under these conditions, the cis-to-trans isom-

erization of the prolyl bond was a mono-exponential

process.46 The folding experiments with RCM-T1

and the variants of N2 as substrates were performed

as described.62,66
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NMR measurements and NMR structure
calculations

All spectra were measured in 100 mM K phosphate,

pH 7.0 at 25�C, including 10% (v/v) D2O, processed

with NMRPipe67 and analyzed with NMRView.68 For

resonance assignment and structure calculation 3D
15N-NOESY-HSQC (120 ms mixing time), 3D 15N-

TOCSY-HSQC (80 ms mixing time) and 2D 1H1H-

NOESY (120 ms mixing time) spectra of a 5 mM 15N

PipD* sample were acquired at a Bruker AvanceIII

800 NMR spectrometer equipped with an inverse tri-

ple-resonance cryoprobe. A complete assignment of

all 15N resonances and 1H without Lysine Hf, Methi-

onine He and residues of the histidine tag could be

achieved. A final ensemble of 50 structures was cal-

culated with ARIA 2.035 using 2357 NOESY derived

ambiguous distance restraints and 162 TALOS34

derived dihedral angle restraints (Table I). The final

10 lowest energy structures were water refined.

Their stereochemistry was analyzed with PRO-

CHECK37 and structure ensembles were aligned

according to their secondary structure elements and

analyzed using MOLMOL.36 Final energies, r.m.s.

deviations from the averaged structure and from

ideal geometry as well as the Ramachandran analy-

sis are given in Table I. The backbone superposition

of the NMR structure of PpiD*, the first parvulin do-

main of SurA (2pv2.pdb) and human Pin1 (1pin.pdb)

was performed on the basis of the lowest energy

NMR structure of PpiD*.

Dynamics, H/D exchange, and substrate binding

Spectra for the analysis of the nanosecond-to-pico-

second dynamics of PpiD*, for following the H/D

exchange and for substrate binding were acquired at

a Bruker AvanceIII 600 NMR spectrometer equipped

with a triple-resonance probe. Measurements of the

dynamics were complemented with spectra acquired

at a Bruker AvanceIII 800. R1 rate constants, R2

rate constants and 1H-15N heteronuclear NOEs39

were analyzed using MODELFREE38 and TENSOR

2.0.28 We have chosen an axially symmetric model

for overall diffusion of the molecule (principal axes

of inertia are 1: 0.98:0.84). H/D exchange was

started by exchanging the aqueous buffer against

D2O buffer (pD 6.6, pH-meter reading) using a PD

MiniTrap G-25 column (GE Healthcare) and followed

by a series of 30 15N-HSQC spectra. Protection fac-

tors were calculated assuming an EX2 exchange

mechanism and using exchange rates from reference

peptides.43 Suc-Ala-Leu-Pro-Phe-pNA was titrated in

10 steps from an 8 mM stock solution to 820 lM 15N

labeled PpiD* up to a fourfold excess (2.29 mM pep-

tide, 0.59 mM PpiD*). Changes in the chemical

shifts were followed by 15N-HSQC spectra and quan-

tified by calculating the averaged weighted chemical

shift DdMW(ppm).69 A cutoff value of DdMW (ppm) ¼
0.035 was used for structural interpretations.

Data deposition

The atomic coordinates have been deposited in the

RCSB Protein Data Bank and are available under

the accession code 2KGJ. Resonance assignments

and restraints are deposited in the BMRB (16211).
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