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is joined to the homopolymeric helical rod by Structural Basis of P ~ ~ U S  Subunit w a y o f t h e ~ a p ~ a d a p t o r p r o t e i n ( l l , 1 2 ) .  

Recognition by the PapD 
Chaperone 

The rod consists of repeating subunits of PapA 
arranged in a right-handed helix (13) an- 
chored to the bacterial cell by PapH (14). 
PapD binds to each of the pilus subunit types 
as they are translocated across the cytoplas- 
mic membrane and escorts them in assem- 
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Katarina Flemmer, ~ e r e s e  Bergfors, ~ c o t t  J. Hultgren* through the periplasm to outer membrane 
assembly sites composed of PapC (6, 15, 16). 

The assembly of different types of virulence-associated surface fibers called pili in Gram- PapC has been termed a molecular usher ( I  j) 
negative bacteria requires periplasmic chaperones. PapD is the prototype member of the because it receives chaperone subunit com- 
periplasmic chaperone family, and the structural basis of its interactions with pilus subunits plexes and incorporates, or ushers, the sub- 
was investigated. Peptides corresponding to the carboxyl terminus of pilus subunits bound units from the chaperone complex into the 
PapD and blocked the ability of PapD to bind to the pilus adhesin PapG in vitro. The crystal growing pilus in a defined order. 
structure of PapD complexed to the PapG carboxyl-terminal peptide was determined to 3.0 The three-dimensional structure of 
P\ resolution. The peptide bound in an extended conformation with its carboxyl terminus PapD has been solved and refined to a 2.0 
anchored in the interdomain cleft of the chaperone via hydrogen bonds to invariant chap- A resolution (18, 19). PapD consists of two 
erone residues Arg8 and LysM2. Main chain hydrogen bonds and contacts between globular domains positioned such that the 
hydrophobic residues in the peptide and the chaperone stabilized the complex and may overall shape of the molecule resembles a 
play a role in determining binding specificity. Site-directed mutations in Arg8 and Lys'" boomerang with a cleft between the two 
abolished the ability of PapD to bind pilus subunits and mediate pilus assembly in vivo, an domains. Each domain is a P-barrel struc- 
indication that the PapD-peptide crystal structure is a reflection of at least part of the ture formed by two antiparallel p-pleated 
PapD-subunit interaction. sheets with a topology similar to that of an 

immunoglobulin fold. Eleven periplasmic 
proteins involved in the assembly of cell 
surface structures in pathogenic bacteria 

Molecular chaperones are vital compo- genes organized in the pyelonephritis-asso- have been found that have significant ho- 
nents of all living cells, prokaryotic and ciated pilus (pap) gene cluster required for P mology to PapD (Table 1) (7, 10). A 
eukaryotic. Chaperones serve many cellular . pilus production have been cloned, se- structural alignment between PapD and 
functions, including folding, import, and quenced, and characterized (6). P pili are several periplasmic chaperones suggested 
export of proteins in various cellular com- composite fibers consisting of a thin het- that they have a similar immunoglobulin- 
partments (I) .  At present, little is known eropolymeric tip fibrillum joined end to end to like structure to PapD and revealed invari- 
about the molecular recognition motifs of a thick pilus rod (I I). The tip fibrillum is a ant, highly conserved and variable residues 
chaperones. Bacterial cytoplasmic chaper- linear fiber composed of four specialized sub- within this protein family (7). Most con- 
ones such as DnaK, GroEL, BiP, and SecB units, PapG, PapF, PapE, and PapK. PapG is served residues seem to participate in main- 
bind to various groups of unfolded target a bacterial adhesin that mediates binding to taining the overall structure and orienta- 
proteins in a sequence independent manner the Gala(l+4)Gal receptor present in the tion of the domains toward one another. 
(1). It has been suggested that DnaK binds globoseries of glycolipids in the kidney (6). However, site-directed mutagenesis has 
mainly via the peptide backbone of the PapF is an adaptor protein that joins PapG to shown that invariant and conserved resi- 
target (2). GroEL (3) and BiP (4) have PapE (12). The bulk of the tip fibrillum dues in the PapD cleft form at least part of 
been shown to selectively bind polypeptides consists of repeating subunits of PapE, which the pilus subunit binding site (20). 
containing hydrophobic and aliphatic resi- 
dues, whereas SecB (5) preferentially rec- 
ognizes positively charged side chains. 

Chaperones also exist in the periplasm - GI '-1 9'amide 

of Gram-negative bacteria and are required ? 0.3 

for the assembly of many virulence-associ- 2 
ated, adhesive surface structures called pili 0.2 
(Table 1) (6-1 0). Pili are usually het- G1'-16' 

eropolymeric fibers that mediate attach- 0.1 GI,-I 1, 

ment to eukaryotic cells, an important early n G2'-2l'amide 

event in bacterial infections. P pili have G 1 '-7' 

been associated with virulence in pyelone- o 100 ZOO o 100 200 

phritic Escherichia coli and are assembled by PapD (pmo11we11) PapD (pmollwell) 

the periplasmic chaperone PapD. The 11 Fig. 1. PapD binds to pilus subunit-related peptides coated in ELlSA 
microtiter plates and in solution. (A and B) The peptides described in Inhibition % 
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Since the subunit-binding cleft of P ~ D D  is " 

highly conserved among the members of the 
chaperone family, the site recognized on the 
pilus subunits was predicted to contain con- 
served features (20). A characteristic of pilus 
proteins assembled by PapD-like chaperones 
is their conserved COOH-terminal sequence 
(Table 1) (2 1). This region generally con- 
tains alternating hydrophobic-hydrophilic 
residues, and also a tyrosine and a glycine at 
positions 2 and 14 from the COOH-termi- 
nus, respectively (2 1, 22). This region may 
be part of a site recognized by the chaperone 
since deletion of the 14 COOH-terminal 
residues of PapG abolished the formation of 
the PapD-PapG complex in vivo (1 6). 

We have now discovered that PapD 
specifically binds synthetic peptides corre- 
sponding to the conserved COOH-termini 
of the P pilus subunits. We determined the 
x-ray crystal structure of PapD in complex 
with a COOH-terminal PapG peptide in 
order to investigate the molecular basis of 
the PapD-peptide interaction. Site-direct- 

ed mutagenesis of PapD confirmed that 
invariant cleft residues that hydrogen- 
bonded to the peptide in the crystal were 
critical for chaperone-subunit interactions 
in vivo. These investigations have re- 
vealed features by which periplasmic chap- 
erones recognize their subunits and medi- 
ate pilus assembly. 

Binding of the PapD chaperone to 
COOH-terminal peptides from pilus sub- 
units. To investigate the role of the con- 
served COOH-termini of the pilus subunits 
in chaperone binding we used synthetic 
peptides corresponding to the 19 residues at 
the COOH-terminus of P pilus subunit 
proteins PapG (GI1-19'), PapE (Elr-19'), 
PapF (F1'-19'), PapK (K1'-19'), and 
PapH (HI1-19') (23) (Table 2). The resi- 
dues in the peptides were numbered starting 
with the COOH-terminal residue as 1', and 
ending with the NH,-terminal residue, 
thereby maintaining the COOH-terminus 
as a point of reference. We used an enzyme- 
linked immunosorbent assay (ELISA) (24) 

Table 1. Periplasmic chaperone family and conserved features of COOH-terminal amino acid 
sequences in subunits they assemble in pathogenic bacteria. Boxed positions contain hydrophobic 
residues in more than 50 percent of the COOH-terminal sequences examined, shaded boxes 
indicate positions of highly consewed residues. Abbreviations for the amino acid residues are: A, 
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H ,  His; I ,  Ile; K, Lys; L, Leu; M ,  Met; N ,  Asn; P, Pro; Q, 
Gln; R, Arg; S, Ser; T, Thr; V,  Val; W, Trp; and Y, Tyr. 

Surface structure Carboxyl terminal Ref - 
(Chaperone) Subunit sequence erence 

E coil 
30 20 10 

P p111 (PapD) 

S p111 (SfaE) 

Type 1 pill (FlmC) 

Kg9 pill (FanC) 

F17E pill (F17C) 

K B B  p111 (FaeE) 

CS3 pill (CS3-1) CS3-3 L P L K F  l T T E G  N E H ~ V S  N Y R  A N  m R 

H ,  rnfiuenzae 
pili (HifB) 

Y ,  pestrs 
Capsular antlgen F1 F1 
(CaflM) 

6. pertussrs 
Serotype 2 a n d  3 ~ 1 m 2 ?  M R Y L A S Y V K K  
F ~ m b r i a e ( F h a D , F m B )  ~ i m 3 ~  R Y ~ A S Y V K K P  

' Adhesln Major subunit  
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to determine the ability of PapD to bind to 
each of the peptides that were immobilized 
by coating in wells of microtiter plates (Fig. 
1, A and B). 

PapD bound well to the wild-type PapG 
19-residue peptide (GI1-190, moderately 
to the corresponding PapE, PapF, and PapK 
peptides, and not at all to the PapH peptide 
or a random, hydrophobic peptide (MS) 
(Fig. 1A). These results suggested that the 
PapD chaperone recognizes PapG, PapE, 
PapF, and PapK in part by binding to the 
COOH-terminus of these subunits. The 
inability of PapD to interact with the PapH 
peptide is not well understood but may 
suggest that PapD binds differently to 
PapH, possibly because of its function as a 
polymerization terminator (1 4). 

To determine the minimum length of 
peptides required for PapD binding, we 
synthesized a series of PapG peptides short- 
ened to different degrees at the NH,-termi- 
nus (GIf-16', GI1 - l l ' ,  GI1-7', G1'-4') 
(Table 2). The affinity of PapD for the 
immobilized PapG peptides decreased as the 
length of the peptides decreased until vir- 
tually no binding was detected to the im- 
mobilized GI1-7' peptide (Fig. 1B). How- 
ever, the GIf-7' peptide may have been 
too short to permit simultaneous binding to 
both the plastic wells and PapD. We there- 
fore tested the ability of the soluble peptides 
to bind PapD in solution and to inhibit the 
binding of PapD to the immobilized G1'- 
19' peptide (25). The GI1-7' and GI1-19' 
peptides inhibited binding of PapD to G1'- 
19' peptide-coated wells (Fig. IC). In con- 
trast, the control MS peptide and the GI1- 
4' peptide were unable to inhibit PapD 
binding (Fig. 1C). These experiments re- 
vealed that even a short peptide consisting 

Table 2. Synthetic COOH-terminal peptides of 
P pilus subunits. Peptides corresponding to 
wild-type and modified COOH-terminal se- 
quences of PapG, PapE, PapF, PapK, and 
PapH were synthesized and purified as de- 
scribed (23). The first letter of the name of the 
peptide corresponds to the Pap subunit from 
which the sequence was derived. Water-insol- 
uble peptides were dissolved in 50 percent 
acetic acid. MS is a random hydrophobic pep- 
tide used as a control. 

Name Pe~tide seouence 

N H z - Q N L I A G P F S A T A T L V A S Y S - C O O H  
NHZ.GILNGGDFQTTASMSMIYN-COOH 
N H ,  -KSVVPGDYEATATFELTYR-COOH 
N H ,  -KKLEAGNYFAVLGFRVDYE.COOH 

NH,  - Y A L A P N A V I P T S L A L L - C O O H  



of seven COOH-terminal amino acids from 
a pilus subunit is sufficient for binding to 
PapD. 

For further investigation of the role of 
the peptide's COOH-terminus in binding 
to PapD, the terminal proline was deleted 
and an amide was introduced to give pep- 
tide G2'-21' amide (Table 2). These mod- 
ifications reduced the ability of the immo- 
bilized peptide to be recognized by PapD 
(Fig. 1B). In addition, the soluble G2'-21' 
amide was unable to inhibit PapD binding 
to the immobilized GI1-19' peptide (Fig. 
1C). By contrast, formation of a COOH- 
terminal proline amide to create the pep- 
tide GIf-19' amide did not affect binding 
to PapD (Fig. 1, B and C). The COOH- 
terminal amino acid varies from pilus sub- 
unit to pilus subunit (Table 1). These data 
and the crystal structure described below 
indicate the importance of the COOH- 
terminal residue (not necessarily a proline) 
in binding to PapD. 

Partial digestion with trypsin cleaved 
PapD in the F1-G1 loop at residue Lys99 
(Figs. 2A and 3, "T" site) (26). The rate of 
tryptic cleavage of PapD was reduced by 
prior incubation of PapD with the GI1-19', 
GIf-16', and K1'-19' peptides, but not 
with the G2'-2 1' amide peptide (Fig. 2A). 
In a similar experiment, native PapG pro- 
tected PapD from proteolysis (27). The 
observed protection of PapD by bound pep- 
tides may be due to a change of the local 
conformation of the F1-G1 loop, or due to 
physical contact of the loop by the peptide, 
as suggested in a similar study of the chap- 
erone SecB (5). 

As previously described, native PapD is 
able to bind to reduced, denatured PapG 
and restore the PapD-PapG complex in 
vitro in a reconstitution assay (15). This 
assay has been proposed to reflect the rec- 
ognition function of PapD in vivo (15) and 
was used to determine the ability of the 
peptides to inhibit PapD binding to PapG 
in vitro. We found that increasing amounts 

0 5 10 20 30 40 60 - - Water 

- - -  G1'-19' 

of the G1'-19', GIf-16', and K1'-19' 21' amide peptide had no effect (Fig. 2B). 
peptides inhibited restoration of the PapD- The ability of the PapG and PapK peptides 
PapG complex by PapD, but that the G2'- to prevent PapD from binding to PapG 

Table 3. Crystals of the PapD-peptide complex were obtained by vapor diffusion against 20 percent 
PEG8000, 0.1 M cacodylate buffer (pH 5.0), and 0.2 M calcium acetate. The crystallization drop 
contained equal volumes of resetvoir and protein solution. The protein solution (1 7 mglml) consisted 
of a 1 :1 molar ratio of PapD to peptide in 20 mM 2-[N-morpholino]ethanesulfonic acid (MES. Sigma) 
(pH 6.5) with 1.0 percent P-octyl glucoside. The crystals have two molecules in the asymmetric unit 
and diffracted to 2.9 A resolution on a laboratory x-ray source. Intensity data were collected on a 
Xuong-Hamlin multiwire area-detector system (50). All data were obtained from a single crystal and 
were processed initially with MADNES (51). The data were merged and scaled with the use of 
ROTAVATA and AGROVATA from the CCP4 package (52). The structure of the complex was solved 
by molecular replacement with the program XPLOR (53). The search model used was the refined 
2.0 A resolution structure of PapD (19). The self-rotation function obtained from the data at 8.0 to 4.0 
A resolution gave a clear noncrystallographic twofold axis. The top two peaks of the cross-rotation 
function were related by the noncrystallographic twofold axis and subsequently gave the correct 
solution. The Patterson correlation (PC) refinement (54) was not required to solve the rotation 
function; when used, however, it did significantly improve the scores of the correct orientations over 
the background peaks. The PC refined solutions were then used in the translation functions where 
the top peaks in each search gave the correct position. After the translation functions the Rfactor 
was 39.0 percent for 8.0 to 4.0 A resolution data. Subsequent rigid body refinement in which all 
four domains of the two PapD molecules in the asymmetric unit were allowed to refine 
independently resulted in an Rfactor of 36.4 percent for the same data. Examination of an IF, - 
F,I electron density map at this stage with the graphics program 0 (55) showed clear density 
corresponding to the peptide in the PapD cleft and running along the surface of the protein. The 
orientation of the peptide was determined from the electron density, but initially only the final 10 
COOH-terminal amino acids of the peptide could be modeled into density. Simulated annealing 
and atomic positional refinement with XPLOR was initiated at this stage. Noncrystallographic 
restraints were applied throughout the refinement procedure. Several additional cycles of model 
building and refinement were performed with four further peptide amino acids being added to 
yield an Rfactor for the current model of 18.2 percent for 8.0 to 3.0 A resolution data. The model 
at the present refinement (which contains no water molecules and does not include the first five 
NH,-terminal amino acids of the peptide) has root-mean-square (rms) deviations from ideal 
geometry of 0.020 A for bonds lengths and 4.2" for bond angles. 

Crystal data Refinement parameters 

Space group C2 Protein atoms 3,658 
Unit cell (A) A bond (A) 0.020 

a 130.7 A angle (degrees) 4.2 
b 83.5 Resolution (A) 8.0-3.0 
c 59.2 Reflections 9,592 
P 11 7.2" R~,~tt 0.182 

Resolution (A) 3.0 
Total measurements 32,684 
Unique reflections 11,407 
Percent complete 20-3.0 A 83.2 
Percent complete 3.23.0 A 72.1 
'sym* 0.68 
'R,, = ZZ[llh,l - 11,1]6,,1,,, where I,, and I, are the intensities of the individual and mean structure factors. 
respectively. tR,,,, = ZIFob,I - IFc,,c16F,,. Only data with FobsIu(Fob,) > 2.0 were used in the refinement. 

Fig. 2. Binding of pilus subunit-related pep- 
tides to PapD provides protection against en- 

GI,-19' zymatic proteolysis and blocks binding of PapD 
G1'-16' 

Z 60 
to PapG. (A) (Upper) Pap0 (15 kg) was incu- 

K1'-19' 
bated with PBS (lane D) or with 1.5 pg of trypsin 

E 40 (lane D+Tr) at 37°C for 20 minutes and applied 
S to 20 percent SDS-PAGE. Coomassie blue- 

20 ;lzk 0 0 50 100 150 GP'-21'amide fragment stained PapD (PapD), bands of PapD trypsin corresponding (N), and (Tr), the the COOH-terminal to NH,-terminal full-length 
fragment of PapD starting at residue 100 (C) 

Peptide (molar excess) (26) are indicated. (Lower) PapD incubated -.  - -  - --  with 20-times molar excess of peptides GI1-19', G1'-16', K1'-19', or G2'-21' amide, or an 
K1'-19' equivalent volume of water, was digested with trypsin and applied to 15 percent SDS-PAGE and -- G2'-Pl'amide Coomassie-stained (56). Bands corresponding to full-length PapD remaining after 0, 5, 10, 20, 30, 

40. and 60 minutes of digestion are shown. (B) PapD that had been incubated with the GIr-19', 
G1'-16', K1'-19', or G2'-21' arnide peptides was added to reduced, denatured PapD-PapG, and the amount of PapD-PapG restored in each sample was 
quantitated as described (57). The percent inhibition represents the relative decrease in the amount of the PapD-PapG complex restored with peptide-treated 
PapD compared with the amount of PapD-PapG complex restored with untreated PapD. The graph represent the average of four experiments. 
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indicated that these peptides bound similar- 
ly to PapD and that they occupied the pilus 
subunit binding site of PapD. 

, Crystal structure of the PapD-PapG 
peptide complex. In order to gain insight 
into the structural basis of the recognition 
function of PapD and also to facilitate the 
design of synthetic PapD inhibitors which 
could act as antibacterial agents, the crystal 
structure of the complex between PapD and 
the peptide GI1-19' was determined and 

refined to 3.0 A resolution (Table 3). The 
peptide bound in an extended conforma- 
tion with its COOH-terminal residue 
(Pro1') anchored within the interdomain 
cleft (Figs. 3 and 4). The peptide was 
anchored in the cleft by hydrogen bonds 
formed between the COOH-terminus of 
the peptide and A r g  and LysllZ which are 
invariant (7, 10) among all members of the 
periplasmic chaperone family (Figs. 3 and 
4). The current electron density maps at 

Flg. 3. Model of the three- 
dimensional structure of 
PapD co-crystallized with 
the GI '-19' pe tide, deter- 
mined to 3.0 1 resolution. 
The peptide bound in an ex- 
tended conformation along 
the GI p strand in the cleft of . 
PapD and the terminal car- 
boxylate group (highlighted 
in white) formed hydrogen 
bonds with residues Args 
(R8) and Lys112 (K112) of 
PapD (highlighted in yellow 
and orange, respectively). 
Hydrogen bonds between 
main chain atoms are de- 
picted as white lines. PapD 
residues (E167) and Thr7 (Ti') are shown in violet and dark blue, respectively. Conserved 
hydrophobic residues at positions 2, 4, 6, 8, and 12 from the COOH-terminus of the peptide are 
highlighted in red on the peptide chain shown in light blue. The conserved series of hydrophobic 
residues, 103, 105, 107, found in all members of the periplasmic chaperone family (7) are highlighted in 
green on the PapD ribbon (violet). The site of tryptic (T) cleavage is indicated. 

Domain 1 Domain 2 

Table 4. Hydrogen bond in- 
teractions between PapD the 
bound GI '-1 9' peptide 
(PapD, and peptide,) and its 
noncrystallographically relat- 
ed complex (PapD, and 
peptide,). Hydrogen bonds 
are indicated by ...... In the 
current 3.0 A resolution mod- 
el the distance (3.2 to 3.7 A) 
and geometry between 
some of the groups are in- 
compatible with efficient hy- 
drogen bonding (as indicat- 
ed by the question marks). 

pro1' COOH ....... Arg8 NH2 
Pro1' COOH ........ Lys112 NZ 
Phe2' NH ........... LysnO C=O 

Glul=' NH ........... Sera C=O 
G I I J ~ ~  C=O .......... Ser3' NH 

~ e u "  00.. ..... . . . L ~ S ; ~  NH 
Leu" NH .......... .Gln C=O 

serW NH ........... valS C=O 
serW C=O .......... valS NH 

Met6' C.0.. ........ G I ~ ~ ~ ~ H  
Met6' NH .......... .AlalOs C=O 

sere' NH ..... 7 ..... ThrT C=O 
Sere' C= O.... 7 ..... ThrT NH 

GlnlW C=O .......... Metr NH Mete' 00.. ........ AlalOs NH 
Ala'Os NH ........... Met8' C=O Mete' NH .......... .GlnlW C=O 

~ h r ~ '  NH ..... 7 ..... SerW C=O 
Thr7' C= O.... 7 ..... serW NH 

Ala'Os C=O .......... Metr NH 
~ l n ' ~  NH ........... Mete' C=O 

valS NH ........... Serl1' C=O 
valS C=O .......... Serll' NH 

AlalW C=O .......... Leu'' NH 
Lysl10 NH ........... Leu" C=O 

Sera NH ........... Glu13' C=O 
Sera 00.. ........ Glu13' NH 

........ Lysl10 C=O.. pheY NH 
Lysn2 NZ ........... Pro1' COOH 
Arg6 NH2 .......... Pro1' COOH 
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3.0 A resolution did not allow us to deter- 
mine whether the guanidino group of Arg8 
formed one or two hydrogen bonds with the 
Pro1' carboxyl group. However, the former 
hydrogen bonding arrangement and the 
indication from the electron density that 
both the guanidino group and the peptide 
COOH-terminus may be partially solvated 
was consistent with the observation that 
amidation of GI1-19' did not result in 
decreased binding to PapD (Fig. 1, B and 
C). Thus, the importance of the charge of 
the COOH-terminus to peptide binding is 
still uncertain. The Pro1' side chain made 
van der Waals contacts in the cleft with 
residues from both domains of PapD: Thr7, 
Thr15', Ile154, Thr170, and Ile194. The 
neighboring peptide residue, Phez', which 
is highly conserved as Tyr in the other pilus 
subunits (Table I), was positioned in a 
shallow pocket formed between the two P 
sheets of the NHz-terminal domain of 
PapD. The residues Leu4, Thr7, Thrlo9, and 
Ilelll that line the pocket and make hydro- 
phobic interactions with Phez' are all high- 
ly conserved in the periplasmic chaperone 
family (7, 10). Along the surface of the 
NHz-terminal domain, the peptide forms a 
parallel P-strand interaction with strand 
GI. In this way, seven main chain hydro- 
gen bonds were formed between Met8' to 
Phez' of the peptide and Glnlo4 to Lysl10 of 
PapD, thus extending the P sheet of PapD 
out into the peptide (Fig. 3 and Table 4). 

In addition to the COOH-terminal res- 
idues Pro1' and Phez', only Leu4', Met6', 
and Met8' in the peptide made significant 
contacts with PapD. Residues Met6' and 
Met8' interacted with Leu103, Ilelo5, and 
Leulo7 of strand GI. Together with Phez', 
and Leu4', Met6' and Met8' are part of the 
conserved pattern of alternating hydropho- 
bic and hydrophilic residues in the COOH- 
termini of the pilus subunits (Table 1). 
Similarly, PapD residues Leulo3, Ile105, and 
Leulo7 compose a conserved pattern of hy- 
drophobic residues in the periplasmic chap- 
erone family (7, 10). Our calculations re- 
vealed that the four hydrophobic peptide 
side chains of residues 2', 4', 6',  and 8' 
contribute 20 percent of the total buried 
surface area (582 AZ) between the peptide 
and protein. Therefore even though the 
major stabilization of the complex is pro- 
vided by hydrogen bonding, hydrophobic 
interactions are not insignificant, and we 
propose that they provide part of the expla- 
nation for the specificity of PapD for pilus 
related peptides and subunits. Experimental 
support of this theory is provided by the 
reduced binding of PapD to the peptide 
G2'-21' amide as compared to the GI1-19' 
peptide (Fig. 1, B and C). Hydrogen bond- 
ing of the COOH-terminus of the G2'-21' 
amide (which lacks Pro1') to Arg8 and 
LysllZ of PapD would allow main chain 



hydrogen bonding but would then dislocate 
the four hydrophobic side chains in the 
peptide from their subsites in PapD, result- 
ing in a reduction in binding strength. 

Within the crystal, the PapD-peptide P 
sheet was extended even further as a result of 
noncrystallographic twofold symmetry that 
placed a second PapD-peptide complex ad- 
iacent to the first so that the two bound 
peptide chains interacted as antiparallel P 
strands. In our model. eieht main chain , u 

hydrogen bonds are formed between the two 
peptides (Table 4). A mixed P sheet is thus 
created between the two complexes and 
extends over 10 p strands (Fig. 5). No 
contacts were observed between the two 
noncrystallographica11y related PapD mole- 
cules themselves. both of which were ~ o s i -  
tioned in similar environments within the 
crystal and had a similar number of intermo- 
lecular contacts. The calculated buried sur- 
face area between the two noncrystallo- 
graphically related peptides was 520 A2, a 
value similar to the surface area buried be- 
tween the protein and peptide. This dirneriza- 
tion appears to be a consequence of crystal 
packing because all evidence shows that PapD 
forms monomeric complexes with peptides or 
with intact PapG in solution. 

The hydrogen bonding pattern between 
PapD and the peptide broke at Ser9' but the 
peptide remained in van der Waals contact 
with PapD until Serll' where the peptide 
ran beyond the F1-GI loop but remained 
hydrogen-bonded to the noncrystallograph- 
ically related peptide as far as Glu13' (Table 
4). The last resolved amino acid of the 
peptide was Gly14' which was positioned 
close to the binding cleft of the noncrystal- 
lographically related PapD. The first five 
NH2-terminal amino acids, including three 
positively charged residues, showed no den- 
sity and therefore must have been disor- 
dered in the crystal structure. In agreement 
with this, the NH2-terminus of the peptide 
was not important for binding to PapD in 
solution because the GI1-7' peptide lack- 
ing the NH2-terminal 12 amino acids effec- 
tively inhibited PapD binding to the immo- 
bilized GI1-19' peptide (Fig. 1C). 

The structures of the individual PauD 
domains in the peptide complex were essen- 
tially the same as those of native PapD (1 8, 
19). However, there was a significant 
movement of the domains with respect to 
each other with a 13" jaw-closing or hinge- 
bending motion making the angle of the 
PapD boomerang more acute (Fig. 6). 
Whether or not this conformational differ- 
ence between the two crystal structures was 
due to peptide binding or crystal packing is 
still unclear. 

In the native PapD structure, the elec- 
tron density obtained for the long Fl -Gl  
loop was poor between residues 96 and 102, 
suggesting that it was rather flexible and 

Fig. 4. Stereoscopic view of the 3.0 A resolution electron density of the GIf-19' peptide 
COOH-terminus (purple) and neighboring PapD residues, superimposed on the refined structure. 
The electron density map (blue) was calculated with coefficients (21F01 - IF,I) and contoured at la.  

disordered in the crystal (19). In the pep- 
tide complex, however, this loop was better 
resolved, indicating that binding of the 
peptide made this loop more rigid. Super- 
imposing the NH2-terminal domains of na- 
tive PapD and the peptide complex showed 
a significant difference in the Fl -Gl  loop 
position between the two structures (rms for 
the 110 NH2-terminal Ca atoms is 1.84 A, 
with a maximum main chain movement of 
about 9 A for Leulo3). In the peptide 
complex, one end of the loop twisted away 
from the p barrel of the NH2-terminal 
domain, thus facilitating a more extensive 
contact between strand G I  and the pep- 
tide. As with the hinge-bending of the two 
domains, it is not yet possible to say with 
certaintv whether this  loo^ shift was a 
consequence of peptide binding or of crystal 
packing; the rather open conformation of 
the F1-G1 loop suggests that it may be 
largely the latter. Nevertheless, evidence 
that similar interactions between PapD and 
peptides or pilus subunits occur in solution 
was provided by protease protection exper- 

iments where the Fl -Gl  loop of PapD was 
protected from tryptic cleavage by the bind- 
ing of both native PapG (27) and the 
GIt-19' peptide (Fig. 2A). 

A molecular anchor in the chaperone 
cleft. Site-directed mutations were con- 
structed in PapD to investigate whether the 
crystal structure of the PapD-peptide repre- 
sented part of the PapD-pilus subunit inter- 
actions that are important in pilus assembly 
(Fig. 3 ) .  From the crystal data, the invari- 
ant residues Arg8 and Lys112 in PapD 
formed hvdroeen bonds to the COOH- 
terminus df the bound peptide. To evaluate 
the importance of these interactions, we 
changed Lys112 to an alanine to remove the 
charged side chain and to a methionine to 
replace the charged group with a hydropho- 
bic group while maintaining the side chain 
packing (28). Mutations of A r g  to glycine, 
alanine, and methionine have been shown 
to abolish the ability of PapD to bind to 
subunits and mediate pilus assembly in vivo 
(20). The highly conserved Thr7 in PapD, 
which formed van der Waals and hydropho- 

Fig. 5. Stereoscopic view of a PapD-peptide complex (PapD, yellow; peptide, red) showing its 
interaction with a twofold noncrystallographically related complex (PapD, blue; peptide, green). 
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Fig. 6. Superposition of COOH-terminal do- 
mains of native PapD (magenta) and com- 
plexed PapD (yellow). The two structures have 
been superimposed using the LSQ option in the 
program 0 (55). The resulting rms for 98 Ca 
atoms of the COOH-terminal domain was 0.66 
A. 

bic interactions with the peptide in the 
crystal structure, was changed to a valine 
(28). This mutation maintained the steric 
volume of the side chain and allowed an 
evaluation of whether the hydroxyl group 
formed critical hydrogen bonds to the sub- 
units. G ~ u ' ~ ~  is a variable residue in domain 
2 of PapD which was distant from the 
bound ~ e ~ t i d e  and therefore less likelv to be . . 
important for subunit binding and pilus 
assembly. Radical G ~ u ' ~ ~  mutations to his- 
tidine, aspartic acid, threonine, and glycine 
have all been shown to have little or no 
effect on P ~ D D  function in vivo (20). All of . ,  
the mutants described above were secreted 
into the periplasmic space as stable pro- 
teins similar to wild-type PapD. In addi- 
tion, the elution profiles from a cation- 
exchange high-performance liquid chro- 
matography (FPLCa, Pharmacia) column 
and the electrophoretic properties of the 
purified mutant PapDs were similar to the 
wild-type protein, supporting the predic- 
tion that these mutations would not affect 

L O  ArgsGly. Lys112Ala 4 r- - 2, 4, . 6& - PapD in diluent (ng) 

Table 5. Effects of mutations on PapD function in vivo. 

Fig. 7. Ability of PapD Arg8, Lys112, and Thr7 
mutants to bind PapG and restore the PapG- 
PapD complex in vitro. PapD-PapG complex 
(0.4 pg) was reduced and denatured as de- 
scribed in Fig. 28. The denatured PapD-PapG 
complex was then diluted with 0 to 630 ng of 
purified wild-type (WT) or mutant PapD. The 
amount of PapD-PapG restored in the samples 
was determined as described in Fig. 2B and 
was graphed as a percentage of the greatest 
amount of PapD-PapG restored, averaged for 
three experiments. 

the overall structure of PapD (28). 
Mutations in A r g  and Lys112 abolished 

the ability of PapD to bind to denatured 
PapG and reconstitute the PapD-PapG 
complex in vitro, whereas the mutation in 
Thr7 had little or no effect on PapD-PapG 
interactions in vitro (Fig. 7). Similarly, 
mutations in A r g  and Lys112 abolished the 
ability of PapD to bind to pilus subunits and 
mediate pilus assembly in vivo, but muta- 
tions in Thr7 and G ~ u ' ~ ~  had little or no 
effect on PapD function in vivo (Table 5). 
These studies revealed that the invariant 
A r g  and Lys112 residues predicted to be 
critical for peptide binding in the PapD- 
peptide crystal were also essential for PapD 
function in mediating pilus subunit binding 
and assembly in vivo. 

A molecular zipper between chaperone 
and pilus protein. In the crystal, the pep- 
tide G1'-19' anchored in the cleft of PapD 

Residue HA Pilus Subunit stabilization* 

class Mutation titer' assemblyt PapA PapE PapG PapF PapK 

Invariant Arg8Gly None - - - - - - 
Arg8Ala None - + - + - + 
Arg8Met None - + + - + + - ++ 
Lys112Ala None - + - + - + 
Lysl 12Met None - + + - - - - 

Conse~ed Thr7Val 64 +++ ++++ ++++ ++++ ++++ ++++ 
Variable G I U ~ ~ ~ X $  128 ++++ ++++ ND ND ++++ ++++ 
'The E. colistrain HE1 01 containing plasmid pPAP37 (which encodes all of the pap genes except papD) (8) was 
complemented with wild-type and mutant papDencoding plasmids (28) to determine the effect of the mutations 
on hemagglutination (HA) titer and pilus assembly. The HA titer was quantitated (20) after induction with 0.01 mM 
isopropyl-p-D-thiogalactopyranoside (IPTG). The HA titer represents the greatest bacterial dilution that still 
agglutinates erythrocytes. HBlOllpPAP37 expressing wild-type PapD has an HA titer of 128. tThe amount of 
~ i l i  assembled on the cells was quantitated (20) after induction with 0.01 mM IPTG. (-) No pili were detected; (+) 
ielative degree of piliation; and the degree of pihation of HBlOl/pPAP37 expressing.v&l-Gpe PapD corresponds 
to ++++. $Chaperone-assisted periplasmic stabilization of pilus subunits PapA, PapE, PapF, PapK, and 
PapG was determined by immunoblotting of periplasmic extracts as described (20). (-) No stabilization of the 
subunit; (+) the degree of subunit stabilization; wild-type PapD stabilization corresponds to + + + +; and (ND) not 
done. 5X indicates mutations to His, Asp, Thr, or Gly. 

via its COOH-terminus and it then extend- 
ed along the G1 P strand toward the Fl-Gl  
loop. The argument that the structure of 
the complex was significantly influenced by 
crystal packing interactions and thus might 
not reflect the situation in vivo was refuted 
by both in vitro and in vivo data. Peptide 
binding protected the Fl-Gl  loop from 
protease cleavage, and cleft residues Ar$ 
and Lys112 were critical for binding PapG in 
vitro and for P~DD-subunit interactions in 
pilus assembly in vivo. Therefore the inter- 
actions found in the crystal structure of the 
complex between PapD and the G1'-19' 
peptide ~ r o b a b l ~  reflect an important part 
of the interface between PapD and the pilus 
subunit. 

The molecular interactions between 
PapD and the peptide illustrate a mecha- 
nism of general relevance to chaperone 
binding of target proteins. PapD residues 
Ar$ and Lys112 protrude into the cleft 
between the two domains of the chaperone 
and probably serve as a molecular anchor 
for the COOH-terminus of pilus proteins. 
Both Ar$ and Lys112 are invariant among 
periplasmic chaperones, indicating that 
they are likely to have a universal role in 
anchoring the COOH-terminus of pilus 
subunits in the other PapD-like chaperone 
listed in Table 1. Backbone hydrogen bonds 
along the G1 P strand of the chaperone 
subsequently provide strong zippering inter- 
actions along the length of the COOH- 
terminus of the subunit and allow binding 
to a number of polypeptides in a relatively 
sequence-independent manner. However, 
it is clear that the binding does not rely 
solely on backbone hydrogen bonds, since 
PapD does not bind randomly to peptides in 
vitro, or proteins in vivo. Part of the 
specificity in binding between PapD and 
pilus subunits seems to be due to the alter- 
nating pattern of hydrophobic and hydro- 
philic residues in the COOH-terminus and 
their spacing with the terminal carboxylate 
group of the pilus subunits. Another layer 
of specificity may come from other contacts 
between the cha~erone and the subunit and 
may occur afterL the COOH-terminus has 
anchored into the chaperone cleft. Variable 
residues in loop regions of antibodies pro- 
vide the exquisite specificity necessary for 
an extensive antibody binding repertoire 
(29). Similarly, residues in the Fl-Gl loop 
of PapD and other variable loops at the tips 
of both domains may provide further spec- 
ificity to chaperone binding since these 
have been found to vary in length and 
composition amongst members of the peri- 
plasmic chaperone family (7, 10). In addi- 
tion, other regions of pilus subunits may be 
involved in chaperone binding, such as 
conserved NH2-terminal sequences in the 
pilus subunits (2 1). 

The mode of peptide binding to PapD is 
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similar to the binding of the streptococcal 
protein G to a Fab fragment, in which an 
outer p strand on the protein G domain 
formed an antiparallel interaction with the 
last strand in the constant heavy domain of 
the Fab and extended out the P sheet into 
protein G (30). The major difference be- 
tween the two complexes is that the peptide 
bound to P ~ D D  in a ~arallel manner rather 
than an antiparallel one. The interactions 
between G1'-19' and PapD, like the pro- 
tein G-Fab complex, therefore represent a 
binding paradigm for P-barrel motif pro- 
teins distinct from antibody-antigen and 
growth hormone-growth hormone receptor 
interactions (29, 31). Unlike the protein 
G-Fab complex, however, PapD utilizes 
residues in the interdomain cleft of its 
immunoglobulin-like structure to bind to 
several different proteins. 

Chaperone-subunit interactions are a 
fundamental step in the cascade of protein- 
protein interactions that eventually lead to 
pilus assembly and presentation of virulence- 
associated adhesins on the bacterial surface. 
The PapD-peptide crystal structure is the 
first to date illustrating a mechanism by 
which chaperones may interact with their 
target proteins. The agreement between 
crystallography, mutagenesis, and experi- 
ments with purified proteins and peptides 
suggests that the mode of chaperone binding 
described in this article actually presents a 
"snapshot" of a process fundamental to 
Gram-negative pathogens. The molecular 
details of the chaperone-adhesin interaction 
and optimization of the minimum inhibitory 
heptamer peptide with synthetic peptide li- 
braries (32) may lead to the design of high 
affinity synthetic inhibitors which would 
prevent pilus assembly by binding in the 
chaperone cleft. The conserved nature of 
the chaperone-subunit interaction may 
make such inhibitors effective against vari- 
ous Gram-negative pathogens. 
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