BIOC530 AU 2014
Protein NMR Unit
Homework Assignment

The recent paper published in Science “Structural Basis for Protein Antiaggregation
Activity of the Trigger Factor Chaperone” used a wide variety of NMR experiments
to obtain remarkable insights into how a molecular chaperone works. The senior
author of the paper, Prof Charalampos Kalodimos, gave a Biochemistry Dept.
seminar in October 2014 that you should have attended. This provided an excellent
introduction to the paper and should help to make it more accessible.

Your assignment: Read the paper (attached) and answer the questions below.

1. What information was used to generate Figure 2A?

2. What samples (what proteins were in the NMR tube? Which one(s) has isotopic
labels? What were the labels?) were used to generate the following:

* spectra shown in Fig. 3B: gray and pink
* spectra shown in Fig. 3B: blue

3. What experiments provided the exchange rates depicted in Fig. 3K?
4. Draw a cartoon or scheme to explain Fig. 7C, showing:

* what are the molecules that generated the spectra
* what molecule(s) are isotopically labeled and with what isotope(s)/

Also use your cartoon to depict the results/interpretation of the experiments.
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Structural Basis for Protein

Antiaggregation Activity of the

Trigger Factor Chaperone

Structural and dynamic data show how
molecular chaperones prevent aggregation
and misfolding of unfolded proteins.

RELATED ITEMS IN SCIENCE

M. Gamerdinger, E. Deuerling, Trigger
factor flexibility. Science 344, 590 (2014).
DOI: 10.1126/science.1254064

Tomohide Saio, Xiao Guan, Paolo Rossi, Anastassios Economou, Charalampos G. Kalodimos*

Introduction: Molecular chaperones prevent aggregation and misfolding
of proteins in the cellular environment and are thus central to maintaining
protein homeostasis. Molecular chaperones are thought to recognize and
bind to exposed hydrophobic regions of the unfolded proteins, thereby
shielding these regions from the solvent. If unprotected, the proteins
would likely aggregate or misfold to bury the hydrophobic residues.
Despite the central importance of the binding of chaperones to unfolded
proteins, the structural basis of their interaction remains poorly under-
stood. The scarcity of structural data on complexes between chaperones
and unfolded proteins is primarily due to technical challenges originating
in the size and dynamic nature of these complexes.

Rationale: Recent advances in nuclear magnetic resonance (NMR) and
isotope labeling approaches make it possible to study large, dynamic
complexes. We used NMR spectroscopy to characterize the binding of the
48-kD unfolded alkaline phosphatase (PhoA) to the 50-kD trigger fac-
tor (TF) chaperone. We obtained atomic insight into the dynamic binding
and determined the solution structure of PhoA captured in an extended,
unfolded state by three TF molecules. Based on our NMR studies, we
gained insight into how TF rescues an aggregation-prone protein and how
it exerts its unfoldase activity.

Results: We show that TF uses multiple sites,
which are located in two different domains and
extend over a distance of ~90 A, to bind to
several regions of the unfolded PhoA that are
dispersed throughout its entire length. Three
TF molecules are required to interact with the
entire length of PhoA, giving rise to a ~200-kD
complex in solution. The TF-PhoA interactions
are mediated primarily by hydrophobic con-
tacts. TF interacts with PhoA in a highly dynamic
fashion, giving rise to a rugged landscape for
the free energy of interaction. As the number
and length of the PhoA regions engaged by
TF increases, a more stable complex gradually
emerges. The multivalent binding keeps PhoA
in an extended, unfolded conformation. Cru-
cially, even the lowest-energy TF-PhoA complex
remains rather dynamic with a lifetime of ~20
ms. The structural data of the three TF molecules
in complex with different regions of PhoA reveal
how the same binding sites within a molecular

chaperone can recognize and interact with a large number of substrates
with unrelated primary sequences. This promiscuous recognition is further
enabled by the notable plasticity of the substrate-binding sites in TF. We
finally show that TF in the cytosol prevents aggregation by interacting
transiently with the low-populated, aggregation-prone unfolded state of
the substrate but acts as a powerful unfoldase when it is bound at the ribo-
some and thus is colocalized with translating substrate.

Conclusion: The structural data reveal a multivalent binding mecha-
nism between the chaperone and its protein substrate. This mechanism
of binding presents several advantages as it enables chaperones to func-
tion as holdases and unfoldases by exerting forces to retain proteins in
the unfolded state and at the same time protect them from aggregation
by shielding their exposed hydrophobic regions. Given the existence
of multiple binding sites in other molecular chaperones, this may
present a general mechanism for the action of molecular chaperones.
The fast kinetics of substrate binding enables chaperones to interact with
transiently exposed, aggregation-prone regions of unstable proteins
in the cytosol, thereby preventing their aggregation and increasing
their solubility.

Structural basis of PhoA binding by TF. PhoA (blue/gray) is captured in an unfolded state by three
TF chaperone molecules (orange). Complex formation is mediated by multivalent binding of hydrophobic
surfaces, which are shielded from water, thereby preventing folding and, at the same time, aggregation
of the substrate protein.

The list of author affiliations is available in the full article online.
*Corresponding author. E-mail: babis@rutgers.edu
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Structural Basis for Protein
Antiaggregation Activity of
the Trigger Factor Chaperone

Tomohide Saio,** Xiao Guan,* Paolo Rossi," Anastassios Economou,>? Charalampos G. Kalodimos™t

Molecular chaperones prevent aggregation and misfolding of proteins, but scarcity of structural
data has impeded an understanding of the recognition and antiaggregation mechanisms. We
report the solution structure, dynamics, and energetics of three trigger factor (TF) chaperone
molecules in complex with alkaline phosphatase (PhoA) captured in the unfolded state. Our data
show that TF uses multiple sites to bind to several regions of the PhoA substrate protein primarily
through hydrophobic contacts. Nuclear magnetic resonance (NMR) relaxation experiments show
that TF interacts with PhoA in a highly dynamic fashion, but as the number and length of the PhoA
regions engaged by TF increase, a more stable complex gradually emerges. Multivalent binding
keeps the substrate protein in an extended, unfolded conformation. The results show how
molecular chaperones recognize unfolded polypeptides and, by acting as unfoldases and holdases,
prevent the aggregation and premature (mis)folding of unfolded proteins.

olecular chaperones maintain a func-
Mtional proteome in the cell by prevent-

ing the aggregation of unfolded proteins,
assisting with their folding or disassembling ag-
gregates (/—6). Nascent polypeptide chains emerg-
ing from the exit channel of the ribosome expose
long hydrophobic regions that are particularly
prone to misfolding and aggregation (7-9). The
bacterial trigger factor (TF) (/0) binds next to the
exit channel of the ribosome (//—15) and directly
interacts with the emerging nascent polypeptide
(16-19). With an estimated cellular concentration
of ~50 uM (20), TF is one of the most abundant
proteins in bacteria. TF prevents the aggregation
and premature folding of nascent polypeptides and
unfolded proteins in vivo and in vitro, likely by in-
teracting with exposed hydrophobic regions, there-
by shielding them from the solvent (8, 21-23).
Long polypeptides (>20 kD), which are the pre-
ferred clients for TF in vivo (24, 25), require mul-
tiple TF molecules for their protection. TF remains
bound to the unfolded polypeptide even after
having departed the ribosome (78, 21, 22, 26). TF
reduces the speed of folding, thereby increasing the
yield of biologically active proteins (21, 27-29).
TF was shown to have both a weak holdase and an
unfoldase activity (30). Deletion of the TF gene
results in the aggregation of many proteins (25) and
the stimulation of heat shock response (3/-33).
Following its interaction with TF, the unfolded
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polypeptide folds by dissociating, interacting with
foldase chaperones such as Hsp70 and GroEL, or
enters the posttranslational secretory pathway to
interact with the Sec machinery (2, 3, 5, 34-36).

Despite the importance of chaperone binding
to unfolded proteins, the structural basis of this
interaction remains poorly understood. The scar-
city of structural data on complexes between chap-
erones and unfolded proteins is primarily due to
technical challenges associated with the size and
dynamic nature of these complexes (37—42).
We have exploited recent advances in nuclear
magnetic resonance (NMR) and isotope label-
ing approaches (43—48) to characterize the dy-
namic binding of unfolded PhoA to TF and to
determine the solution structure of the PhoA cap-
tured in an extended, unfolded state by three TF
molecules.

NMR of TF Chaperone and Unfolded PhoA

Escherichia coli TF consists of 432 amino acids,
comprising the ribosome-binding domain (RBD;
residues 1 to 112), the peptidyl prolyl isomerase
domain (PPD; residues 150 to 246), and a discon-
tinuous C-terminal domain, positioned structurally
between the RBD and PPD (/2), which, on the
basis of the current and previous findings (49, 50),
we refer to as the substrate-binding domain (SBD;
residues 113 to 149 and 247 to 432) (Fig. 1A and
fig. S1, A and B). Unliganded TF in solution forms
a dimer (27) of ~100 kD (fig. S1C) [dissociation
constant (Ky4) of dimerization is ~18 uM (57)].
The quality of the 'H-'*N—correlated NMR spectra
(figs. S2A and S3) and the 'H-"*C—correlated NMR
spectra of methyl-bearing (Ala, Ile, Met, Leu, Thr,
and Val) and aromatic (Phe, Tip, and Tyr) residues
of TF is high (figs. S2B and S4). By exploiting the
modular structural architecture of TF (52, 53), we
have obtained near-complete assignment of TF
(see the Materials and Methods section).
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E. coli alkaline phosphatase (PhoA) is an ~50-kD
(471 amino acid residues) periplasmic enzyme
that requires oxidizing conditions for folding, as
do several other periplasmic proteins (54). PhoA
was shown biochemically to be in an unfolded and
thus degradation-prone state in the reducing en-
vironment of the cytosol (54-56) and to interact
extensively with TF (57, 58). The NMR spectra of
PhoA, as well as relaxation experiments, confirmed
that PhoA is unfolded under reducing conditions
(figs. S5, B and C, and S6). Assessment of the
presence of secondary structure by NMR (59) re-
vealed pervasive random-coil and extended-like
conformations, although several of the regions that
formed a stable secondary structure in the folded
PhoA retained a fraction of their fold in unfolded
PhoA (Fig. 2, A and B).

The NMR spectra of unfolded proteins typi-
cally show very narrow chemical shift dispersion
(60). To simplify NMR characterization of un-
folded PhoA, which is a large protein by NMR
standards, we generated a number of PhoA frag-
ments of varying length that spanned its entire se-
quence (see Materials and Methods). Superposition
of the NMR spectra of any of the PhoA fragments
with the NMR spectra of the full-length PhoA dem-
onstrated excellent resonance correspondence (fig.
S5D). This is expected because each of these frag-
ments is unfolded, as is the full-length PhoA, and
thus, the conformational properties of the isolated
fragments recapitulate those of the full-length PhoA.
Near-complete assignment has been obtained for
full-length PhoA.

Interaction Between TF and PhoA

To determine the residues of unfolded PhoA that
are recognized and bound by TF, we monitored
by NMR the binding of isotopically labeled PhoA
by unlabeled TF (fig. S7). In addition to full-length
PhoA, several PhoA fragments were used to en-
hance spectral resolution (fig. S7A). Differential
line broadening analysis (6/) showed that only a
relatively small number of residues (~130 of the 471)
in PhoA are recognized and bound by TF (Fig. 2C).
There are in total seven distinct TF-binding re-
gions in PhoA (labeled using lowercase letters a
through g), with lengths ranging from ~8 to ~40
residues (Fig. 2C and fig. S8A). Analysis of the
primary sequence of the TF-binding sites showed
that they are enriched in hydrophobic and espe-
cially aromatic residues (figs. S8, B and C, and
S9), in agreement with previous studies (18, 62).
Notably, there seems to be a correlation between
the hydrophobicity of the PhoA sequence and the
binding preference by TF (Fig. 2C).

To identify the sites that TF uses to interact
with PhoA, we monitored by NMR the binding
of full-length PhoA as well as select PhoA frag-
ments comprising TF-binding sites to labeled TF
(figs. S2, C and D, and S10). The combined data
demonstrated that TF uses four distinct sites to
interact with PhoA (labeled using uppercase let-
ters; A through D). Three of these sites (A, B, and
C) are located in the SBD (Fig. 1A), in agreement
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with previous data indicating this domain as being
the central chaperone module (49, 50). The fourth
binding site (labeled D) is located in the PPD and
overlaps with its catalytic site (Fig. 1B). All sites
are composed primarily of hydrophobic residues
(Fig. 1, B and C). NMR titration of additional
protein substrates [such as the maltose binding
protein (MBP) and the outer membrane protein A
(OmpA)] to TF demonstrated that the same sites
are used by TF to interact with these substrates
(fig. S11). The substrate-binding sites are the
best-conserved regions in TF, along with the re-
gion in the RBD that binds to the ribosome (Fig.
1D and fig. S12). Residues located in the identified
substrate-binding sites were previously reported
to cross-link to the emerging nascent chain when
TF is bound to the ribosome (49, 50). Although
the RBD surface is very hydrophobic, our data
show that this domain does not interact with the
protein substrates (Fig. 1A and fig. S11). In con-
trast, the RBD was seen to cross-link to nascent
chains in ribosome-bound TF (49, 50). This dis-
crepancy may be due to the physical proximity of
the RBD to the exit channel of the ribosome, or
RBD may undergo conformational change upon
interacting with the ribosome that enables its
interaction with the nascent polypeptide (13, 18).

The crystal structure of free TF (/2) shows
that the identified substrate-binding sites (A to D)
consist almost exclusively of nonpolar residues
(Fig. 1C). Sites A, B, and C are enriched with
methyl-bearing residues, and site D is enriched
with aromatic residues (Fig. 1B). Thus, the use of
hydrophobic sites to interact with unfolded client
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Fig. 1. Substrate-binding sites in TF. (A) The TF residues identified by
NMR to interact with unfolded protein substrates are colored blue on the
crystal structure of free E. coli TF [Protein Data Bank (PDB) ID 1W26]. The four
main binding sites are labeled A, B, C, and D (in red). The dashed lines indicate
the domain boundaries. The two structural protrusions in the SBD are labeled
arm 1 and arm 2. An additional binding site, located in arm 1, is used by TF to
interact with some of the substrates (see Fig. 7A and fig. 511). (B) Expanded
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proteins is shared among several molecular chap-
erones, such as GroEL, Skp, Hsp40, and Hsp90
(63, 64). Sites A and B are located inside the cradle-
like structure formed by the RBD and SBD, with
A located at the base of the cradle and B located
at the tip of arm 2 (Fig. 1A). Site C forms a rather
elongated ridge near the 3 sheet that connects the
SBD and PPD. Sites A, B, C, and D expose ~530,
~680, ~460, and ~650 A2, respectively, of hy-
drophobic surface, thus providing combined up
to ~2300 A? of solvent-exposed nonpolar sur-
face available for binding of protein substrates.
The four TF sites extend over a distance of more
than 90 A.

Mode of Binding Between TF and PhoA

We characterized by NMR and isothermal titra-
tion calorimetry (ITC) the binding and energetics
of each of the PhoA sites, individually and in
combination to TF. Both chemical shift and inter-
molecular TF-PhoA nuclear Overhauser effect
(NOE) measurements were used to monitor the
interaction at the residue level. Starting from the
N terminus, the first PhoA region to interact with
TF is site a (Figs. 2C and 3A). Chemical shift
perturbation as well as intermolecular TF-PhoA
NOE:s (fig. S13) clearly indicated that PhoA site
a can interact with all four of the binding sites in
TF with a moderate affinity (K4 ~25 uM; Fig. 3B).
Similarly, PhoA site b can interact with any of the
four binding sites in TF but with lower affinity (K
~200 uM; Fig. 3C). In contrast, PhoA subsite o
(the N-terminal region of site ¢; Fig. 3A) binds
exclusively to the SBD and preferably to TF sites
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loop) (see fig. 512).
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view of the four substrate-binding sites in TF 1dent1f1ed by the NMR titration
experiments. The hydrophobic residues that make up the substrate-binding
sites are shown as sticks. (C) The hydrophobic residues in TF are colored green,
whereas all other residues are colored white. (D) TF sequence conservation is
color-mapped on the TF structure. The residues that make up the substrate-
binding sites are the best-conserved along with the ribosome-binding loop (RB

A and B (on the basis of chemical shift perturba-
tion, subsite ¢' appears to bind to TF site C, but no
intermolecular NOEs were detected, indicating a
rather transient interaction; Fig. 3D). PhoA subsite
¢* (the middle region of site ¢; Fig. 3A) interacts
exclusively with TF site A (Fig. 3E). The binding
to TF of a PhoA fragment consisting of subsites ¢’
and ¢ is determined by the combined binding pref-
erences of the subsites (Fig. 3F). The PhoA ¢!-¢?
fragment binds to TF with higher affinity than the
subsites ¢' and ¢? individually because of avidity
(Fig. 3, D to F). Notably, the complete PhoA site
¢ (consisting of subsites ¢!, ¢?, and ¢®) binds to
TF in a specific orientation and arrangement: PhoA
subsite ¢! binds to TF site B, subsite ¢* binds to TF
site A, and subsite ¢ binds to TF site C, as dem-
onstrated by the measurement of a unique set of
characteristic intermolecular NOEs between the
TF sites and the PhoA subsites (Fig. 3G). PhoA
site ¢ binds only to TF sites A, B, and C in the
SBD, and with higher affinity (K4 ~10 pM) than
PhoA site a or b. Thus, PhoA sites a and b can
only interact with TF site D in the context of the
PhoA““ fragment (superscript denotes the TF-
binding sites that the PhoA fragment contains).
Because PhoA site a binds with much higher af-
finity to TF than PhoA site b (Fig. 3, B and C), in
the TE-PhoA““ complex, PhoA site a binds to
TF site D, whereas PhoA site 5 does not interact
at all with TF (Fig. 3H). The affinity of PhoA“*
for TF (K4 ~2 uM; fig. S14) is higher than any of
the other PhoA sites.

The results clearly show that although some
PhoA sites (for example, sites @ and b) bind
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promiscuously to all TF sites, other PhoA sites (for
example, subsite ¢') are more selective and some
sites (for example, subsite ¢*) appear to interact
exclusively with specific sites in TF. Therefore,
the binding mode of a multisite PhoA fragment to
TF will be determined by the combined prefer-
ences of the sites (Fig. 3H). Together, the data
demonstrate that the interaction of TF and PhoA
is dynamic and is best described by a rugged free

energy landscape: the various binding interactions
shown in panels (B) to (G) of Fig. 3 do not maxi-
mize the binding interface and correspond to
the higher-energy wells, whereas the maximum-
contact arrangement shown in Fig. 3H corresponds
to the ground-state, lowest-energy conformation
of the complex in which a unique arrangement of
the chaperone and the substrate is observed ex-

perimentally (Fig. 3H).

RESEARCH ARTICLE I

The NMR data showed that one TF molecule
can accommodate a PhoA fragment encompass-
ing TF-binding sites @ to ¢ (PhoA“*) (Fig. 3 and
figs. S14 and S15). Under stoichiometric condi-
tions, the use of a longer PhoA fragment that in-
cluded site d (PhoA“) resulted in this site not
being bound by TF (fig. S16A). Site d was bound
only when excess TF was added (fig. S16A). Using
the experimental approach described in Fig. 3 for
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Fig. 2. TF-binding sites and secondary structure in unfolded PhoA. (A)
Secondary structure propensity (SSP) values (59) of unfolded PhoA plotted as a
function of the amino acid sequence. A SSP score at a given residue of 1 or -1
reflects a fully formed o-helical or B-structure (extended), respectively, whereas
a score of, for example, 0.5 indicates that 50% of the conformers in the
native-state ensemble of the protein are helical at that position. The data show
that several of the secondary structure elements in the folded PhoA retain
some transient structure in the unfolded PhoA. The TF-binding sites (a to g) are
indicated. (B) The SSP values of unfolded PhoA that correspond to secondary

www.sciencemag.org SCIENCE VOL 344 9 MAY 2014

structure elements present in folded PhoA are mapped on the structure of
folded E. coli PhoA. The signal sequence region (residues 1 to 22) was modeled
into the crystal structure of the mature form (PDB ID 1Y6V). Only one subunit
of the dimeric PhoA is shown. (C) Plot of the hydrophobicity of PhoA as a
function of its primary sequence. A hydrophobicity score (Roseman algorithm,
window = 9) higher than zero denotes increased hydrophobicity. The seven
PhoA regions (labeled a through g) identified by NMR to interact with TF are
highlighted in gray. (D) Mapping of the TF-binding sites (a to g) on the folded
PhoA structure.
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Fig. 3. Dynamic binding and energetics of PhoA by TF. (A) TF-binding sites in
PhoA colored as in Fig. 2A. Three TF molecules are required for the simultaneous
engagement of the entire PhoA. The Kj for each complex is shown. PhoA residues of
sites g, b, and ¢ whose intermolecular NOEs to TF residues are depicted in panels (B)
to (G) are indicated. (B to G) The interaction of the independent PhoA site a (B), site
b (C), subsite c* (D), subsite ¢ (E), subsites c'-¢ (F), and subsites ¢*-c>-¢ (site ¢) (G)
with TF has been characterized by NMR and ITC. The four PhoA-binding sites in TF (A
to D) are labeled in pink. In the rectangles labeled “HSQC peaks,” representative
peaks from *H-"N—correlated spectra of labeled TF (TF**°**P) free (gray) and in
complex (magenta) with the indicated PhoA site are shown. In the rectangles
labeled “Inter-NOEs TF-PhoA,” representative intermolecular NOEs between the TF
and PhoA residues are shown. The full NOESY strips are shown in fig. $13. The
symbol X indicates the absence of such NOEs. The K; values were determined by ITC
and NMR. Solid arrows indicate experimentally observed binding of the PhoA site to
the designated TF site. Broken arrows indicate transient interaction observed by
chemical shift perturbation but for which no intermolecular NOEs were detected.
The orange cross peak (marked with an asterisk) for TF site A in panel (F) cor-
responds to the chemical shift observed for the binding of the individual subsite ¢
to TF site A shown in panel (E). Similarly, the orange and dark-orange cross peaks
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marked with asterisks in panel (G) for TF site B correspond to the chemical shifts for
the binding of the individual subsite c* (panel D) and the fragment c*-¢ (panel F),
respectively. All these resonances fall on the same line connecting the free and
PhoA site c—bound TF peaks (93), further supporting the observed synergistic
binding between the PhoA sites as the length of PhoA increases, as well as the
selectivity of certain PhoA sites for specific TF sites. (H) The progressive increase in
PhoA length results in increased affinity for PhoA interaction with TF, and when
PhoA is sufficiently long to engage all four of the TF sites simultaneously, as is the
case with PhoA™, a unique binding mode between PhoA and TF is observed as
shown. The binding of PhoA to TF can be described by a rugged free energy
landscape, with the conformational arrangement of the TF—PhoA™* complex
depicted in this panel corresponding to the lowest-energy, ground-state structure.
The binding interactions shown in panels (B) to (G) correspond to higher-energy
states. The results for the interaction of PhoA sites d to g with TF are shown in fig.
$17. (1 and ) Representative relaxation dispersion profiles of three TF residues in
complex with PhoA site a (1) and PhoA™ (). R, is the effective transverse relaxa-
tion rate, and vcpyg is the refocusing frequency of the CPMG train pulse. (K) Ex-
change rate constants (k) determined experimentally for the complex between TF
and PhoA™ . The residence time of PhoA™ bound to TF is ~20 ms at 22°C.
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the N-terminal region of PhoA, we found that a
second TF molecule is required to fully engage
PhoA sites d and e (fragment PhoA”) and a third
TF molecule to fully interact with PhoA sites f
and g (fragment PhoA"®) (Fig. 3A and fig. S17).
PhoA sites d and f bound exclusively to the TF
PPD (fig. S17, B and E), whereas sites e and g
bound exclusively to the TF SBD in the binding
arrangement shown in Fig. 4A and fig. S17, C and
F. Similarly to the TF-PhoA“* complex, a unique
arrangement was observed for the TF-PhoA“*
complex, as demonstrated by the measurement of
a unique set of characteristic intermolecular NOEs
between TF and PhoA (fig. S17D). In contrast,
two binding arrangements were observed for the
TE—PhoA"® complex as shown in fig. S17G, but
with one of them being the preferred one (popu-
lated by more than 70% of the time) (Fig. 4A).

NMR titration experiments showed that three
TF molecules are required to bind to all of the
seven TF-binding sites in full-length PhoA (Fig. 4A).
The stoichiometry of the TF-PhoA complexes was
further corroborated by ITC experiments (fig. S14).
Thermodynamic characterization showed that TF
formed complexes with the three PhoA fragments
(PhoA™*, PhoA™, and PhoA"®) with K4 values of
~2,~4, and ~14 uM, respectively (Fig. 3A and fig.
S14). The binding arrangement shown for the
three TF molecules bound to PhoA sites a through
g depicted collectively in Fig. 4A represents the
lowest-energy conformational states for the three
complexes. The binding avidity among the proxi-
mal PhoA sites and subsites, enhanced by the
proximity of the A, B, and C sites in TF, further
accounts for the higher stability of the observed
ground-state conformations. This observation is con-
firmed by additional NMR titration experiments
(fig. S16B).

Dynamic Engagement of PhoA by TF

Rapid binding and release of unfolded proteins
by molecular chaperones is likely important for a
productive assisted-folding process (5). To deter-
mine the kinetics of PhoA binding to TF, we used
NMR relaxation dispersion (65, 66). This power-
ful technique allows characterization of the dynamic
interaction of protein complexes at the residue level.
In the case of the interaction between TF and PhoA,
the kinetics are as follows:

TF + PhoA ==TF ~ PhoA

where k,, and kg are the association and disso-
ciation rate constants, respectively. The exchange
rate constant, k., of complex formation is given by
kex = kon[PhOA] + kg, Wwhere [PhoA] is the concen-
tration of unbound PhoA. We have used "N relaxa-
tion dispersion experiments (67, 68) to determine
the k., and thus k,, ko and the residence time t©
(=Vkyg) (69, 70), of PhoA binding to TF (Fig. 31).
The data show that individual PhoA sites, such as a
and d, interact rapidly with TF, and they stay bound
to TF only for a very limited time (t ~1 ms). As ex-
pected, the binding of larger PhoA fragments such
as PhoA“* or PhoA”*, which bind to TF with much
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higher affinity (Fig. 3A), results in increased com-
plex lifetimes. However, even in these cases, the
kinetics remain fast with the residence time being
only ~20 ms at 22°C (Fig. 3K). The data are con-
sistent with previous findings reporting similar
rapid kinetics for the binding of TF to protein
substrates (71). Thus, even when TF fully engages
its unfolded protein substrate by using all of its
available binding sites, the complex is still quite
dynamic with fast association (ky, ~2 x 10’ M s )
and dissociation (kyr~50 sfl) rates, as determined
by relaxation dispersion.

Structural Basis for the Formation of
the TF-PhoA Complex

The three TF molecules in complex with PhoA
(Fig. 4A) are linked by long (~80 to 90 amino
acids), flexible regions of PhoA that are not bound
by TF. Thus, the three PhoA-bound TF molecules
tumble and behave as independent entities, corrob-
orated by NMR data of the full-length PhoA in
complex with three TF molecules (figs. S7A and
S15). We thus determined the high-resolution struc-
ture of each of the three complexes (TF—PhoA“,
TF-PhoA“*, and TF-PhoA"®; Fig. 4A) separately.
In each case, the structure determined by NMR
corresponded to the ground-state, lowest-energy
structure. A large number of intermolecular NOEs
were collected because of the large interacting sur-
face between TF and PhoA and the high sensitivity
provided by the methyl-bearing and aromatic resi-
dues of the NMR spectra. The structure and NMR
statistics are listed in table S1. Resonance disper-
sion of PhoA increases markedly in its complexes
with TF (fig. S10, A and B) owing to the intimate
contacts between the two proteins, thus enabling
complete resonance assignment and structure char-
acterization of PhoA.

PhoA binding to TF results in TF monomer-
ization, as demonstrated by multiangle light scat-
tering (MALS) and NMR experiments (figs. S1, C
to E, and S18). The data further showed that the
putative dimeric interface in TF is dynamic and
suggested that substrate-binding regions are par-
tially buried at the dimeric interface (figs. S18A and
S19), in agreement with biochemical data (49). Thus,
full engagement of the unfolded substrate by TF re-
quires monomerization of the chaperone.

Structure determination of the TF—PhoA“™
complex shows that PhoA“ binds simultaneously
to all four substrate-binding sites, A to D, in TF
(Fig. 4, A and B), confirming the initial binding
experiments (Fig. 3H). Specifically, PhoA site a,
which is ~10 residues long, binds to TF site D lo-
cated in the PPD, whereas the much longer PhoA
site ¢ (~40 residues long) binds to all three TF sites
located in the SBD (A, B, and C) (Fig. 4, A and B).
Other than the regions encompassing the binding
sites a and ¢, all other regions in PhoA“* remain
flexible in the complex (fig. S15).

PhoA site a uses exclusively nonpolar residues
consisting primarily of a cluster of Leu residues to
interact through intimate van der Waals contacts
with a hydrophobic cluster in TF site D consisting
primarily of aromatic residues (Fig. 4B, left). For-
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mation of this subcomplex buries a total of ~1340 A2
of nonpolar surface and ~410 A? of polar surface.
Following T16 in PhoA site a, the next to contact
TF is F94, the first residue of PhoA site ¢. PhoA
site ¢ spans ~40 residues (F94-W131) and binds
to all three TF sites in the SBD (Fig. 4, A and B).
PhoA site ¢ traverses the entire SBD and binds to
TF sites B, A, and C using its subsites ¢, ¢?, and
&, respectively (Fig. 4, A and B, right). Thus,
each one of the binding sites in TF engages about
6 to 10 PhoA residues. Complex formation be-
tween the TF SBD and PhoA site ¢ buries a total
of ~3820 A? of surface. The majority of the surface
(~2580 A?) consists of nonpolar residues, where-
as ~1240 A? consists of polar residues.

PhoA site ¢ (via subsite ¢') is anchored at the
tip of arm 2 of the SBD by docking two of its
hydrophobic residues, F94 and 197, deep into a
hydrophobic pocket formed by TF residues of
site B (Fig. 4B, right). Then, using both nonpolar
and polar contacts, PhoA twists around the SBD
arm 2 to interact with TF site A (via subsite ¢?)
through contacts involving several aromatic resi-
dues. Whereas TF sites A and B are located next
to each other, TF site C is located on the other end
of the SBD (Fig. 1A). PhoA reaches site C by
stretching an ~10-residue-long region (G116-A125)
that appears to interact only transiently with TF. The
interaction between PhoA site ¢ (via subsite ¢*) and
TF site C is again mediated primarily by nonpolar
contacts, with the most prominent being the dock-
ing of PhoA W131 into a hydrophobic pocket formed
by several residues of TF site C (Fig. 4B). Although
the vast majority of the contacts between the TF
SBD and PhoA site ¢ are mediated by hydrophobic
residues, several key hydrogen bonds are also present
throughout the complex (Fig. 4B and fig. S20).
The structure of the TF-PhoA“* complex shows
that a total of about 40 to 50 residues of an un-
folded client protein can directly interact with the
four sites of TF.

A second TF molecule binds to the middle re-
gion of PhoA, consisting of sites d and e (Fig. 4A
and fig. S17D). The K of the TF—PhoA” com-
plex is ~4 uM (Fig. 3A and fig. S14), similar to
that of the TF-PhoA“™ complex. Structure deter-
mination of the TF-PhoA“* complex showed that
TF recognizes and interacts with the PhoA™* re-
gion in a similar way as with the PhoA”* region.
The PPD (site D) binds PhoA site d (residues K231-
'W242) through predominantly nonpolar contacts
(Fig. 4C). When compared to PPD-PhoA” (Fig. 4B),
two distinct features of the PPD-PhoA” subcom-
plex are, first, that PhoA site d extends over a larger
surface, thereby engaging additional PPD residues
(for example, T165 and V186), and, second, that
recognition of PhoA site d is enhanced by three
favorable hydrogen bonds (Fig. 4C). Formation
of the PPD-PhoA“ complex buries a total surface
of ~1350 A®, with ~880 A being nonpolar and
~470 A? polar.

PhoaA site e (tesidues Leu®”’-Ile**"), like PhoA
site ¢, engages all three TF sites of the SBD (Fig. 4A),
but the overall architecture is distinct in the two
complexes. Whereas PhoA site ¢ traverses the SBD
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TF-PhoA®*

PhoA site a

D

PhoA site f

Fig. 4. Structural basis for the formation of the TF-PhoA complexes. (A)
Schematic for the interaction of PhoA with TF based on the current structural
data. The TF-binding sites in PhoA are colored as in Figs. 2 and 3A. (B to D)
Lowest-energy structure of the three TF molecules in complex with the corre-
sponding PhoA regions. TF is shown as a solvent-exposed surface and PhoA as a
pink ribbon. The PhoA residues that directly interact with TF are drawn in a ball-
and-stick representation, colored as in panel (A). The pink arrows denote the

1250494-6

TF-PhoA®*

TF-PhoA™s

PhoA site ¢

direction of the PhoA chain, from the N to the C terminus. Close-up views of the
structures are shown on the left for the PPD (site D) and on the right for the SBD
(sites A, B, and C) bound to the corresponding PhoA sites. In the expanded views,
the TF backbone is shown as a white cartoon and the PhoA backbone as a pink
cartoon. The side chains of TF are colored blue, whereas the side chains of PhoA
are colored using the color code for each site. The black broken lines denote
hydrogen bonds (present in at least 70% of the conformers of the ensemble).
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by interacting first with TF site B, followed by A
and C, PhoA site e interacts first with TF site C (via
subsite ¢"), followed by TF site B (via subsite ¢?)
and TF site A (via subsite ¢’) (Fig. 4, A and C,
right). Recognition of PhoA site e by the TF SBD is
mediated predominantly by nonpolar contacts, but
several key hydrogen bonds are also present (Fig.
4C and fig. S21). Complex formation between the
TF SBD and PhoA site e buries a total surface of
~3460 A%, with ~2410 A? consisting of nonpolar
residues and ~1050 A? consisting of polar residues.
The third TF molecule binds to the C-terminal
region of PhoA, consisting of sites f and g (Fig. 4A
and fig. S17G). The K of the TF—PhoA’¢ com-
plex is ~14 uM (Fig. 3A and fig. S14), the weakest
among the three complexes. Structure determina-
tion of the TF—PhoA’® complex (the structure of
the major conformation out of the possible two
was determined; fig. S17G) confirmed that the
PPD interacts with PhoA region £, and the SBD
with PhoA region g (Fig. 4, A and D, and fig.
S22). PhoA region f'(residues N383-V388) con-
sisting of only seven residues is the shortest region
within PhoA that is recognized and bound by TF
(Fig. 2C and fig. S8A). Despite its short length, the
nonpolar surfaces between PhoA site f'and PPD
are well juxtaposed, further enhanced by a hy-
drogen bond, thereby providing sufficient affinity
for the formation of a stable complex (Fig. 4D),
which buries a total surface of ~1230 A% (~940 A*
of nonpolar and ~290 A? of polar surface).
PhoA region g (residues Arg***-Leu*®®) is rec-
ognized by the TF SBD. In contrast to PhoA sites
¢ and e, which both interact with all three TF sites
in the SBD (Fig. 4, B and C), PhoA site g interacts
primarily with TF sites A and B (Fig. 4, A and D,
and fig. S17G). PhoA residues Arg***-Tyr*** (sub-
site g') interact with TF site B, and PhoA residues
L460-L468 (subsite g%) bind to TF site A (Fig. 4D
and fig. S17G). Other than PhoA H447, which
forms a bifurcated hydrogen bond with two TF
residues (D312 and S309) located in arm 1 of the

SBD, none of the other residues of the PhoA
region (G445-D459) connecting the g' and g
subsites appear to interact with TF (Fig. 4D).
Complex formation between the SBD and PhoA
site g buries ~2670 A% of surface (<1840 A? non-
polar and ~830 A? polar), substantially less than
the SBD complexes with PhoA sites ¢ and e, which
likely explains the lower affinity of the TF-PhoA"®
complex (fig. S14).

Amino acid substitutions at the substrate-binding
sites in TF resulted in a significant decrease in the
affinity for PhoA and a marked decrease of its
antiaggregation activity (Fig. 5 and fig. S23).

Recognition of Unfolded PhoA by TF

An important question that remains largely un-
addressed is how molecular chaperones recog-
nize unfolded proteins. A common feature shared
among molecular chaperones appears to be their
interaction with exposed hydrophobic segments
of the substrate proteins (5). The structural data of
TF in complex with PhoA show that TF has a pref-
erence for stretches of residues with increased
hydrophobicity (Fig. 2C), especially for aromatic
residues (Trp, Phe, and Tyr), as well as for large
hydrophobic amino acids such as Ile and Leu
(fig. S8C). His and Thr residues are also favored
(fig. S8C), presumably because they can form both
nonpolar and polar contacts. Although there seems
to be a good correlation between the sequence hy-
drophobicity of the substrate protein and its bind-
ing preference by TF (Fig. 2C), there are long
stretches of hydrophobic residues in PhoA (for
example, residues 155 to 185) that are not rec-
ognized by TF. This may be due to the complete
absence of aromatic residues in this region. The
strong preference of TF for aromatic residues may
also explain the stronger association of TF with
outer membrane proteins (25), which are typically
enriched in aromatic residues.

The structural data of the three TF molecules
in complex with different regions of PhoA (Fig. 4)
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provide insight into how the same binding sites
within a molecular chaperone can recognize and
interact with a large number of substrates with un-
related primary sequences. Superposition of the
three structures of the TF SBD shows that the
binding mode is distinct in the three complexes
(Fig. 6 and fig. S24A). The structural data suggest
that the two arms of TF are rather dynamic, giving
rise to a variable width of the binding crevice in
the SBD (fig. S24B), in agreement with NMR dy-
namic analysis (53). In addition, there is notable
conformational rearrangement of the side chains
in the SBD substrate-binding sites among the three
TF complexes with PhoA (Fig. 6E and fig. S24, C
and D). Structural analysis of the complexes of the
TF SBD with PhoA sites ¢, e, and g indicated
some common binding and recognition patterns
(Fig. 6, A to C). For example, TF site B recognizes
bulky hydrophobic residues in PhoA that appear
to bind to two hydrophobic pockets in TF site B
(Fig. 6B). Similarly, there seems to be a pattern,
albeit weaker, of bulky and small hydrophobic
PhoA residues binding in TF sites A and C (Fig. 6,
A and C). A great degree of plasticity is also present
in the PPD. For example, PhoA site / forms a
hairpin-like structure when bound to the PPD,
whereas PhoA site d binds in an extended confor-
mation (fig. S24, A and F). To accommodate the
different PhoA sequences, the residues that make
up the PPD binding site appear to undergo signif-
icant conformational rearrangement upon complex
formation (Fig. 6F).

Structural Basis for the Antiaggregation

and Unfoldase Activity of TF

To understand how TF prevents the aggregation
of unfolded proteins, we used an aggregation-
prone MBP variant as a substrate (Fig. 7A). Such
MBP variants have been extensively used as model
systems for studying the effect of chaperones on
protein aggregation (72—74). The G32D/I33P dou-
ble substitution in MBP destabilizes the protein
by ~4 keal mol ' compared to wild-type MBP
(MBPWT (75). MBPS2P23P (MBP™) is produced

A 16 B 500+ GA_PT[,;H @uN) in inclusion bodies in the cell (75) and has a high
L 4501 ° ﬂiimmmﬂ(bwr\%) tendency to aggregate in solution (76). NMR spec-
= 12 'g 400{ « +TF™® (2 ) tra show that purified MBP™" is folded (Fig. 7B,
T° ] S 2 3509« E,E?P;cn g EM; p'ght, and fig. S25A), in agreement with biochem-
g 8 % 'i 300] ﬂEAFPD g; “% ical (ZHSu)t and crystallographic (7?) data. HoweYer,
< 4] £ § 250 MBP .suffers heavy aggregation and precipita-
Q] 23 200l tion at higher temperatures (above 30°C). Notably,
0 S s 150 in the presence of TF, MBP™" remains soluble
T T T T T 1 E and folded even at temperatures as high as 50°C

00 05 10 15 20 25 D 100 (fig. S25B)
Molar ratio TF:PhoA®* 521 How does TF prevent aggregation of MBP™"?
0 200 600 1000 1400 1800 NMR titration experiments performed at 22°C
Time (s) (Fig. 7B, right, and fig. S25, A and C) show that TF

does not interact with the folded state of MBP™",
However, titration of MBP™" to labeled TF at
temperatures where MBP™" is prone to aggre-
gation (for example, 38°C) resulted in substantial
chemical shift perturbation, indicating complex
formation (Fig. 7B, left, and fig. S25, D and E).
Thus, unfolded MBP™" is recognized and engaged
by TF. In support of this conclusion, titration of

Fig. 5. Effect of mutations in substrate-binding sites on TF activity. (A) Binding affinity determined
by ITC for PhoA™ to TF"" and TF™ 8, TF™"® is a mutant in which four hydrophobic amino acids of TF site B
were substituted (fig. $23). The mutations result in a sixfold decrease in the affinity. (B) Aggregation of
chemically denatured glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monitored by light scattering
at 620 nm, in the absence or presence of TF"" and its variants. In contrast to TF"", TF™® has very poor
antiaggregation activity. The antiaggregation activity is also compromised in TF™, a mutant in which a
single hydrophobic amino acid of TF site C was substituted (fig. S23), as well as in a TF construct wherein the
PPD has been deleted (TF*"™P).
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MBP™T to TF showed no sign of complex forma-
tion even at 38°C (fig. S25F). Because of the large
difference in their free energy of folding (AAGy
~4 keal mol ™!, Fig. 7A), the unfolded state will
be significantly more populated in MBP™" than
in MBP™T at elevated temperatures. NMR anal-
ysis (fig. S25, D and E) showed that TF uses all
of the possible substrate binding sites to interact
with the unfolded state of MBP™" (Fig. 7A and
fig. S11C). Together, the results show that multi-
valent binding between TF and the unfolded state
of MBP™" shields and protects the unfolded state
from the solvent and results in the prevention of
its aggregation (Fig. 7A).

Although TF binds to the unfolded state of
MBP™", the NMR spectra show that TF cannot
unfold the protein even at temperatures as high as
50°C (fig. S25B). Because TF lacks adenosine
triphosphatase activity, it could, in principle, unfold
protein substrates only if the free energy of bind-
ing (AGy) of the substrate’s unfolded state for TF
is much larger than the substrate’s intrinsic energy
for folding (Fig. 7A). The intrinsic affinity of TF
for unfolded substrates is relatively low (AGy
~-7.5 keal mol '; fig. S14), and thus, it is ex-
pected to unfold only marginally stable proteins.

A

M194

s,

TF site D

However, the interaction of ribosome-bound TF
with the nascent polypeptide is very strong be-
cause of their colocalization (78). When MBP™"
was fused to TF, it was completely unfolded as
demonstrated by the disappearance of resonances
corresponding to residues located in folded regions
and the appearance of resonances in the so-called
random-coil region (Fig. 7C). NMR analysis showed
that TF makes use of all of its substrate-binding
sites to interact and unfold MBP™" (Fig. 7A). Of
particular note, maltose binding to MBP™" con-
fers stability (79) and prevents its unfolding by
TF (Fig. 7C, right). These results are in excellent
agreement with elegant biochemical data indicat-
ing that TF has a negligible unfoldase activity when
free in solution but a strong unfoldase activity
when bound to the ribosome (30).

Discussion

The TF molecular chaperone engages its unfolded
substrate (PhoA) in a highly dynamic manner, giving
rise to a rugged free energy landscape (Fig. 3H). It
is expected that the features of the binding energy
landscape will vary among the various molecular
chaperones and even among different substrates
binding to the same chaperone. In the case of

TF site B

PhoA binding to TF, we observed a gradual in-
crease in binding affinity as the length of the en-
gaged PhoA increased until all four of the binding
sites in TF were fully occupied (Fig. 3 and fig.
S17). Because of the topology of the TF-binding
sites in PhoA, the selectivity of some of the PhoA
sites for specific TF sites (Fig. 3 and fig. S17), and
the observed synergistic binding among PhoA
sites close to each other (Fig. 3 and fig. S16), the
lowest-energy complexes between TF and the three
PhoA regions were experimentally observed to
exist in one predominant conformation (Fig. 4A and
fig. S17, D and G). Notably, the observed binding
avidity of the PhoA sites and subsites is relatively
weak (Fig. 3 and fig. S17). This is probably be-
cause the linker tethering the (sub)sites remains
dynamic even in complex with TF, thus allowing
for somewhat independent binding of the PhoA
sites. The observed weak synergistic binding may
be crucial in enabling a dynamic binding and re-
lease of the unfolded protein substrate from the
chaperone (Fig. 3K).

The excellent quality of the NMR spectra en-
abled the high-resolution structure determination
for each one of the three TF molecules in complex
with different regions of PhoA (Fig. 4). Analysis of

TF siteD -

Fig. 6. Substrate recognition conformational plasticity by TF. (A to D)
Interaction and recognition patterns of the PhoA sites in the complexes with the
three TF molecules. A close-up view of each one of the four substrate-binding
sites in TF (labeled TF site A, B, C, and D) is shown, with the backbone in white
ribbon and the interacting residues in blue sticks. The position of hydrophobic
residues from PhoA sites interacting with TF is projected on the TF structure and
denoted as large (for aromatic or Ile/Leu residues) or small (for Ala/Val residues)
circles. For clarity, only one TF molecule is shown. The substrate-binding sites A,
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B, and Cin TF are decorated with polar residues (highlighted with gray circles)
that form hydrogen bonds with PhoA. Only PhoA residues involved in nonpolar
contacts are shown. The color code of the PhoA residues (in circles) is as follows:
site g, blue; site ¢, green; site d, yellow; site e, orange; site f, magenta; site g, red.
(E and F) Superposition of the TF substrate-binding sites [site B in (E), site D in
(F)] in the indicated PhoA-bound complexes. PhoA is not shown for clarity. The
TF side chains undergo significant rearrangement to interact with the different
PhoA regions.
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the structures suggests that the plasticity of the
substrate-binding sites in TF, combined with the
presence of numerous small hydrophobic pock-
ets on the binding surface and the decoration of
these sites by polar residues that can form hydro-
gen bonds (Fig. 6), is important for the promiscu-
ous recognition of multiple substrate sequences
by TF. TF presents a multivalent binding surface
to its protein substrate, which binds to TF using
several distinct regions. This mechanism of bind-
ing presents several advantages because it enables
chaperones to function as holdases and unfoldases
by exerting forces to retain proteins in the unfolded
state, and at the same time protect them from ag-
gregation by shielding their exposed hydrophobic
regions. Impairment of the substrate-binding sites
in TF results in significant reduction in TF’s anti-
aggregation activity (Fig. 5). Given the existence
of multiple binding sites in other molecular chap-
erones (such as the GroEL), this may present a
general mechanism for the action of molecular
chaperones (80-82).

TF appears to have a weak holdase and un-
foldase activity in the cytosol but a very strong ac-
tivity when colocalized with the protein substrate.
Thus, in the cytosol, TF is apparently capable of
rescuing folded proteins by transiently interacting
with the aggregation-prone unfolded population
of the substrate, without destabilizing the protein
substrate (as seen with MBP™"; Fig. 7, A and B,
and fig. S25B). In contrast, when TF is bound to

the ribosome, its strong holdase and unfoldase
activity (Fig. 7C) will mean that TF can retain the
nascent polypeptide in an unfolded state and even
actively unfold transiently formed structures. Al-
though PhoA has some fraction of secondary struc-
ture present in its unfolded state (Fig. 2, A and B),
these regions are devoid of any secondary structure
when they are bound to TF (Fig. 4). Together, the
data demonstrate that binding of substrate proteins
to TF may result not only in global unfolding of
the substrate protein but also in melting of sec-
ondary structural elements.

The present structural data explain the obser-
vation that multiple TF molecules are required to
bind to long nascent chains (18, 19, 25) because
a single TF molecule can only accommodate a
stretch of about 40 to 50 binding residues of the
substrate protein. Moreover, the weak affinity of
the first ~70 residues of PhoA for TF, as well as
the fact that the predicted TF-binding sites in a
number of proteins known to bind strongly to TF
(25) are located past the first ~70 residues (fig. S26),
is in agreement with ribosome profiling data (25)
that nascent chains with more than ~70 residues
protruded from the ribosome exit channel are re-
quired for a stable complex with TF. Another in-
teresting aspect of TF is its ability to bind and
protect small folded proteins as a dimer (27) (fig.
S27). The ability of TF to act as a holdase and an
unfoldase with unfolded proteins and to encap-
sulate folded proteins in its dimeric state high-
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lights the versatility of this particular molecular
chaperone and the multiple roles it may play in
protein folding (83).

Materials and Methods

Expression and Preparation of Proteins

The E. coli TF was cloned into the pCold vector
(Takara Bio). The following TF constructs were
prepared: the RBD (residues 1 to 117) and the
SBD (residues 113-432A150-246) were cloned
into pET16b vector (Novagen) and fused to Hise-
MBP, including a tobacco etch virus (TEV) pro-
tease cleavage site. The PPD (residues 148 to 249),
SBD-PPD (residues 113 to 246), and RBD-SBD
(1-432A150-243) were cloned into pCold vector
(Takara Bio). TF mutants were constructed by site-
directed mutagenesis using PfuTurbo High Fidelity
DNA polymerase (Agilent). All constructs were
transformed into BL21(DE3) cells. The following
E. coli PhoA constructs were prepared (residue
numbers of the boundaries are in superscript):
PhoA'™" (full length), PhoA' %% PhoA'™™?,
PhoA' 22, PhoA! %, PhoA! 50, PhoA! 2%,
PhoAZ 7S, PhoA761% PhoA!1% 2% phoal 22
PhoAZ* 3, PhoAZ5 471 PpopA™ 471 ppop220310
PhoAXS 47! PhoAZ5 245 Phoa?2 327 ppoa®s-438
and PhoA*> 7' All PhoA fragments were cloned
into a pET16b vector and fused to Hise-MBP, in-
cluding a TEV protease cleavage site. E. coli MBP,
MBP? 32 and MBP%?P53P (75 were cloned into
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For clarity, only the region of the Leu and Val methyl resonances is shown. The
full-range spectra are shown in fig. 525. (C) *H-"*C—correlated methyl NMR
spectra of the fusion construct between TF and MBP™" (TF-f-MBP™", yellow). The
spectra of free TF (blue) and free MBP™" (orange) are also shown for comparison.
The spectrum on the left depicts the region of the Leu and Val methyl resonances,
whereas the one on the right depicts the region of the Ile methyl resonances. The
disappearance of the peaks belonging to MBP™" residues residing in folded
regions and the appearance of peaks in the random-coil region indicates that
MBP™" is unfolded when fused to TF. Addition of maltose (green resonances on
the Ile spectrum) stabilizes MBP™" and prevents its unfolding by TF.

Fig. 7. Antiaggregation and unfoldase activity of TF. (A) Schematic of MBP
unfolding and binding reactions between TF and MBP™". AG; is the free energy
of folding and AG,, is the free energy of binding. The sites that TF uses to interact
with the unfolded state of MBP™", as determined by NMR, are colored red.
(B) *H-"3C—correlated methyl NMR spectra of the interaction between TF and
MBP™, The spectrum shown on the left was recorded at 38°C using labeled TF
and unlabeled MBP™", whereas the spectrum shown on the right was recorded
at 22°C using the reverse labeling scheme. No interaction was observed at
22°C, where the unfolded population of MBP™* was negligible, whereas binding
was observed at 38°C, where the unfolded population of MBP™" was appreciable.
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PET 16b vector (Novagen). The TF-MBPR2P/633P
fusion protein was cloned into pCold vector (Takara
Bio) to be fused to TF or TFSBPPPP separated by
a 25-residue linker. The transmembrane region
of OmpA (OmpA"; residues 1 to 192) fused with
N-terminal His-tag was cloned into pET16b vec-
tor (Novagen). For the unlabeled samples, cells
were grown in Luria-Bertani (LB) medium at 37°C
in the presence of ampicillin (100 pg ml™"). Protein
expression was induced by the addition of 0.1 to
0.8 mM isopropyl-B-p-1-thiogalactopyranoside
(IPTG) at ODggp ~0.5, followed by 12 to 16 hours
of incubation at 18°C. Expression of MBPS32P/133P
was induced by the addition of 0.01 mM IPTG at
ODgqo ~0.5, followed by 48 hours of incubation
at 16°C. Cells were harvested at ODggy ~1.5 and
resuspended in lysis buffer containing 50 mM
tris-HC1 (pH 8.0), 50 to 500 mM NaCl, 5 mM
imidazole, and 1 mM B-mercaptoethanol (BME)
(and 8 M urea in the case of PhoA fragments fol-
lowed by 20-fold rapid dilution in lysis buffer).
For OmpA, the cell pellet was resuspended in buf-
fer containing 50 mM tris-HCI (pH 8.0), 500 mM
NaCl, 5 mM imidazole, and 6 M guanidine hy-
drochloride and incubated for 1 hour at room
temperature. Cells were disrupted by a high-pressure
homogenizer or sonicator and centrifuged at
50,000g. Proteins were purified using Ni Sepharose
6 Fast Flow resin (GE Healthcare), followed by tag
removal by TEV protease at 4°C (incubation for
16 hours) and gel filtration using Superdex 75 16/60
or 200 16/60 columns (GE Healthcare). OmpA
was eluted with a solution containing 50 mM tris-
HCI (pH 8.0), 500 mM NaCl, 400 mM imidazole,
and 6 M guanidine hydrochloride. The eluted pro-
tein was concentrated and diluted 20-fold by rapid
dilution in the presence of TF or TEPPP-SBP ip
20 mM potassium phosphate (pH 7.0), 100 mM
KCl, 4 mM BME, 0.5 mM EDTA, 0.05% NaNj.
Protein concentration was determined spectrophoto-
metrically at 280 nm using the corresponding ex-
tinction coefficient.

MALS Experiments

Multiangle light scattering was measured using
DAWN HELEOS-II (Wyatt Technology Corpo-
ration) downstream of a Shimadzu liquid chro-
matography system connected to a Superdex 200
10/300 GL (GE Healthcare) gel filtration column.
The typical running buffer was 20 mM KPi (pH 7.0),
100 mM KCI, 4 mM BME, and 0.5 mM EDTA.
Two hundred microliters of the sample with a con-
centration of 100 to 400 uM was injected. The data
were analyzed with ASTRA version 6.0.5 (Wyatt
Technology Corporation).

GAPDH Aggregation Assay

Aggregation of denatured GAPDH from rabbit
muscle (Sigma, G-2267) was measured are de-
scribed previously (84). GAPDH (125 pM) was
denatured by 3 M guanidine-HCl in 20 mM KPi
(pH 7.0), 100 mM KCI, 4 mM BME, 0.5 mM
EDTA, and 0.05% NaNj for 12 hours at 4°C. The
denatured enzyme was diluted 50-fold in a buffer
that does not contain guanidine-HCI, and aggre-

gation was monitored by 90° light scattering at
620 nm on a spectrofluorometer (FluoroMax-4,
Horiba) in the presence or absence of TF. The
experiment was carried out at 20°C.

Substrate Binding Site Mutations in TF

To assess the effect of reducing the hydropho-
bicity of the substrate-binding sites of TF on its
binding and antiaggregation activity, we sought
to mutate the most prominent residues in each one
of the binding sites located in the SBD (that is,
sites A, B, and C). The following mutants were
prepared: L306A, G348E, G352E, 1355A (site A);
M374A, Y378A, V384A, F387A (site B); M140E,
L144A, F256A L266A, M274A, M428A (site C)
as single or combined mutants. Although all of the
mutants were expressed and purified in a soluble
form, NMR characterization indicated that muta-
tions other than the ones shown in fig. S23 are not
well tolerated, with the mutated TF proteins show-
ing signs of misfolding and aggregation.

ITC Experiments

Calorimetric titrations were carried out on an iTC200
microcalorimeter (GE Healthcare) at temperatures
ranging from &° to 25°C. All protein samples were
extensively dialyzed against ITC buffer containing
20 mM potassium phosphate (pH 7.0), 100 mM
KCl, and 1 mM tris(2-carboxyethyl)phosphine.
All solutions were filtered using membrane filters
(pore size, 0.45 pm) and thoroughly degassed for
20 min before the titrations. For the experiments
performed on iTC200, the 200-ul sample cell was
filled with ~40 to 100 uM protein (TF or PhoA),
and the 40-ul injection syringe was filled with 0.5
to 1 mM solution of protein (PhoA or TF). The ti-
trations were carried out with a preliminary 0.2-ul
injection, followed by 15 injections of 2.5 pl each
with time intervals of 3 min. The solution was stirred
at 1000 rpm. For the experiments performed on
VP-ITC, the 1200-ul sample cell was filled with
~40 to 100 uM protein (TF or PhoA), and the
250-pl injection syringe was filled with 0.5 to
1 mM solution of protein (PhoA or TF). The ti-
trations were carried out with 30 injections of 10 pl
each with time intervals of 5 min. The solution
was stirred at 270 rpm. Data for the preliminary
injection, which are affected by diffusion of the
solution from and into the injection syringe dur-
ing the initial equilibration period, were discarded.
Binding isotherms were generated by plotting heats
of reaction normalized by the modes of injectant
versus the ratio of total injectant to total protein
per injection. The data were fitted with Origin 7.0
(OriginLab Corporation).

NMR Spectroscopy

NMR samples are prepared in 20 mM KPi (pH 7.0),
100 mM KCl, 4 mM BME, 0.5 mM EDTA, 0.05%
NaNj, and 7% 2H,O. Protein concentration was
0.1 to 0.8 mM. NMR experiments were recorded
on Agilent UNITY Inova 800 and 600 MHz NMR
spectrometers and Bruker Avance III 600 and
700 MHz NMR spectrometers equipped with cryo-
genic probes. The experiments were run at 10°C

for isolated PhoA samples, and at temperatures
ranging from 18° to 50°C for the other samples.
NMR spectra for the assignment and structure
determination of the TF-PhoA complexes were
recorded at 22°C. Spectra were processed using
the NMRPipe program (85), and data analysis was
performed with Olivia (fermi.pharm.hokudai.ac.
jp/olivia) and SPARKY software.

Binding affinities between TF and PhoA frag-
ments were estimated using "H-">N heteronuclear
single-quantum coherence (HSQC) titration exper-
iments, where unlabeled PhoA was titrated into la-
beled TF. Titration curves were obtained by plotting
chemical shift perturbations (Ad,m) against the
molar ratio of PhoA and TF. Nonlinear least square
fitting calculations were performed in GraphPad
Prism (GraphPad Software), using the following
equation:

A 6ppm — A 5baund

ppm

[P)+ [2]+ Ko =/ (1P + [L] + Ko ? —4[P] L]

. 2[P]

where [L] and [P] are the concentrations of the
peptide ligand (PhoA) and protein (TF), respec-
tively, and Ky is the dissociation constant.

Protein Isotope Labeling for NMR Studies

Isotopically labeled samples for NMR studies were
prepared by growing the cells in minimal (M9)
medium. Cells were typically harvested at ODggq
~1.0. U-[’H,"*C,"*N]-labeled samples were pre-
pared for the backbone assignment by supplement-
ing the growing medium with NH,CI (1 g liter ')
and *H5,"*Cg-glucose (2 g liter ') in 99.9% *H,O
(CIL and Isotec). The methyl-protonated sam-
ples (86) were prepared as described (44, 47). a-
Ketobutyric acid (50 mg liter ") and a-ketoisovaleric
acid (85 mg liter ") were added to the culture 1 hour
before the addition of IPTG. Met-['*CH;]- and
Ala-["*CH;Habeled samples were produced by sup-
plementing the medium with [*CHs]Jmethionine
(50 mg liter ") and [*H,,"*CHs]alanine (50 mg
liter !). For Thr labeling, a Thr-auxotrophic cell
strain was used, and the medium was supple-
mented with [?Ha,'>CHs]threonine (25 mg liter ')
prepared as described (87). For Phe, Tyr, and Trp
labeling, U-["H,'*C]-labeled amino acids were
used. All precursors and amino acids were added
to the culture 1 hour before the addition of IPTG,
except Ala, which was added 30 min before in-
duction (47).

NMR Assignment of TF

The resonances of the full-length dimeric TF
(~100 kD) were assigned by following a domain-
parsing approach enabled by the modular archi-
tecture of TF. The RBD (52), SBD (53), and PPD
are folded when isolated (fig. S3B). Overlay of the
NMR spectra for each one of the domains with
the spectra of the full-length TF indicated very good
resonance correspondence for the SBD and PPD
(figs. S2 to S4) but more significant chemical shift
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differences for the RBD (fig. S19). About 70 to 80%
of the assignment performed on the isolated do-
mains could be transferred to the full-length TF.
Near-complete assignment of TF was achieved
by recording nuclear Overhauser effect spectros-
copy (NOESY) in full-length TF to resolve ambi-
guities. In addition, TFSEPPPP was prepared and
fully characterized by NMR because this fragment
is monomeric and contains all of the substrate bind-
ing sites. Backbone and side-chain resonances for
the domains were assigned using standard triple-
resonance NMR pulse sequences. Methyl side-chain
and amide resonances for TF and large fragments
were confirmed by recording the following NMR
experiments [the standard version was used for
isolated RBD and PPD and the TROSY (trans-
verse relaxation optimized spectroscopy) version,
where applicable, for TFS®PFPP and TF]: three-
dimensional (3D) (]H)—]3 C heteronuclear multiple-
quantum coherence (HMQC)-NOESY-'H-*C
HMQC, "*C-edited NOESY-HSQC, "*C-edited
HSQC-NOESY, N-edited NOESY-HSQC, 3D
(*H)-"*C HSQC-NOESY-'H-'N HSQC, and
3D (‘H)-'>N HSQC-NOESY-'H-"*C HSQC.

NMR Assignment of PhoA

Resonance assignment of full-length PhoA was ac-
complished by first assigning short PhoA fragments
followed by assignment transfer. The backbone and
side-chain resonances of the following PhoA frag-
ments were fully assigned using standard triple-
resonance experiments: PhoAl’m, PhoA 1924 s
PhoAZ*3*, and PhoA***"! (the superscript de-
notes the amino acid residue boundaries of the
fragment). Overlay of the spectra of these fragments
with the spectra of full-length PhoA indicated ex-
cellent resonance correspondence (fig. S5D). This
is expected because all of the fragments as well as
the full-length PhoA are unfolded. Resonance as-
signment obtained for the various fragments was
transferred to the full-length PhoA, and ambigu-
ities were resolved by the use of 3D NMR spectra.
Resonance assignment of PhoA in complex with
TF was achieved by tracing the PhoA NMR sig-
nals as increasing amounts of unlabeled TF was
titrated. Complex formation was on the fast time
scale regime, allowing the monitoring of the chem-
ical shift changes in a straightforward manner.
Ambiguities were resolved by recording 3D NMR
spectra. It should be noted that although resonance
dispersion in unliganded PhoA is poor, complex
formation with TF alleviates this problem (for the
PhoA residues in the TF-binding regions) with the
spectra being of high resolution (figs. S2, C and D,
and S10).

Structure Determination

In the first step, we used a U-2C,"*N-labeled sam-
ple that contained specifically protonated methyl
groups of Ala, Val, Leu, Met, Thr, and Ile (81)
and protonated aromatic residues Phe, Tyr, and
Trp in an otherwise deuterated background (fig.
S4). The high sensitivity and resolution of the
methyl region, combined with the high abundance
of these eight amino acids in TF (~50% of TF
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residues), provided a large number of intra- and
intermolecular TF-PhoA NOE:s sufficient to yield
an initial well-defined structure. The initial struc-
ture was used to guide the subsequent collection of
a much larger number of NOEs, using 'H,"*C-
labeled samples that resulted in further refinement
to precise and accurate coordinates. In the second
step, additional NMR restraints were collected for
complexes between isolated SBD and PPD, as
well as the entire chaperone module TFSBD-PPD.
in complex with the corresponding PhoA regions
(fig. S10). NMR analysis demonstrated that the
structures of the individual SBD and PPD in
complex with PhoA are essentially identical to
the structure of the full-length TF in complex
with PhoA.

The initial structures of TF in complex with
PhoA were calculated with CYANA 3.0 (88), using
NOE peak lists from 3D (‘H)-*C HMQC-NOESY—
'H-3C HMQC, 3D ('H)-""N HSQC-NOESY-'H-
°C HSQC, "C-edited NOESY-HSQC, and "°N-
edited NOESY-HSQC. The "*Co, *CB, *C’, Ha,
15N, and NH chemical shifts served as input for
the TALOS+ program (89) to extract dihedral
angles (@ and ). Assigned NOE restraints were
then used in the second round of calculations using
Xplor-NIH (90) consisting of two steps. In the first
step, the orientation and coordinates of PhoA poly-
peptide were randomized and then annealed to
TF using intermolecular NOEs. TF was kept rigid
but PhoA was set as flexible. The best 200 struc-
tures were selected and further refined in the second
step, where both TF and PhoA were set flexible.
Because the RBD does not interact with PhoA, or
any other tested unfolded substrate, the coordi-
nates from the E. coli TF structure (PDB ID 1W26)
were used to model RBD in the current structures.
The RBD was held rigid during the entire struc-
ture calculation protocol. The structure of the main
chaperone module, TFSBPPPD - was determined
using the NMR restraints in each one of the
three complexes with PhoA“, PhoA?*, and
PhoA®. The structures were calculated and refined
using all of the restraints, including intra- and in-
termolecular NOEs, dihedral restraints derived
from TALOS+, and hydrogen bond restraints for
amides located in helices as determined via NOEs
and chemical shift information. Hydrogen bonds
between TF and PhoA were assigned when satis-
factory geometry was present in at least 70% of the
conformers. The 20 lowest-energy structures were
finally refined in explicit water with CNS (91).

NMR Relaxation Experiments

Three relaxation parameters were measured for
backbone amides of full-length PhoA, as well as
for PhoA' 22 and PhoA?***"! for enhanced reso-
lution: the {"H}-'>N NOE, the longitudinal relax-
ation rate R, and the transverse relaxation rate R,.
>N R, values were measured from 2D spectra
recorded with relaxation delays of 20, 40, 80, 160,
320, 640, 1200, 2500, and 5000 ms; '°N R, values
were measured from 2D spectra recorded with re-
laxation delays of 31.7, 47.5, 63.4, 79.2, 95.0,
110.9, 126.7, 158.4, 237.6, 316.8, and 475.2 ms.
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Data sets were acquired as 100 x 1024 complex
points in the #; x #, time-domain dimensions. Data
points were fitted as a function of the length of the
parametric relaxation delay to two-parameter de-
cay curves of the form /(¢) = Pe™® where [ is the
peak intensity. To measure the exchange rate and
the kinetics (kex = kon[PhoA] + ko) of complex
formation between TF and PhoA, we used NMR
relaxation dispersion experiments (65, 66). An
SN-Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence (67, 68) was used. Two-dimensional data
sets were acquired as 100 x 1024 complex points
in the ¢, X #, time-domain dimensions with a con-
stant relaxation delay of 40 ms. Experiments were
recorded at spectrometer frequencies of 600 and
700 MHz. NMR titration experiments showed
that formation of all of the TF-PhoA complexes is
fast on the NMR chemical shift time scale. k., was
measured by using the Carver-Richards equation
(92) as applied for fast exchange processes be-
tween two sites. Exchange rates were first extracted
independently for each residue with appreciable
exchange contribution (R., >5 Hz) for each one
of the four binding sites in TF. The similarity of
exchange rates extracted from fits of dispersion
profiles on a per-residue basis for the four binding
sites in TF indeed supports a two-site model of ex-
change (binding) even for the binding of the larger
PhoA sites such as ¢ and e. k, and kg rates were
measured by fitting the relaxation dispersion data
obtained for a set of experiments recorded using
different PhoA concentrations. Data were analyzed
using the programs CPMGFit (palmer.hs.columbia.
edu/software/cpmgfit.html) and CPMG fit pro-
vided by L. Kay (University of Toronto). TFSEP-PPP
concentration for the relaxation dispersion experi-
ments was ~0.4 to 0.8 mM in the presence of
substoichiometric (~5 to 15%) amount of the
corresponding PhoA fragment. It should be noted
that the exchange process detected and measured
is the binding and release of PhoA from TF as op-
posed to conformational heterogeneity of PhoA
while bound to TF. This is supported by the PhoA
concentration—dependent k., values we measured.
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Fig. S1. Domain architecture and oligomerization state of TF. (A) Structure of E. coli TF
(PDB ID 1W26). The residue boundaries for each one of the three domains are shown in
parentheses. SBD is discontinuous and is formed primarily by the C-terminal domain. (B) The
backbone of TF is colored using a gradient color scheme from the N terminus (blue) to the C
terminus (red). (C) MALS of unliganded TF shows that the protein forms a dimer in solution. (D)
MALS of TF in complex with the first 141 residues of PhoA containing TF-binding sites a, b, and
¢ (PhoA* ) shows that TF binds to PhoA as a monomer. TF is also a monomer in its complex
with PhoA®® and PhoA™, as well as with MBP and OmpA. (E) Schematic showing the
monomerization undergone by TF upon substrate (PhoA) binding.
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Fig. S2. NMR spectra of unliganded TF and in complex with PhoA. (A) 'H-*N TROSY
HSQC of [U-?H,"*N]-labeled and (B) ‘H-"C methyl HMQC spectra of [U-’H; lle-81-**CHs;
Leu,Val-"*CHy/**CH;]-labeled dimeric TF (unliganded). Analysis of the spectra shows that
several resonances are broadened beyond detection, presumably because of slow motions at the
dimeric interface (see fig. $19). (C) 'H-"*N TROSY HSQC of [U-°H,**N]-labeled and (D) *H-*C
methyl HMQC spectra of [U-?H; Ala-*CHs; Met-"*CHj; lle-31-"*CHj; Leu,Val-"*CH4/"CH;]-
labeled TF in complex with PhoA**. Analysis of the spectra indicates that all of the expected
resonances are present. The dispersion and sensitivity of these spectra are excellent. Both TF and
are PhoA*“labeled.
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Fig. S3. NMR spectra of TF and its isolated domains. (A) Structure of TF. (B) *H-""N HSQC
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spectra of the individual domains of TF indicate that they retain their proper fold when in

isolation. (C) *H-"N TROSY HSQC spectrum of [U-’H,"*N]-labeled TF*®°*"° a TF construct

that consists of the SBD and PPD domains (residues 113-432), the two domains with chaperone
activity. (D to G), MALS of isolated TF domains RBD (in D), SBD (in E), PPD (in F), and SBD-
PPD (in G) show that all of these domains or fragments are monomeric in solution.
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Fig. S4. Side chain NMR spectra of TF. (A) TF is enriched in hydrophobic residues, such as
methyl-bearing (Ala, lle, Leu, Met, Thr, and Val) and aromatic residues (Phe and Tyr). The
numbers in parentheses indicate the number of the corresponding residues in TF (per subunit).
(B) 'H-"*C methyl HMQC spectra of [U-’H; Ala-"*CHs; Met-"*CHj; Ile-31-"*CHs; Leu,Val-
BCHa4/**CH;]-labeled TF*®® and TF®PP*P and of [U-?H; Thr-"*CHs]-labeled dimeric TF, and
aromatic "H-"*C HSQC spectra of TF*"°, a domain enriched with aromatic residues.
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Fig. S5. NMR analysis of PhoA. (A) Crystal structure of PhoA under oxidizing conditions (PDB
ID 1Y6V). Folded PhoA forms a dimer but only one subunit is shown here. Only the mature
portion of PhoA was solved crystallographically (residues 23-471). The signal sequence (residues
1-22) was modeled as an unstructured N terminal sequence in the crystal structure and is depicted
here. The structure is colored using a gradient color from the N terminus (blue) to the C terminus
(red). (B) *H-">N HSQC spectra of PhoA under oxidizing (grey) and reducing conditions (blue).
The NMR spectra clearly show that oxidized PhoA is folded whereas reduced PhoA is unfolded.
(C) An expanded view of the *H-">N HSQC spectrum of reduced, unfolded PhoA. (D) Overlaid
'H-"N HSQC spectra of full-length PhoA and select PhoA fragments that span the entire
sequence of PhoA (aa 1-471). The spectra of the fragments are exact subsets of the full-length
PhoA spectrum. The excellent resonance correspondence is expected since all of the fragments
and the full-length PhoA are unfolded. Resonance assignment obtained for the various fragments
was transferred to the full-length PhoA using 3D NMR spectra.
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Fig. S6. Relaxation analysis of unfolded PhoA. (A) N R,/R; values of unfolded PhoA plotted
as a function of the amino acid sequence. R, and R; are the transverse and longitudinal relaxation
rates, respectively. Lower values indicate flexibility whereas higher values indicate rigidity (or
the presence of conformational exchange). The low R,/R; values throughout the PhoA sequence
suggests that the protein indeed is in a disordered state. Certain regions exhibit higher values
suggesting the presence of transiently formed secondary structure. (B) Steady-state {"H}-"°N
values of unfolded PhoA plotted as a function of the amino acid sequence. Values higher than
~0.7 are typically found in regions with secondary structure whereas negative or close to zero are
found in completely disordered regions. Values of 0.3-0.4 indicate the presence of transiently
formed local secondary structure.
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Fig. S7. Identification of the TF-binding sites in PhoA by NMR. (A) N labeled full-length
PhoA as well as a number of PhoA fragments were titrated with unlabeled TF. Due to the labeling
scheme and the size of TF, the intensity of the PhoA residues that are bound by TF decreases
dramatically or disappears. The *H-">N HSQC spectra of PhoA select fragments and the full-
length PhoA are shown in the absence (blue) and presence (orange) of TF. The fragments cover
the entire sequence of PhoA and the regions identified to interact with TF in the various PhoA
fragments are essentially identical to the full-length PhoA. (B) Oxidized, folded PhoA (mature
form) does not interact with TF.
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Fig. S8. Amino acid composition of TF-binding sites in PhoA. (A) Primary sequence of PhoA
with the TF-binding sites (a-g) highlighted. The PhoA residues that form direct contacts with TF
are colored red (see Fig. 4). The color code of the sites and subsites are as in Fig. 2C and 3A. (B)
Percentage values of the PhoA amino acids that directly interact with TF. The number in brackets
correspond to the actual number of amino acids. (C) Percentage values of PhoA amino acids that
interact with TF normalized against the total number of each one of the amino acids in the PhoA
sequence. For example, all of the three Trp residues in PhoA interact with TF (that is, 100%).



Fig. S9. Distribution of the TF-binding sites in PhoA mapped on its folded structure. (A to
D) Distribution of nonpolar residues (in green) in the folded structure of PhoA. (C to F) The
residues from the seven distinct regions in PhoA (a-g) that interact with TF are shown in sticks.
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Fig. S10. NMR spectra of TF in complex with PhoA. (A,B) 'H-""N HSQC and 'H-*C methyl
HMQC spectra of [U-*H,"*N; Ala-*CH3; Met-*CHj; lle-61-*CH3; Leu,Val-"*CH4/**CH;]-labeled
TFEPPPD in complex with PhoA*®. The arrows indicate the resonances of PhoA that interact
with TF and thus exhibit markedly enhanced resonance dispersion. (C) *H-">N HSQC spectra of
[U-?H,"N]-labeled TF*EP in the free state (blue) and in complex with PhoA® (orange). (D) *H-*N
HSQC spectra of **N-labeled TF™® in the free state (blue) and in complex with PhoA" (orange).
(E) "H-""N HSQC spectra of [U-?H,*N]-labeled TF*®°*" in the free state (blue) and in complex
with PhoA®® (orange). (F) *H-"*C methyl HMQC spectra of [U-’H; Ala-**CHg; Met-"*CHs; lle-51-
BCH;; Leu,Val-*CHa/"*CHs]-labeled TF®°F™ in the free state (blue) and in complex with
PhoA%® (orange). In all cases both TF and PhoA are similarly labeled.
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Fig. S11. Interaction of the TF chaperone module (TF*®®F"P) with unfolded fragments of
the maltose binding protein (MBP) and the transmembrane region of OmpA. (A) 'H-"*C
HMQC spectra of [U-’H,"*N; Ala-*CH3; Met-*CHjg; lle-61-*CH3; Leu,Val-"*CH4/*CH;]-labeled
TF*2P"D in complex with a fragment of unlabeled MBP consisting of residues 29-132, which,
based on its hydrophobicity (see fig. $26), is predicted to have several TF-binding sites. (B) ‘H-
B3C HMQC spectra of [U-?H,N; Ala-*CHj; Met-"*CHs; Ile-51-*CH3; Leu,Val-"*CHa/**CHs]-
labeled TF*®°PP in complex with the transmembrane region of OmpA (OmpA", residues 1-190).
(C) The TF residues identified by NMR (both from backbone and side chain chemical shifts) to
interact with MBP?**32 and OmpA" are colored blue. All four binding sites (A-D) that interact
with PhoA also interact with MBP and OmpA. In addition, a hydrophobic region located in arm 1
interacts with MBP and OmpA. As with the other substrate-binding sites, this region is
hydrophobic, as can be seen in panel D, which shows the hydrophobic residues in TF (colored
green).
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Fig. S12. Sequence conservation of TF. Sequence logo of TF created from a collection of
aligned sequences of TF. 60 unique sequences of bacterial TF were used and the sequence of E.
coli TF is shown. The filled circles denote the most important residues for interacting with PhoA
(orange, site A; red, site B; green, site C; blue, site D). Almost all of the interacting residues are
very well conserved, with the hydrophobic nature of the residue being absolutely conserved. The
grey circles denote the ribosome-interacting residues (G43-F-R-x-G-x-x-P).
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Fig. S13. Inter-molecular NOEs between TF and PhoA. The full strips are shown from **C-
edited NOESY-HSQC and HMQC-NOESY-HMQC NMR experiments corresponding to the
inter-NOEs shown in Fig. 3 and fig. S17. The NOE cross-peaks shown in Fig. 3 are designated
here by a dashed-line rectangle. The color code of the peaks corresponds to the one used in Fig. 3
and fig. S17.
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Fig. S14. Thermodynamic characterization of the interaction between TF and PhoA. ITC
traces of the titration of TFS22*"° to the three PhoA fragments (PhoA*®, PhoA™®, and PhoA™). In
order to measure pure binding, without contribution from the binding-induced monomerization of
TF, the TF*®P""P fragment was used instead of full-length TF. TF**>*"® encompasses all of the
PhoA binding sites. Although all three complexes are mediated almost exclusively by
hydrophobic contacts, the thermodynamic basis of the binding appears to be different for the
different complexes. For example, formation of TF*®*°"°—PhoA®® is entropy driven whereas
formation of TFS®P"PP—phoA®*® is enthalpy driven. The different thermodynamic signatures likely
reflect differences in the degree of immobilization of the flexible linkers tethering the binding
sites in PhoA. Stoichiometry for all complexes is TF*®*°*P:PhoA 1:1. The experiments shown
here were recorded at 10 °C.
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Fig. S15. NMR resonance intensity analysis of the TF—PhoA complex. Plot of resonance
intensity changes of PhoA residues as a result of complex formation with TF. Because of the
labeling scheme used, PhoA residues that are bound by TF have negligible intensity remaining in
the complex, whereas the intensity of residues that are not bound by TF, and are thus motionally
not restricted, is not significantly affected. Because of the large size of the TF—PhoA complex,
transient interaction of PhoA regions with TF can also result in intensity decrease. The PhoA
regions consisting of residues 150-220 and 320-370 do not interact with TF and function as
flexible linkers that tether the three PhoA-bound TF molecules.
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Fig. S16. Synergistic binding and selectivity of PhoA sites for TF. (A) As we explain in detail
in Fig. 3, one TF molecule can accommodate sites a and ¢ (residues 1-140). When a longer PhoA
fragment that extends to include PhoA site d (PhoA*?) is used, then at a stoichiometric ratio of
1:1 (PhoA*®:TF) site d is not bound by TF. This is clearly demonstrated by the fact that the
chemical shift of Gly240 (located in PhoA site d) is not affected at all. When excess of TF is
added (PhoA*®:TF 1:2) then site d is bound by TF. (B) Direct evidence for synergistic binding
among PhoA sites to TF is provided in this experiment. A PhoA fragment consisting of sites d
through g was used (PhoA™). Isolated sites d and f bind exclusively to TF PPD (fig. S17B,E) and
with very similar affinities (~240 uM). One TF molecule binds to PhoA sites d and e, and another
TF molecule binds to PhoA sites f and g (Fig. 4A and fig. S17). At substoichiometric PhoA*%:TF
ratio, only PhoA site d, but not PhoA site f, is bound to TF because of the higher affinity of the
PhoA%*® fragment, compared to PhoA™, for TF (fig. S14). At a PhoA*%:TF ratio of 1:1, only a
small fraction of sites f and g are bound, as dictated by the Boltzmann distribution. Representative
peaks from *H-"*N HSQC spectra of labeled TF (TF*EP*"P) free (grey) and in complex (red, blue
and purple for PhoA:TF ratio 1:0.5, 1:1 and 1:2, respectively) with the corresponding PhoA site
are shown. We should note that due to the labeling scheme used for this experiment, and the size
of TF, the intensity of the PhoA residues that are bound by TF decreases dramatically or
disappears when binding is strong.

17



A ___TF molecule #2 . ___TF molecule #3

Jr/AZ‘W L278 L281 1301 N :” 1387 ud11™ Laso “‘.
PhoA ;@@ €D @ e W z50 d - ' aéom 9._4?1
5\ a‘le’:o’f S \ :g'lg’:,‘

B C D

TF site A_TF site B_TF site C_TF site D TF-PhoA%®

Qw a
= unique complex arrangement
g8 0 ©|© |, que comp 9
e L35t A377 Lzzel @ cing
i
b= [=}
: £ X X X | O = X
E w
=rF TF M194 TFI1355 TF M398 TF M274
PhoA“A237  PhoA® 1301 PhoA® L291 PhoA® L278
TF-PhoA™
major
conformation
it @
%% o ©
I
= L351 AZTT L278 a G180 .
LI‘B minor
0% conformation
% £l X X X | = d o P | X
EE
TF F233 TF 1355 TFL384 TF V270

PhoA’ 1387 PhoAg L460 PhoA? A443 PhoA? 1441

Fig. S17. Binding of the second and third TF molecules to PhoA sites d through g. This
figure is an extension of Fig. 3 where the detailed characterization of the binding of PhoA sites a,
b and ¢ (subsites c*, ¢?, and c®) to TF is described. (A) TF-binding sites in PhoA colored as in Fig.
3A. PhoA sites d and g are engaged by one TF molecule (#2) and sites f and g by an additional TF
molecule (#3). PhoA residues whose inter-molecular NOEs to TF residues are depicted on panels
B, C, E and F are indicated. In this figure we provide evidence about the selective binding of
PhoA site d (in B), site e (in C), site f (in E) and site g (in F). A unique complex arrangement is
observed for the TF-PhoA™® complex (in D), whereas two binding arrangements are observed for
TF-PhoA™ complex: in the latter case one of them is more populated (major) than the alternative
one (minor). The structure of the major conformation was determined. The full strips of the inter-
molecular TF-PhoA NOEs are shown in fig. S13.
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Fig. S18. PhoA binding monomerizes TF. (A) 'H-"N HSQC spectra of TF (green), in complex
with unlabeled PhoA (blue), and isolated RBD (orange). TF and TF*®" are [U-°H,"°N; Ala-**CHs;
Met-*CHz; Ile-81-*CHj; Leu,Val-**CH4/"*CHs] labeled. Analysis of the spectra shows that
several resonances in free TF, which is dimeric (fig. S1C), are broadened beyond detection,
presumably because of slow motions at the dimeric interface (fig. S19). NMR analysis
demonstrates that TF dimerization is mediated by all three domains (RBD, SBD, and PPD) but
RBD resonances in TF are particularly affected (fig. S19). Indeed, monomerization of TF upon
PhoA binding (fig. S1C-E) results in the appearance of all of the expected resonances (see for
example residues L67, 176, 179 and V107). Furthermore, chemical shift comparison between
isolated RBD (orange) and TF in complex with PhoA (blue) suggests that RBD does not bind to
PhoA. (B) This observation is further corroborated by NMR titration data of *N labeled RBD
with PhoA (green). The *H-">N HSQC spectra show no perturbation.
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Fig. S19. Changes in chemical shift and slow dynamics between monomeric and dimeric TF.
(A) Chemical shift changes (A8) of methyl resonances between monomeric and dimeric TF. The
chemical shifts of monomeric TF were obtained in complex with PhoA or using TF>EPFP,
Residues whose resonances are significantly broadened are also indicated. Line broadening (see
fig. S18A) is a result of the presence of slow (micro-to-millisecond) dynamics. Line broadening is
severe for several residues in TF dimer, whereas TF monomerization suppresses these slow
dynamics. Therefore, the residues experiencing such slow motions are very likely located at the
dimeric interface. Regions most affected are located in RBD, the tips of the SBD arms and the
PPD. These results are in agreement with the dimerization interface seen in the crystal structure
of dimeric TF in complex with the S7 protein (27). (B) Residues that make up the four substrate-
binding sites in TF are shown in blue. The combined data suggest that some of the substrate-
binding regions may be partially occluded in TF dimer, explaining why PhoA binding to TF
results in TF monomerization.
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Fig. S20. TF-PhoA®*° contacts. Inter-molecular contacts between TF and PhoA** generated by
Ligplot (http://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/).
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Fig. S21. TF—PhoA®® contacts. Inter-molecular contacts between TF and PhoA%*® generated by
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Fig. S23. Mutations in substrate-binding sites of TF. (A) Location of selected amino-acid
substitution sites highlighted in red. Four of them (M374A, Y378A, V384A, F387A) are located
in the B site, with the corresponding TF mutant referred to as TF™®, whereas the M140E

substitution is located in the C site and thus the corresponding TF mutant is referred to as T

qutC

(see materials and methods for more information about the various mutants). (B) *H-""N HSQC
spectra of wild type TF (TFV", blue) and TF™® (red). The spectra clearly show that TF™® is well

folded. The results of the effect of these mutations on the activity of TF are shown in Fig. 5.
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TF site D

Fig. S24. Conformational plasticity and heterogeneity in TF-PhoA interactions. (A)
Superposition of the three structures of TF SBD in complex with PhoA sites ¢ (green), e (orange),
and g (red). SBD is shown as dark grey solvent-accessible surface whereas PhoA sites are shown
in ribbon. (B) Superposition of two TF conformers indicating the dynamic character of arm 2.
This flexibility was also seen in the two TF molecules in the crystallographic asymmetric unit
(12). (C,D) Superimposed structures of TF site B (in C) and site C (in D) in two of the
complexes. Both TF and PhoA are shown. TF side chains are colored light blue and light orange
in the two complexes whereas PhoA side chains are colored dark blue and dark orange in the
corresponding complexes. The figures demonstrate the different interactions between TF and
PhoA in the two complexes. (E) Superimposed structures of the three structures of TF PPD in
complex with their PhoA sites (site a is in blue), d is in yellow, and f is in magenta. PPD is shown
as dark grey solvent-accessible surface whereas PhoA sites are shown in ribbon. The PhoA
residues that interact with PPD are shown as sticks. (F) Side chain rearrangements in the three
complexes between TF and PhoA sites a, d, and f. The TF side chains are shown as sticks and are
colored blue, orange and magenta in TF—PhoA?, TF-PhoA’, and TF—PhoA', respectively. PhoA
is not shown for clarity.
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Fig. S25. TF binds to the unfolded state of MBP™", (A) *H-"*C HMQC spectra of MBP™" free
and in complex with TF*®?""P recorded at 22 °C. The data show no binding. (B) *H-**C HMQC
spectra of MBP™"in complex with TF recorded at 50 °C. MBP™" suffers heavy precipitation and
aggregation at temperatures higher than 30 °C, but in the presence of TF it is stable and folded
even at temperatures as high as 50 °C. (C) 'H-"*C HMQC of TF**®""® free and in complex with
MBP™", This experiment is similar to the one shown in panel A but with reverse labeling. No
binding was detected at 22 °C between the folded state of MBP™" and TF. (D) *H-"*C HMQC of
TF5PPD free and in complex with MBP™" at 38 °C. Because of the elevated temperature, a
significant unfolded population of MBP™" is present, which binds to TF. (E) *H-""N HSQC
spectra of TF*®P*" free and in complex with MBP™" at 38 °C. (F) 'H-"*N HSQC spectra of
TFBPPPD free and in the presence of MBPY'. No binding was detected between the two proteins.
For the entire series of experiments, the effect of MBP™" or MBP"'" binding to full-length TF or
TFBPPPD are essentially identical and so TF and TF*®°""® were used interchangeably. Proteins
were [U-’H,"N; Ala-"*CH3; Met-"*CHj; lle-51-*CHs; Leu,Val-"*CH3/**CHs] labeled.
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Fig. S26. Sequence hydrophobicity for E. coli proteins previously identified to bind strongly
to TF (25). Plot of the hydrophobicity of MBP, OmpA, LTD and LamB as a function of its
primary sequence. A hydrophobicity score (Roseman algorithm, window=9) higher than zero
denotes increased hydrophobicity.
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Fig. S27. Functional versatility of TF. In addition to the well characterized binding activity of
TF for unfolded proteins, it has been recently observed (27) that small proteins can bind in a
folded state to a cavity formed in the dimeric TF. (A to C) Structural basis for the interaction of
TF with unfolded proteins, as determined in this work. TF is shown in a grey solvent-accessible
surface and PhoA is shown in a pink ribbon. (D to F) Structural basis for the interaction of TF
with small folded proteins as determined previously by crystallography (27). TF is dimeric (the
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two subunits are shown in grey and semi-transparent white surface) and the folded protein
(ribosomal protein S7) in orange. The TF—S7 complex is from thermotoga maritima. Views in A
and B (D and E) are related by a 90° rotation about the x axis. S7 binds in a cavity that is formed
by the SBD and PPD of one subunit and the RBD of the other subunit. The majority of the
contacts between S7 and TF are polar (H-bonds and salt bridges, denoted with the magenta
broken lines), with only few hydrophobic contacts (hydrophobic residues are shown in green,
panel f). In contrast, in the TF—PhoA complex, the vast majority of the contacts are hydrophobic
(panel c). TF dimerization appears to be essential for the stabilization of the TF—S7 complex,
whereas TF is forced to monomerize in the TF—PhoA complex. Further experiments are required
in order to understand whether TF monomerization is substrate-length dependent and how TF can
apparently bind both to unfolded as well as folded proteins. It should be noted that several large
(over 30 kDa) folded proteins, such as PhoA and MBP, were tested and were found not to interact
with TF. Therefore, it seems that TF can bind only to relatively small folded proteins as they will
have to fit inside the cavity formed by the two TF subunits.
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Table S1. Structural and NMR statistics of the three TF-PhoA complexes.

Complex TF-PhoA*® TF-PhoA™® TF-PhoA™
Distance restraints®
NOEs
Short range (intraresidue and sequential) 858 578 615
Medium range (2<|i-j|<4) 257 137 211
Long range (|i-j | >4) 781 415 587
Intermolecular 63 78 67
Hydrogen bonds 244 250 246
Dihedral angle restraints (¢ and ) 511 480 500
Violations (mean and SD)?
Distance restraints (A) 0.013+0.044 0.012+0.051 0.013 £0.042
Dihedral angle restraints (°) 0.04+0.44 0.04+0.37 0.07+0.50
Structural coordinates rmsd?
PPD
Backbone atoms 0.41A 0.55 A 0.65 A
All heavy atoms 0.70 A 0.85 A 0.92A
SBD
Backbone atoms 1.22 A 1.09 A 1.22 A
All heavy atoms 1.50 A 1.25A 150 A
Ramachandran plot®
Most-favored regions 86.1% 86.4% 86.6%
Additionally allowed regions 13.7% 13.4% 13.4%
Generously allowed regions 0.2% 0.1% 0.1%
Disallowed regions 0.0% 0.0% 0.0%

*The statistics apply to the 20 lowest-energy structures of each of the three complexes. Restraints and
analysis applied for the SBD and PPD parts of TF.
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