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Abstract: The complex between the bacterial type 1 pilus
subunit FimG and the peptide corresponding to the N-terminal
extension (termed donor strand, Ds) of the partner subunit
FimF (DsF) shows the strongest reported noncovalent molec-
ular interaction, with a dissociation constant (Kp) of 1.5 x
107?’wm. However, the complex only exhibits a slow association
rate of 330m~'s™! that limits technical applications, such as its
use in affinity purification. Herein, a structure-based approach
was used to design pairs of FimGt (a FimG variant lacking its
own N-terminal extension) and DsF variants with enhanced
electrostatic surface complementarity. Association of the best
mutant FimGt/DsF pairs was accelerated by more than two
orders of magnitude, while the dissociation rates and 3D
structures of the improved complexes remained essentially
unperturbed. A K, value of 8.8 x 10~*>m was obtained for the
best mutant complex, which is the lowest value reported to date
for a protein/ligand complex.

P roteins and their ligands associate with very diverse rates.
Specifically, experimentally determined association rate con-
stants (k,,) of natural protein—protein complexes span multi-
ple orders of magnitude, ranging from about 10° to
10"m's™1. The upper end of this scale is given by the
theoretical, diffusion-limited rate constant of 10°-10'"m~'s™!
that is predicted for the collision of uniformly reactive spheres
of equal size.”! The necessity for two proteins to collide with
the correct relative orientation prior to formation of the final
complex, however, often lowers this upper k,, limit to values
of about 10°~10°m~'s~1.1"*3 This effect can be compensated by
electrostatic surface complementarity between the binding
partners favoring a pre-orientation upon collision that
facilitates formation of the final complex.'**l A classic
example is the association between the ribonuclease barnase
and its inhibitor barstar, which is characterized by the rate-
limiting, electrostatically driven formation of an early recog-
nition complex that is followed by fast conformational
rearrangements generating the final, specific complex.*!
Rational optimization of electrostatic attraction between
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proteins has been used successfully to generate variants of
protein—protein complexes with increased association rates."’

Herein, we probed the principle of electrostatic surface
complementarity to accelerate the association between
a folded protein and intrinsically disordered peptides. As
a model system, we used the complex between the Escher-
ichia coli type 1 pilus subunit FimG and the 15-residue
peptide corresponding to the N-terminal extension of its
partner subunit FimF (DsF). The FimG/DsF complex is the
thermodynamically and kinetically most stable, noncovalent
protein-ligand complex reported to date.l! The interaction
between FimG and DsF follows the mechanism of donor
strand complementation, in which the incomplete, immuno-
globulin-like fold of every pilus subunit is completed by an N-
terminal extension, termed donor strand (Ds), of the follow-
ing subunit.”! This type of interaction leads to virtually
infinite stability of the pilus against spontaneous dissociation
and unfolding.®® The bimolecular complex between FimGt,
an N-terminally truncated FimG variant lacking its own
donor strand, and the DsF peptide has a dissociation constant
(Kp) of 1.5x107*M. The interaction is dominated by an
extremely low dissociation rate (ko) of 5 x 107" 7! which can
only be observed when FimGt unfolds in conjunction with
peptide release.l’! Nevertheless, the association of FimGt with
DsF proved to be slow (k,, =330M 's™') compared to most
natural protein—protein or protein—peptide complexes, which
is likely a consequence of the fact that pilus subunit
association is catalyzed by the assembly platform FimD
in vivo.’l Our approach for improving the k,, value of the
FimGt/DsF complex through amplified electrostatic attrac-
tion was based on the crystal structure of the complex
(Figure 1). FimGt has 5 basic and 10 acidic residues (theo-
retical p[=4.5). None of the basic but two of the acidic
residues, Asp26 and 29 on the A”-strand of FimGt, are close
to the DsF binding site. The charged side chains in the DsF
sequence are two aspartates (Asp2, Asp13) and two solvent-
exposed arginine residues (Arg8, Argl2). Arg8 of DsF is in
close proximity to Asp26 of FimGt, and Argl2 of DsF is close
to Asp29 of FimGt (Figure 1).

Based on these charge distributions, we decided to make
FimGt even more acidic and DsF more basic. To avoid
interference with structure or stability of the complex we
restricted amino acid replacements to solvent-exposed resi-
dues. Regarding the DsF peptide, its basic character was
gradually increased by replacing Thr4 and Thr6 by arginine
and by removing the negative charge of Aspl3, resulting in
the three variants DsF™R, DsFT*RTR and DsFTRTOR-DIN Fqp.
UV CD spectroscopy confirmed that the free peptides are
completely unstructured in solution (see Figure S1 in the
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Figure 1. Engineering strategy to accelerate the association of FimGt
with DsF. The crystal structure of the FimGt/DsF WT complex (PDB
code 3BFQ) is shown with FimGt in gray and the DsF peptide in
orange.”” The side chains of charged residues are shown as a stick
model. Amino acid substitutions in FimGt and/or DsF tested for
association rate enhancement are indicated in bold.

Supporting Information). In the FimGt/DsF wild type (WT)
complex, the DsF peptide is inserted between the N-terminal
A" strand and the C-terminal F strand of FimGt and forms 20
intermolecular (3-sheet hydrogen bonds with strands A" and
F. As the F strand lacks charged residues, it appeared more
attractive than the A”strand for introducing additional
negative charges in FimGt. Consequently, GInl134 and
Ser138 of FimGt were replaced by glutamate, alone or in
combination, yielding the three protein variants FimGt?'**F,
FimGtSBSE, and FimGth34E—5138E'

We measured the association rate constants for all
possible protein/peptide combinations at low ionic strength
(11 mm), utilizing a decrease of about 10% in the intrinsic
tryptophan fluorescence of FimGt upon DsF binding (Fig-
ure S2). For the FimGt/DsF WT complex, we obtained k,, =
(278 +£6) M's! with this method, which is in good agree-
ment with the value of 330m 's™! determined earlier using an
interrupted binding assay that unambiguously monitored
complex formation.® Thus, the decrease in FimGt fluores-
cence upon DsF binding directly reported the formation of
the complex. The binding kinetics were measured under
pseudo-first-order conditions (> 5-fold excess of DsF over
FimGt). All pseudo-first-order rate constants linearly
increased with DsF concentration (Figure S3), demonstrating
that the bimolecular peptide binding reactions were always
rate-limiting for complex formation and that the amino acid
substitutions in FimGt and DsF did not change the reaction
mechanism. Consequently, all k,,, values could be obtained by
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global fitting of the pseudo-first-order kinetics according to
an irreversible second-order reaction (Figure S3).

Figure 2 and Table 1 summarize the measured k,, values.
Overall, all mutant FimGt/DsF complexes showed higher
ko, values than the WT complex. The two complexes which
associated fastest, FimGt?"3*F/DsFT*RTRDIN a1 FimGtQ'34F
SIBE/DSFTRTORDIN  showed k,, values of (1.380.03)x
10*°mM~'s™' and (2.52+0.05) x10*m~'s™!, corresponding to
a 50- and 91-fold faster association compared to the WT
complex, respectively.

Figure 2. Association rate constants of FimGt/DsF variant pairs at
pH 8.0, 25°C. Acceleration factors (kon/konwr) are indicated on top of
each column.

Comparison of the measured k., values of the individual,
mutant FimGt/DsF pairs showed that the introduction of
a single negative charge at position 134 of FimGt already led
to 7-fold faster binding of the DsF WT peptide. In contrast,
association of FimGt***¥ with DsF WT was not accelerated.
The double mutant FimGt2**E353E bound DsF WT as fast as
FimGt?'"**, indicating that the two replacements affected the
association with DsF WT independently. This also showed
that the specific location of newly introduced charges is more
important for rate acceleration than the total charge of
FimGt, which is in line with results obtained for other
protein—protein complexes with improved association
rates.’ An analogous result was obtained for the DsF
variants, where the T4R substitution had no effect on the
association with any of the FimGt variants. Introduction of
a second positive charge into DsF increased the association
rate 2-3-fold, but only in combination with the acidified
FimGt variants, and the third replacement D13N led to 2—4-
fold higher rate constants compared to DsF'** TR,

The association kinetics of imGt WT with DsF WT were
previously found to be essentially independent of ionic
strength between zero and 1M (Figure S4; Ref. [6a]), showing
that electrostatic interactions do not contribute to the
ko, value of the WT complex. In contrast, a strong depend-
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Table 1: Kinetic and thermodynamic parameters for the association and dissociation/unfolding of the different FimGt/DsF complexes.?!

FimGt variant ~ DsF variant DsF amino acid sequence  k,, [Mm's™']¢ Kot [s '] my [m]e Ko [M]
wTt! ADSTITIRGYVRDNG 27846 (5.04£0.17)x107"® 4184015  (1.8040.06)x10%
Wb T4R ADSRITIRGYVRDNG 306+6 (9.24+2.7)x107" 3.804£0.05  (3.0£0.9)x10°"
T4R-T6R ADSRIRIRGYVRDNG 405+8 (6.0+£2.6)x107" 4.27+0.07  (1.5+£0.6)x10%
T4R-T6R-D13N  ADSRIRIRGYVRNNG (8.6+£0.2) x 10 (1.7+£0.4)x107" 4144004  (20£0.5)x10%
wT ADSTITIRGYVRDNG (1.854+0.04)x10°  (2.9+1.1)x107" 3.9240.06  (1.6+0.6)x10%
Q134E T4R ADSRITIRGYVRDNG (1.78£0.04)x10°  (1.34£0.5)x107"7 41440.06  (7.3+£2.8)x107
T4R-T6R ADSRIRIRGYVRDNG (5.540.1)x10° (8.14£3.1)x107" 3.894+0.06  (1.5+0.6)x10%
T4R-T6R-D13N  ADSRIRIRGYVRNNG (1.384£0.03)x10*  (3.4+0.8)x107" 4.03+0.04  (2.4+0.6)x107
wT ADSTITIRGYVRDNG 326+7 (1.240.6)x10°"” 4014007 (3.8£1.7)x10%
S138E T4R ADSRITIRGYVRDNG 383+8 (3.4+£1.1)x107" 3.98+0.05  (8.8+2.7)x10%
T4R-T6R ADSRIRIRGYVRDNG (6.7£0.1)x10? (1.5£0.7)x107"® 3.78+£0.07  (23£1.0)x107"°
T4R-T6R-D13N  ADSRIRIRGYVRNNG (1.67£0.03)x10°  (1.74+0.4)x10°"” 4134004  (1.0£0.2)x10%
wT ADSTITIRGYVRDNG (1.64+0.03)x10°  (3.0+£1.5)x107" 3.914+0.08  (1.8+0.9)x10%
T4R ADSRITIRGYVRDNG (2.03+£0.04)x10°  (2.54+0.9)x10°" 4.02+0.06  (1.240.5)x10%
Q134E-S138E  T4R-T6R ADSRIRIRGYVRDNG (6.2+0.1)x10° (7.3+£2.6)x107" 3.88+0.06  (1.2+0.4)x10%
T4R-T6R-D13N  ADSRIRIRGYVRNNG (2.524+0.05)x10*  (2.2+0.5)x107" 411+£0.04  (8.8+£2.0)x10%
SRIRIRGYVR SRIRIRGYVR (7.84+0.2) x 10 (1.34£0.3)x10 ™ 3.62+£0.04  (1.7£0.4)x107"

[a] Parameters recorded at pH 8.0, 25°C. Errors are standard errors obtained from the respective fits. The standard errors for the k,, values were all
between 0.05 and 0.4 %. As individual rate constants could only be reproduced within an error of 2%, all k,, values are given with 2% error. New
residues introduced into the DsF sequences are depicted in bold. [b] Values of ks and my, for the FimGt/DsF WT complex were taken from
References [6a,b], respectively. [c] Values of k,, were deduced from the kinetics of tryptophan fluorescence decrease upon DsF binding (see Figure S3).
[d, €] Values of k.« were obtained by extrapolation to zero denaturant of the linear dependence (slope my) of the logarithm of the rate of dissociation/

unfolding on GdmCl concentration (see Figure S6).

ence of k,, on ionic strength was predicted for the fastest
associating mutant complex, FimGtQ3#ESIH8E/DGET4R-TER-DISN
Figure S4 shows that its k,, value indeed dropped 10-fold
when the ionic strength was increased from 11 mMm to 1M,
confirming that the enhancement of k,, had been achieved
through electrostatic attractions between protein and peptide.

The results (Figure 2) showed that Gln134 of FimGt can
be regarded a key residue whose substitution by a negatively
charged residue was the most efficient, single amino acid
replacement in FimGt in accelerating DsF WT binding. To
test whether the replacement of additional FimGt residues by
acidic residues improved DsF WT binding independently to
a similar extent, we produced the double variants FimGt?'**F-
TZlE’ FimGth34E—N22E’ FimGth34E—Y31E, FimGth34E—Q130E’ and
FimGt2**FT12E and recorded the kinetics of DsF WT binding.
The k,, value remained unchanged for FimGtQ3FCH0E
slightly decreased for FimGt?*E™'E and FimGtQH#EN2E
and only increased 1.3-fold compared to FimGt?"** in the
case of FimGt?**FY'E (Figure S5). FimGt?'*FT12E agore-
gated to higher oligomers during purification and was not
investigated further. Thus, there are most likely no additional
key positions in FimGt where the introduction of an addi-
tional negative charge would lead to an enhancement of the
association rate with DsF WT comparable to the Q134E
replacement.

We next tested whether the mutations introduced into
FimGt and DsF affected the stability of the assembled
complexes against spontaneous dissociation/unfolding. As
reported for FimGt/DsF WT, none of the mutant complexes
spontaneously dissociated under physiological conditions.
Their off rates (k.;) were therefore determined by extrap-
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olating the dependence of their rates of dissociation/unfolding
on denaturant (GdmCl) concentration to zero denaturant
(Table 1; Figure S6). As expected from our design approach,
the off rates of most mutant complexes stayed within the same
range as the k. value of FimGt/DsF WT, and did not increase
more than 30-fold for any of the mutant complexes (Table 1).
In addition, similar kinetic my values (where my is given by
the slope of the linear dependence of In(k.;) on GdmCl
concentration) in the range of 3.8-4.3m ! were obtained for
the mutant complexes, demonstrating that the solvent acces-
sibilities, and hence structures, of the transition states of
dissociation/unfolding were similar for all complexes. The
fastest associating complex, FimGtQ!3E-SIBE/DRTR-TOR-DIIN
also proved to be the thermodynamically most stable one: Its
kinetic parameters k,,=(2.52+0.05)x10*m 's™" and k.=
(22405)x1077s! yielded a Kpvalue of (8.8+2.0)x
102 m. To the best of our knowledge, this is the lowest
Kp value ever reported for a noncovalent protein-ligand
complex.

The crystal structure of the FimGt/DsF WT complex
revealed that Alal and residues 13-15 of the DsF peptide are
disordered and do not interact with FimGt, while DsF
residues 3-12 form ideal f3-sheet hydrogen-bonding interac-
tions with the neighboring B-strands of the protein.[® This
indicated that it should be possible to shorten the DsF peptide
at its N- and C-terminus without significant loss of complex
stability as long as the backbone-backbone hydrogen-bond-
ing network between the peptide and protein is not affected.
To determine the minimum DsF length still sufficient for
rapid association and slow dissociation, we systematically
shortened DsF™RTRPIN from either terminus and measured
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on and off rates with FimGt°'*E (Figures S7,S8, Table S1).
We found that removal of the two N- and three C-terminal
peptide residues did not impair the k. value by more than
two orders of magnitude. Further truncations, which were
expected to diminish the hydrogen-bonding network,
increased the k. value at least 10-fold for each additionally
deleted residue. The most destabilizing effect was observed
when C-terminal DsF truncations included Argl2, which
increased k. up to 1000-fold (Table S1). The deletion of one
N-terminal or the three C-terminal residues had no effect on
the k., values. Further deletion of Asp2 increased the
ko, value 3-fold, whereas deletion of Ser3 and Arg4 did not
affect k,,. However, deletion of Argl2 decreased k,, up to 12-
fold. Argl2 is thus a key DsF residue that is essential for both
slow dissociation and fast association. Together, the results
show that two N- and three C-terminal residues can be
removed from DsF™RTRDEN without loss of critical binding
characteristics for technical applications, resulting in a 10-
residue core peptide with the sequence SRIRIRGYVR
(DsFSRIRIRGYVRY “To mimic terminal fusions or insertions of
DsFSRIRIRGYVR jntg target proteins in technical applications of
the FIimGt/DsF system, N-terminally acetylated and/or C-
terminally amidated variants of the core peptide were
analyzed. Acetylation of the N-terminus led to a 40-fold
decrease in k. but was neutral regarding k,,, indicating that
the positive charge at the free N-terminus in the core peptide
does not contribute to electrostatically assisted binding.
Amidation of the C-terminal carboxylate however further
improved the k,, value 3-fold (Table S1).

To complete the kinetic dataset, we measured the on and
off rates for the complex between the DsFSRIRIRGYVR core
peptide and the FimGt variant FimGt®?'™*ES%E showing
fastest binding (Figure S9; see data at the bottom of
Table 1). Relative to the binding of full-length DsF™R-ToR-
PN to FimGt2"**F51E and analogous to the results obtained
for FimGt?"*F, the k,, value increased 3-fold to (7.8 £0.2) x
10*m 's™!. The FimGtQ'¥#ESIBE/DGFSRIRIRGYVR ¢omplex thus
showed the fastest association rate of all FimGt/DsF variants
tested in our study, with a 280-fold higher k,, value compared
to FimGt/DsF WT. Although its k. was increased 600-fold
relative to the most stable complex FimGt?'¥ESE/DgFETR-
TORDBN it is still infinitely stable under physiological con-
ditions (Kp=(1.7+0.4)x10""m). Thus, from a practical
point of view, the combination of FimGt2**FS8E with
DsPFSRIRIRGYVR appears optimal for technical applications of
the FimGt/DsF system such as affinity purification.

The observation that the kinetic stabilities of the mutant
FimGt/DsF complexes remained extremely high strongly
suggested that their three-dimensional structures are similar
to that of the WT complex, as expected from our design
approach. We solved the crystal structures of the FimGt®' ¥/
DSFT4R—T6R—D13N, the FimGtQl34E—S138E/DSFT4R—T6R—DI3N’ and the
FimGtQ3#E/DsFSRIRIRGYVR complex at 1.5, 1.3 and 1.0 A
resolution, respectively (Figure 3; Table S2). A comparison
with the structure of the WT complex shows that the folds of
all four complexes are highly similar, with root-mean-square
deviations (RMSD values) for all Ca atoms of 0.60, 0.54, and
0.50 A calculated for the pairwise superpositions (Figure 3a).
All mutant DsF peptides inserted in the same register and in
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the antiparallel orientation relative to the C-terminal F strand
of FimGt like DsF WT, and adopted highly similar -strand
conformations (Figure S10). Moreover, the shape comple-
mentarity of the protein/peptide interface, the interface area,
and the intermolecular hydrogen-bonding network were
practically unaffected by the amino acid substitutions
(Table S3).

We next calculated electrostatic surface potentials for all
complexes. In agreement with the nature of the amino acid
substitutions and truncations, the introduction of two arginine
residues into the peptide sequence generated a basic patch,
while removal of Asp2 of the peptide led to the disappearance
of an acidic patch. Similarly, but less pronounced, the Q134E
and S138E substitutions on the protein side further acidified
its surface (Figure 3b). In addition, the newly introduced
charges likely led to the formation of additional salt bridges
between protein and peptide (Figure S11).

In summary, we achieved an acceleration of the associa-
tion of the small one-domain protein FimGt and its natural,
15-residue peptide ligand DsF by more than two orders of
magnitude using a rational, structure-based engineering
approach that generated attractive electrostatic forces
between protein and peptide. Only solvent-exposed protein
and peptide residues that do not interact in the FimGt/DsF
WT complex were selected for amino acid substitutions. As
expected, and in agreement with other studies on protein—
protein complexes,®®! the dissociation rates of the mutant
complexes were not dramatically affected and only increased
significantly when the intermolecular hydrogen-bonding net-
work between protein and peptide was diminished by N- or C-
terminal truncations in the peptide.

So far, the rational improvement of on rates had only been
conducted for complexes between globular proteins.”) We
show herein that this engineering approach works equally
well if one of the binding partners is intrinsically disordered.
In fact, in agreement with our observations, first examples for
natural systems have been described where electrostatics
contribute strongly to binding of an intrinsically disordered
protein to its globular partner.”’ The accelerated association
of FimGt and DsF variants reported here is expected to
greatly facilitate practical applications of the system, such as
affinity purification of large protein complexes bearing a DsF-
tagged subunit, as the incubation times required for quanti-
tative association of DsF-tagged proteins with immobilized
FimGt are significantly reduced.
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a) FimGt/DsF FimGt/DsF FimGt/DsF
FimGtY'*E/DgF TR ToR-D13N FimGoI3#E-s138E ) g ET4R-TeR DTN Fim Gt/ Dg FSRRROWR
(Ca-RMSD =0.60 A) (Cao-RMSD =0.54 A) (Ca-RMSD =0.50 A)

b)

Glu134

FI m GtQ1 34E-S138E/DS FT4R4T6R~D1 3N FI m GtQ1 34E/DSFSRIRIRGY\/R

Figure 3. Structural comparison of the FimGt/DsF WT complex and three of the improved complexes. a) Pairwise superpositions of the crystal
structure of the FimGt/DsF WT complex (gray, pdb code 3BFQ) with the structure of FimGt?'**€/DsFT*RT*P1N (blye, 51QM, left panel), FimGtQ'*F
S1IBE  DSFTRTERDN (oreen, 51Q0, center panel), and FimGt?"**€/DsFRRREVR (orange, S5IQN, right panel). DsF peptides are shown as stick models
and the corresponding Ca. RMSD values are given in brackets. b) Electrostatic surface potentials of the wild type and the three mutant complexes
ranging from +5 kTe ™' (blue) to —5 kTe ™' (red). The orientation of the complexes is as in panel (a). The positions of the substituted or truncated

residues are indicated.
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