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ABSTRACT: Interleukin-1 receptor-associated kinase 1
(IRAK1) is a crucial signaling kinase in the immune system,
involved in Toll-like receptor signaling. Vasodilator-stimulated
phosphoprotein (VASP) is a central player in cell migration
that regulates actin polymerization and connects signaling
events to cytoskeletal remodeling. A VASP—IRAKI interaction
is thought to be important in controlling macrophage
migration in response to protein kinase C-& activation. We
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show that the monomeric VASP EVHI domain directly binds to the ;,sWPPPP,,, motif in the IRAK1 undefined domain
(IRAK1-UD) with moderate affinity (K5fP = 203 + 3 uM). We further show that this motif adopts distinct cis and trans isomers
for the Trp168—Pro169 peptide bond with nearly equal populations, and that binding to the VASP EVH1 domain is specific for
the trans isomer, coupling binding to isomerization. Nuclear magnetic resonance line shape analysis and tryptophan fluorescence
experiments reveal the complete kinetics and thermodynamics of the binding reaction, showing diffusion-limited binding to the
trans isomer followed by slow, isomerization-dependent binding. We further demonstrate that the peptidyl-prolyl isomerase
cyclophilin A (CypA) catalyzes isomerization of the Trp168—Pro169 peptide bond and accelerates binding of the IRAK1-UD to
the VASP EVHI domain. We propose that binding of IRAK1 to tetrameric VASP is regulated by avidity through the assembly of
IRAK1 onto receptor-anchored signaling complexes and that an isomerase such as CypA may modulate IRAK1 signaling in vivo.
These studies demonstrate a direct interaction between IRAKI and VASP and suggest a potential mechanism for how this
interaction might be regulated by both assembly of IRAK1 onto an activated signaling complex and PPlase enzymes.

T oll-like receptors (TLRs) provide the first line of defense
against viral, bacterial, and fungal invaders.! These
receptors recognize specific pathogen-associated molecular
patterns that are not normally present in the host, such as
flagellin, double-stranded RNA, and lipopolysaccharides.”™* To
date, at least 10 distinct human TLRs have been identified,
some of which reside in the plasma membrane to detect
extracellular pathogen-associated ligands, while others are
localized to intracellular compartments where they detect
endocytosed pathogen-associated ligands." Activation of TLRs
triggers signaling cascades that upregulate the expression of
type I interferons and proinflammatory cytokines to orchestrate
innate and adaptive immunity. Such cytokines include
interleukin-1 f and the related IL-18, which are recognized
by the interleukin-1 receptor (IL-1R) family of receptors. TLRs
and IL-1Rs share a homologous cytoplasmic Toll/IL-1 receptor
(TIR) domain and are therefore classified together as members
of the Toll/IL-1 family of receptors.®

While Toll/IL-1 receptors and their ligands are diverse, the
signaling pathways of several of these receptors share specific
components, such as the adaptor protein MyD88 and the
interleukin-1-receptor associated kinase (IRAK) family of
proteins (IRAK1, IRAK2, IRAKM, and IRAK4).%” Each
IRAK family member contains two folded domains (a death
domain and a serine/threonine kinase domain) separated by a

-4 ACS Publications  © 2014 American Chemical Society 3593

linker region that is unique to each family member, and a C-
terminal region. The death domain is an oligomerization
module that mediates interactions with activated signaling
complexes,”® while the kinase domains of all but IRAKM
(whose kinase domain is inactive) participate in phosphor-
ylation-mediated signaling events.'°~"* IRAK1 plays a key role
in innate immunity signaling through both TLRs and IL-1Rs, as
it assembles via its death domain onto the signaling complex
known as the Myddosome.'¥"¢ Although key signaling
functions are attributed to the kinase activity of
IRAK1,"'7~1 important IRAK1 signaling interactions are
thought to be mediated by its undefined domain (Figure 1A),
as well°7>*

The IRAKI undefined domain (IRAK1-UD) is a 95-residue
proline-rich region containing 27 Pro residues. To date, three
proteins have been implicated as specific binding partners for
this domain, namely, Pin1,*® NEMO,* and Pellino.?*™**
Additionally, the vasodilator-stimulated phosphoprotein
(VASP), a cytoskeletal rearrangement protein, has recently
been shown to co-immunoprecipitate and functionally interact
with IRAKI in the regulation of macrophage migration.”®
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Figure 1. Conformational heterogeneity in the undefined domain of IRAK1. (A) Sequence of the IRAK1-UD construct used (IRAK1 residues 101—
222). The sequence of IRAK1'7'¥ js underlined. The backbone NH region of the ""N—'H HSQC spectrum of the IRAK1-UD (B) shows a very
narrow chemical shift dispersion, indicating that the UD does not adopt a stable fold. The tryptophan side chain (sc) indole peaks, located downfield
(C), display six peaks for the four tryptophans in the sequence (top). The two W—P motifs in this sequence, W168 and W200 (middle and bottom,
respectively), were identified by mutating the other tryptophans (using the W102G/W130G/W200G and W102F/W130F/W168F IRAK1-UD
mutants, respectively), and the cis and trans isomers of each are labeled.

Cellular localization of VASP is mediated by an N-terminal
Ena/VASP homology 1 (EVH1) domain, a binding module
that recognizes the proline-rich motif (W/F)Px@P,**~>* where
x is any amino acid, ¢ is an aliphatic residue, and x and ¢ are
frequently proline. This motif is present in the focal adhesion
proteins zyxin and vinculin and the Listeria monocytogenes
surface protein ActA, as well as in IRAK1.>>* The interaction
between VASP and IRAKI is predicted to be mediated by the
EVHI1 domain of VASP, because the IRAK1-UD contains an
EVHI1 binding motif (,;aWPPPP,;,) and mutation of IRAK1 in
this site (L167A and W168A) prevents co-immunoprecipitation
of IRAK1 and VASP.*®* However, because co-immunoprecipi-
tation can be mediated by additional factors, a direct interaction
between the VASP EVH1 domain and the IRAK1-UD was not
demonstrated.

VASP is a founding member of the Ena/VASP family.*>!
Ena/VASP proteins are important actin-binding proteins that
regulate the actin cytoskeleton by increasing actin filament
length, and tend to localize at sites with high actin cytoskeleton
dynamics such as filapodial tips and the periphery and ruftles of
lamellae.*” Ena/VASP proteins also participate in the concerted
regulation of actin polymerization in the adherens junctions®>**
and focal adhesions,> where the cytoskeleton must dynamically
assemble and disassemble in migrating cells.*® The localization
of Ena/VASP proteins can occur in response to receptor-
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mediated signals that trigger cytoskeletal remodeling, and this
regulated spatial targeting is a critical aspect of directing
cytoskeletal dynamics to the right place at the right time.** The
central role of Ena/VASP proteins in cellular processes
involving cytoskeletal remodeling, such as axon guidance,s'7
r11igration,3°’38 and cell—cell interaction,>**” warrants detailed
characterization of interactions that are implicated in localizing
them to specific sites, such as the IRAK1—VASP interaction.*

Here we report nuclear magnetic resonance (NMR) and
fluorescence studies that quantify the interaction between the
IRAK1-UD and the VASP EVH1 domain. These studies
demonstrate the direct interaction between the ,;sWPPPP,,,
motif of IRAK1 and the canonical EVHI binding surface,
measure the affinity of this 1:1 interaction, and provide the
kinetic rates for both fast binding and slow isomerization. NMR
titration data from the ["*NJIRAK1-UD perspective reveal the
specificity of this interaction for the trans isomer of the W,4—
P,¢ peptide bond, while titration data from the [*N]VASP-
EVHI perspective yield the affinity and the microscopic rate
constants for the binding reaction. Strikingly, at equilibrium,
the W g—P 4o peptide bond is 47% cis and 53% trans, with
nearly half of the protein in the cis conformation, incapable of
binding to the VASP EVH1 domain. Application of the "N ZZ-
exchange NMR experiment, which utilizes the transfer of
heteronuclear longitudinal spin magnetization to measure
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exchange between different chemical environments, shows that
the peptidyl-prolyl isomerase enzyme cyclophilin A (CypA)
catalyzes isomerization of the W;,—P 4 peptide bond.
Fluorescence time course experiments yield the rate of
uncatalyzed cis—trans isomerization of the W,4—P4o peptide
bond and show that CypA effectively catalyzes binding. These
studies suggest that this relatively weak 1:1 interaction (KpP =
203 + 3 uM) could act as a molecular switch, possibly regulated
by avidity when tetrameric VASP encounters oligomerized
IRAKI on an activated TLR or IL-1R signaling complex, with
the rate of achievement of full avidity enhancement modulated
by isomerase activity (e.g, by CypA). These results provide an
intriguing link between innate immunity signaling and
cytoskeletal rearrangement and novel insights into the coupled
roles of oligomerization-triggered avidity enhancement and
prolyl isomerization in the regulation of this link.

B MATERIALS AND METHODS

Protein and Peptide Preparation. All proteins were
expressed as N-terminal six-His-tagged fusion proteins in BL21-
DE3 Escherichia coli cells. The human IRAK1-UD (IRAKI
residues 101—222) was encoded in a pET vector (kanamycin
resistance) with a TEV protease cleavage site between the six-
His tag and the protein. The human VASP EVHI1 domain
(VASP residues 2—115) was encoded in a pMW172 vector
(ampicillin resistance, a gift from M. Way, London Research
Institute, London, U.K.) with a 3Cpro protease cleavage site
between the six-His tag and protein as described previously.*’
Human CypA (full-length) was encoded in a pTFT74 vector
(ampicillin resistance, gift from C. Kalodimos, Rutgers
University, Piscataway, NJ) without a cleavage site as described
previously.*" Cells were grown in 1 L of M9 medium with 19
mM “NH,Cl (or natural abundance NH,Cl to produce
unlabeled protein) and an antibiotic at 37 °C until they
reached an ODy, of ~0.8. Protein expression was then induced
with 1 mM IPTG for ~4 h at 37 °C (IRAK1-UD) or ~16 h at
18 °C (VASP EVHI1 domain and CypA), after which cells were
harvested and resuspended in 20 mL of wash buffer [SO mM
NaH,PO,, 300 mM NaCl, 20 mM imidazole, and 0.1 mM
TCEP (pH 8.0)] with 100 uL of protease inhibitor cocktail and
1 mM TCEP added. Cells were lysed by freezing and thawing
them, adding 20 mg of lysozyme, and sonicating them on ice
for 10 cycles. Cell debris was removed by centrifugation at
23000g followed by filtering the supernatant with a 0.8 um
syringe filter. The filtrate was passed through a nickel-NTA
column that was then washed with 20 bed volumes of wash
buffer. Protein was eluted with 10 mL of elution buffer [SO mM
Na,HPO,, 300 mM KCl, and 100 mM imidazole (pH 8.0)] and
dialyzed into cleavage buffer [SO mM Tris-HCl and 1 mM
TCEP (pH 8.0)] or NMR buffer [20 mM KH,PO,, 50 mM
KCl, and 1 mM TCEP (pH 6.7)] in the case of CypA. After
dialysis, recombinant His-tagged 3C protease or TEV protease
was added to the protein sample and the cleavage reaction was
performed overnight at 4 °C. The His tag and His-tagged
protease were then removed by passing the cleavage reaction
back through a nickel-NTA column. The flow-through was
dialyzed in NMR buffer and concentrated with 5000 molecular
weight cutoff centrifugal concentrators as necessary. NMR
samples also contained 5 mM NaNj and 7% D,0. The NMR
sample in the '*N ZZ-exchange experiment had 10 mM TCEP
to prevent oxidation of the especially concentrated sample. The
protein concentration was measured by UV absorbance using
the theoretical extinction coefficients at 280 nm of 22000 cm ™
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M for the wild-type IRAK1-UD, 21000 cm™" M™" for the
VASP EVHI domain, and 8500 cm™ M™" for CypA. Plasmids
encoding the IRAK1-UD mutants W102G/W130G/W200G
and WI102F/W130F/W168F were generated by three
sequential rounds of site-directed mutagenesis using the
QuikChange protocol (Stratagene); mutant IRAKI-UD
proteins were produced as described above, and protein
concentrations were determined using the adjusted theoretical
extinction coefficient (5500 cm™ M™).

A synthetic peptide encompassing IRAK1 residues P4,—Kg
[IRAK]'62-180 (Figure 1A)] was purchased and received as a
lyophilized powder (Tufts Core Facility, Boston, MA).
Likewise, a peptide encompassing ActA residues 333—344
(ActA®¥73*) was purchased from Genscript (Piscataway, NJ).
Peptides were dissolved in NMR buffer, and concentrations
were determined by UV absorbance, using theoretical
extinction coefficients of 5500 cm™ M™' at 280 nm for
IRAK1'®7** and 390 cm™ M at 257 nm for ActA®3 7,
The sample pH was adjusted using NaOH and HCI before use.

NMR Data Collection and Processing. All NMR
experiments were performed on a Varian Inova 600 MHz
spectrometer equipped with a {H, C, N} Z-axis gradient probe.
Unless otherwise stated, NMR experiments were performed at
25 °C. All NMR spectra were processed and analyzed with
nmrPipe,42 nmrDraw,** and Sparky.43 Either an exponential or
phase-shifted sine bell window function was applied to free
induction decays prior to Fourier transformation. The Sparky
peak detection function was used to measure peak positions,
volumes, and heights.

NMR Titration Experiments. Altogether, four titration
experiments were conducted. Three titrations of the
['N]EVH1 domain (with the unlabeled IRAKI1-UD,
IRAK1'27180 and ActA33—3*) were performed, as well as a
titration of the ["*NJIRAK1-UD with the unlabeled EVHI
domain. In each titration, the most saturated sample was
prepared first and the subsequent titration samples were
prepared by mixing a portion of the previous sample with a
stock of equal concentration of the labeled protein, thus
keeping the concentration of labeled protein constant while
varying the titrant concentration. All titrations were performed
in NMR buffer as follows. In the titration of the [*N]EVHI
domain with the IRAK1-UD, the concentration of EVHI was
held at 0.51 mM and the IRAKI-UD concentrations were O,
0.07, 0.11, 0.17, 0.25, 0.38, 0.56, 0.84, and 1.27 mM. In the
titration of the ['N]JEVHI1 domain with IRAK1'%718 the
concentration of the ["NJEVHI1 domain was held between
0.35 and 0.38 mM and the peptide concentrations were 0, 0.03,
0.06, 0.12, 0.24, 0.48, 0.95, 1.9, and 3.8 mM. In the titration of
the ['N]EVHI domain with ActA**73* the concentration of
the ["*'NJEVHI domain was held at 0.37 mM and the peptide
concentrations were 0, 0.04, 0.08, 0.15, 0.30, 0.61, 1.21, 2.43,
and 4.86 mM. In the titration of the ['*N]IRAK1-UD with the
EVHI1 domain, the concentration of the [N]IRAK1-UD was
held at 0.34 mM and the EVHI1 concentrations were 0, 0.18,
0.35, and 0.70 mM. For each titration condition, a "N—'H fast
HSQC* spectrum was recorded with a spectral width of 8 kHz
in the proton dimension (total of 2048 complex data points)
and 1.7 kHz (["*NJIRAK1-UD perspective titration and
["N]EVH1 perspective IRAKI-UD titration) or 1.8 kHz
([N]JEVH1 domain peptide titrations) in the nitrogen
dimension (total of 256 complex data points).

Quantification of Binding and NMR Line Shape
Analysis. The peak trajectories of resolved residues in NMR
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titrations were used to determine binding constants. For a given
peak, the change in chemical shift between the apo spectrum
and a titration point spectrum for the proton and nitrogen
dimensions, Ady and Ady, was fit as a function of the apparent
dissociation constant, Ki?, and the protein and peptide molar
concentrations. For given total concentrations of the EVHI
domain, [EVHI"™"], and IRAK1, [IRAKI1™"], the concentration
of the bound complex, [EVH1:IRAK1], is given by

1
[EVHI:IRAK1] = E{KDAPP + [EVHI*'] + [IRAKI*']

— ((KA5PP 4 [EVHI®'] + [IRAKI®'])* — 4[EVHI™"]

-[IRAKI*'])"/?} (1)

Using chemical shift changes of ['*"NJEVH1 domain peaks,
K&P was determined from the titrations of the [""N]EVH1
domain with the IRAKI-UD and IRAKI1'7™ using the
equation

A(Si tot
[EVH1:IRAK1] = [EVHI]
AG™ )

where i is H or N and Ad™ is the chemical shift difference
between the free and bound forms (a fitted parameter). To
account for inaccuracies in the calculation of the extinction
coefficient, the concentrations of peptide in the ActA3373#
titration were scaled by a fitted correction factor, L., using the
equation [ACtA333_344]corrected = [ACtA333_344:|measurechorr' This
was warranted given the sharp binding curves, which were very
sensitive to stoichiometry. For each titration set, the reported
KPP value and its uncertainty were determined by fitting each
of 21 'H and 21 "*N chemical shift data sets independently and
taking the mean and standard error of the resulting fitted
values. Values of K" were obtained using eq S, and
uncertainties were obtained by propagating the uncertainties
in K&? and K, Fits were performed by least-squares
minimization using the Solver function in Microsoft Excel.

Line shape analysis of the ["*NJEVHI domain peptide
titrations was conducted as described previously,* using the
BiophysicsLab Matlab package (currently, Integrative Data
Analysis Platform, IDAP;* http://kovrigin.chem.mu.edu/
IDAP/). Line shapes were extracted as one-dimensional (1D)
slices in each dimension ('H and '*N) using the BiophysicsLab
Sparky extension. To eliminate any titration-dependent
variation in signal intensity, the area under each peak slice
was normalized. The software calculates the populations of the
free and bound EVH1 domain using eq 1 and simulates line
shape data using the two-state solution to the Bloch—
McConnell equations.47’48 The dissociation constant, K,
apo chemical shift, **°, and line width of the apo state, R%(P)",
previously determined by peak positions and the spectrum of
apo ["*N]EVHI domain were constrained, while the
dissociation rate, k., bound chemical shift, ®™", and line
width of the bound state, Rlz‘(’,““d, were determined by least-
squares fitting. We report the average and standard error of the
fitted parameters k¢ and k,, from individual fits of four line
shape data sets. A global fit that yielded statistically equivalent
values of these parameters was also performed.

Modeling the IRAKT:EVH1 Complex. The model of the
VASP EVHI domain bound to IRAK1'?7% was built using a
solution structure of the VASP EVHI domain [Protein Data
Bank (PDB) entry 1EGX*®*] and a crystal structure of the
complex between the Mena EVHI1 domain and an ActA-
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derived peptide (PDB entry 1EVH*) with an FPPPPT
sequence. The Mena and VASP EVHL1 structures were overlaid
using the “magic fit” function in Swiss-Pdb viewer.’® The
IRAK1 sequence of residues A165—A175 was introduced into
the binding site by changing the ActA peptide (chain B) in the
complex crystal structure to the IRAKI sequence using the
“mutate” and “add residue” functions in Swiss-Pdb viewer. The
torsion angles of W168 in the IRAKI1 peptide were adjusted to
align the indole ring with the phenylalanine side chain in the
ActA peptide sequence, and the torsion angles of R83 in the
EVH1 domain were adjusted slightly to accommodate the
bound peptide. Energy minimization was performed using the
GROMOS96 implementation within Swiss-Pdb viewer.
Demonstration of Isomerization by >N ZZ-Exchange
Spectroscopy. N ZZ-exchange spectroscopy”' was per-
formed on a 0.8 mM [N]IRAK1-UD sample, with or without
8 uM CypA in NMR buffer. Mixing times were 0, 0.01101,
0.02202, 0.03303, 0.04404, 0.05505, 0.082575, and 0.1101 s.
For each spectrum, a spectral width of 8 kHz (total of 2048
complex data points) was used in the proton dimension, and
1.7 kHz (total of 256 data points) in the nitrogen dimension,
with 40 transients per free induction decay and a recycle delay
of 1.0 s. To assist in identifying cross peaks, the spectra with
non-zero mixing times were added together using the
NMRPipe command addNMR. To determine the rate of
W168—P169 isomerization, peak heights for autopeaks and
cross peaks corresponding to the side chain of W168 were
obtained using Sparky. The heights of these four peaks as a
function of mixing time were fit to the two-state solution of the
Bloch—McConnell equations*”*® by least-squares minimization
with Microsoft Excel (Solver function). The "N longitudinal
relaxation constants for the cis and trans isomers, R{¢" and R,
(determined by running the 'N ZZ-exchange experiment
without CypA), and the ratio of trans to cis isomer, K,
(determined from peak volumes corresponding to the cis and
trans isomers of the W,¢—P14 peptide bond), were treated as
fixed parameters. Fitted parameters included the initial
intensities of autopeaks, It and Iccg, and the exchange rate
of isomerization, k.. The mixing time dependencies of all four
peaks were fit simultaneously. Monte Carlo analysis was
performed as described previously,” varying the values of RYG™,
% and K, as well as the peak intensity data within their
uncertainties to determine the uncertainty in the value of k..
Tryptophan Fluorescence Experiments. All tryptophan
fluorescence experiments were conducted using an F-7000
fluorescence spectrophotometer (Hitachi High Technologies
America, Schaumburg, IL). In mixing experiments, 2 mL of 100
uM (IRAK]1'62~180 experiment) or 77 uM (ActA333—344
experiment) EVH1 domain, with or without 62 nM CypA,
was equilibrated in a quartz cuvette and gently stirred while the
temperature was held at 25 °C. The peptide was then added
from a concentrated stock into the cuvette for a final
concentration of 53 yuM (IRAKII‘SZ_180 experiment) or SO
UM (ActA3373* experiment), and a time course was recorded
(2 s interval, 40 min, or 0.5 s interval, 20 min). The
fluorescence signal was measured by excitation at 294 nm
and collection at 360 nm (2.5 nm bandpass for excitation, 20
nm bandpass for emission) for the IRAK1'**'* experiment
and excitation at 290 nm and collection at 334 nm (2.5 nm
bandpass for excitation, 20 nm bandpass for emission) for the
ActA*¥73* experiment. In the dilution experiments, 4 yL of an
equilibrated stock containing 1 mM EVHI domain and 1 mM
IRAK 127130 was diluted into 2 mL of NMR buffer (or NMR

dx.doi.org/10.1021/bi500031e | Biochemistry 2014, 53, 3593—3607



Biochemistry

buffer with a catalytic quantity of CypA) in a stirred and
temperature-controlled (20, 25, and 30 °C) quartz cuvette. A
time course was then recorded (1 or 0.5 s interval, 15—50 min).
The fluorescence signal was measured by excitation at 280 nm
and collection at 360 nm (1.0 nm bandpass for excitation, 20
nm bandpass for emission). Fluorescence data were fit
following subtraction of a baseline, which was determined
from taking data of the EVH1 domain prior to adding peptide
or, for the dilution experiments, using the data from long after
the exponential signal had stabilized. Data were fit to the
exponential function

—tk,
I(t) = Iﬁnal + (IO - Iﬁnal)e Hots (3)

where I and I; are the equilibrium and initial fluorescence

intensities, respectively, and k., is the rate constant given
By 5534

App
Kp

EVHI™®
koo + kop + kTC/[l + g]

)

where kcr and kp¢ are the cis-to-trans and trans-to-cis rates of
isomerization, respectively. Rates kcp and kpc reflect the
intrinsic isomerization rates when the experiment is performed
in the absence of CypA but increase linearly with CypA
concentration. Equation 4 is an approximation that requires
that the kinetics of binding be fast compared to the kinetics of
isomerization, and that [EVH1%] be treated as a time-
independent parameter. In the dilution experiment,
[EVH17] /KA approximates to 0 and the equation reduces
to kops = ket + krc = ker(1 + 1/Kigor)-

To measure the affinity of binding of the EVH1 domain to
ActA*¥ 3% using tryptophan fluorescence, 50 yM EVHI
domain with 1 uM CypA was incubated in the quartz cuvette
at 25 °C and ActA3¥3* was titrated in 7 yM increments. Data
were collected as a time course to monitor the stability of the
signal. For each titration point, a time course was collected (10
s, 0.1 s interval) and the average fluorescence signal at each
peptide concentration was fit to a standard bimolecular binding
curve in analogy to eqs 1 and 2. As in the NMR titration, the
peptide concentration was scaled by a fitted correction factor to
account for inaccuracies in the extinction coeflicient calculation.
All fitting of fluorescence data was performed by least-squares
minimization using the Solver function in Microsoft Excel.

B RESULTS

The Undefined Domain of IRAK1 Is Conformationally
Heterogeneous. As a first step in the characterization of the
IRAK1/VASP interaction, the "*N-labeled human IRAK1-UD
[residues 101—222 (Figure 1A)] was examined by two-
dimensional NMR spectroscopy. The [“N]IRAK1-UD yields
a "N—'H HSQC spectrum with very narrow peak dispersion,
characteristic of a disordered polypeptide (Figure 1B).
Furthermore, it displays a number of minor peaks at the low
contour level, which, given the 27 proline residues in this
sequence, could be attributed to the cis isomers of the various
X—Pro peptide bonds (demonstrated below). Because cis—trans
isomerization is a slow process with an exchange time constant
(r) on the order of minutes in the absence of isomerase
activity,>> an equilibrium between cis and trans isomers
generally results in two distinct NMR peaks for residues
whose chemical environment differs for the two isomers. The
four Trp indole NHs in this sequence give rise to six peaks
(Figure 1C), with the two W—P motifs (Wy4g—P ;¢ and Wio—
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P,y;) each giving rise to two peaks corresponding to their
comparable cis and trans populations. Unique resonance
assignments of the W, and W,y indole NH peaks were
obtained via mutagenesis (Figure 1C). On the basis of peak
volumes, the equilibrium cis and trans populations of the W s5—
P4 peptide bond are nearly equal (47% cis and 53% trans by
N-'H HSQC, 'H TOCSY, and 1D spectra), yielding an
equilibrium constant (Ki,,) of 1.15 + 0.08, where the
uncertainty is estimated from the variability between different
pairs of peaks and between different spectra. Similarly, the
population of the W,5,—P,, peptide bonds is 35% cis and 65%
trans. This is consistent with the intrinsic tendency of the bulky
tryptophan side chain to induce a large cis population when
preceding a proline residue.”®

By employing three-dimensional TOCSY and NOESY
experiments for the ["*N]IRAK1-UD, and aided by homo-
nuclear TOCSY and NOESY spectra of an IRAKI-derived
peptide encompassing residues Pj5,—K;g [IRAK1'®*7180
(underlined in Figure 1A)], we were able to determine peak
assignments for several residues in and around the
16sWPPPP, ., motif (Table S1 of the Supporting Information).
Several residues within the A165—S173 region exhibited
distinct chemical shifts for the two isomers of the W,4—P 4o
peptide bond, and distinct cis (25%) and trans (75%) peaks
were also observed for the isomers of the S,,;—P,, peptide
bond (Figure S1 of the Supporting Information). Assignments
of the prolyl isomers of the W,4—P,4, peptide bond were made
both by identification of characteristic through-space NOEs to
proline protons from the preceding residue’s @ proton (d,s for
the trans isomer and d,, for the cis isomer) and by exchange
cross peaks in the N ZZ-exchange experiment in the presence
of the isomerase CypA, as described below.

These results, which represent the first structural information
about the proline-rich IRAK1 undefined domain, show that this
domain is conformationally heterogeneous. While the narrow
chemical shift dispersion in the “N—'H HSQC spectrum
indicates rapid exchange between allowed regions of backbone
conformational space, the additional peaks arising from cis—
trans isomerization demonstrate that multiple sites undergo
slow two-state exchange, adding to the conformational richness
of this domain.

Determination of the IRAK1-UD Recognition Se-
quence and Isomer Specificity of Interaction with the
VASP EVH1 Domain. When the ['*NJIRAK1-UD was titrated
with the VASP EVH1 domain, six backbone peaks and one
tryptophan side chain peak moved substantially. These peaks
correspond to the NH groups of A165—A175 (proline residues
in the sequence do not yield ""N—'H HSQC peaks) (Figure
2A,B). This demonstrates that binding is specific for the
16sWPPPP -, motif in the IRAK1-UD and that the interaction is
in fast exchange on the NMR time scale®® (~4000 s7! in this
case). As described above, this region of the IRAK1-UD
sequence exhibits distinct peaks corresponding to the cis and
trans states of the W 4—P 4o peptide bond. While the peaks
corresponding to the trans isomer of the W ,—P 4 peptide
bond move substantially upon binding, the cis isomer peaks
simply decrease in intensity as the EVH1 domain is added,
indicating that the interaction is specific for the trans isomer
(Figure 2A,B). Therefore, a coupled equilibrium model that
includes both cis—trans isomerization and binding (Figure 2C)
is indicated for this system. This result is consistent with the
crystal structures of both the EVHI domain of Mena*® and
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Figure 2. IRAK1-UD/VASP-EVH] interaction is trans-specific. (A)
When the '*N-labeled IRAK1-UD is titrated with the unlabeled VASP
EVHI1 domain in a series of N—'H HSQC spectra, trans isomer
peaks shift between free and bound positions, while peaks
corresponding to the cis isomer only decreases in intensity. Colors
represent the progression of the EVH1 domain concentration, with
red representing data for apo IRAK1-UD and blue for the highest
EVHI domain concentration. The top panel shows a portion of the
backbone amide region of the ""N—"H HSQC series, and the bottom
panel shows the tryptophan side chain region of the spectra. (B)
Composite chemical shift changes of backbone and side chain amides
of IRAK1 residues 165—17S between the apo and final spectra of the
EVH1 domain/["N]IRAK1-UD titration. Black bars represent peaks
corresponding to the trans isomer of W168—P169, and gray bars
represent peaks for the cis isomer, for peaks that were discernible in
the final spectrum. (C) Three-state population shift model, including
cis—trans isomerization in the IRAKI1 protein and trans-specific
binding, used to interpret and fit IRAK1/EVH1 domain binding data.

C

EvI*° bound to ActA peptides, which show a trans peptide bond
between the phenylalanine and the first proline of the bound
FPPPP sequence.

Determination of the Thermodynamics and Kinetics
of the Interaction between the IRAK1-UD and the VASP
EVH1 Domain. To measure the affinity and kinetics of binding
between the IRAK1-UD and the VASP EVHI1 domain, the
['SN]JEVH1 domain was titrated with the unlabeled
IRAK1'%70 peptide (Figure 1A). Use of IRAK1'®*7% rather
than the full IRAK1-UD was preferred because of its solubility
(allowing saturation of the ['*NJEVH1 domain to be
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approached) and its negligible contribution to the molecular
weight of the bound complex. This titration yielded several

resolved peak trajectories (Figure 3A), indicating fast exchange
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Figure 3. Chemical shift mapping to EVHI structure. The ["*N]EVH1
domain was titrated with the IRAKI-derived peptide TRAK1'~'5
and a series of N—'H HSQC spectra (A) were recorded. Colors
indicate peptide concentrations, undergoing a transition between free
(red) and bound (purple) EVHI domain. (B) Composite chemical
shift changes for ['*'N]EVHI peaks between apo and peptide-bound
positions. Chemical shift changes for IRAK1'7 titration are
colored red and changes for ActA’**7** titration blue. (C)
Representation of the solution structure of the VASP EVH1 domain
(PDB entry 1EGX>®) with the IRAK1 peptide-induced chemical shift
perturbations mapped to it. For each residue, the surface
representation is colored according to the greater of the chemical
shift changes of the backbone and side chain amide. Images were
generated using the surface view representation and colored according
to chemical shift perturbation using the data2bfactor.py and
color_b.py scripts from R. L. Campbell’s PyMol script repository at
Queen’s University [Kingston, ON (http://pldserverl.biochem.
queensu.ca/~rlc/work/pymol/)] in PyMOL.”®> The peptide was
modeled into the binding site by homology with the crystal structure
of the Mena EVH1 domain bound to an ActA-derived peptide (PDB
entry 1IEVH").
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on the NMR time scale as was observed from the '*N-labeled
IRAK1-UD perspective (Figure 2). Using the peak assignments
for the VASP EVH! domain (BioMagResBank accession
number 18569%%), we observed that the pattern of chemical
shift perturbations across the EVH1 domain sequence upon
addition of IRAK1'27* closely matches that observed for the
FPPPP motifs of ActA binding to the VASP EVHI domain.”®
This was confirmed by titrating the ['>N]JEVHI domain with an
ActA-derived peptide ActA**3* (,;;FEFPPPPTEDEL,,,) and
comparing chemical shift perturbations (Figure 3B). This
suggests that IRAK1'®7™ binds in the same orientation
displayed by published structures of Ena/VASP EVH1 domain
peptide complexes.*”® The largest perturbations arose from
residues (e.g., W23 side chain, K71, Y72, N73 side chain, A7S,
Q81 side chain, and R83) in the binding surface defined by the
crystal structure of the Mena EVH1 domain/ActA complex,*
as illustrated by mapping chemical shift perturbations to the
EVHI domain solution structure® (Figure 3C). Analysis of 21
'H and 21 N chemical shift data sets yielded an apparent
dissociation constant (K5P) of 203 + 3 uM (example fits are
shown in Figure 4A). This apparent affinity corresponds to a
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Figure 4. Measurement of the affinity and kinetics of binding between
the VASP EVHI domain and an IRAKI-derived peptide. (A)
Composite chemical shift changes between free and bound states for
selected EVHI peaks as a function of peptide concentration
(symbols). The data were fit (solid lines) to obtain an apparent
dissociation constant (Ki&P) of the interaction of 203 + 3 uM. (B)
NMR line shape analysis of selected EVHI1 peaks in the peptide
titration series. 1D slices through the centers of ['*N]JEVH1 domain
peaks were extracted along the "N or 'H dimension, and the data
(symbols) were fit (solid lines) to yield on and off rates for the trans-
specific interaction: k,, = (3.7 £ 0.1) X 10’ M~! s7, and kg = 4000 +
200 s™', where k,, = kosi/ Kp™.
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K& of 109 + 4 uM, adjusted for coupling to the cis—trans
equilibrium (Figure 2D) by
KHPP = KE™(1 + 1/Ky.)

1som

©)

where K™ is the dissociation constant of the trans isomer of
IRAK1 binding to the EVH1 domain and Kj, is the ratio of
trans to cis for the free W 4—P14o peptide bond as determined
above. Titration of the ['*'N]EVHI domain with the full-length
IRAK1-UD yielded a Ki¥? of 280 + 20 uM (data not shown).
This reasonable agreement further validated the use of the
peptide.

Line shape analysis of the titration data given above was
employed to determine the on and off rates of the trans isomer
of the IRAK1-UD binding to the VASP EVHI domain, as
described previously* and in Materials and Methods. The
["N]EVH1 domain peaks that move the most in response to
IRAK1'?7 binding all display a similar pattern of broadening
at intermediate titration points before narrowing as saturation is
reached (Figure 4B). This exchange broadening is dependent
on the difference in chemical shift and the time scale of
exchange between the free and bound states. Each peak that is
resolved throughout the titration therefore potentially provides
two independent measures of the binding kinetics via the peak
line shapes, one in the 'H dimension and one in the N
dimension. Analysis of four line shape data sets (A7S5-'H,
W23sc-'H, W82sc-'H, and Q81sc-*N) yielded a kg of 4000 +
200 s~" and a k,, of (3.7 £ 0.1) x 10" M™' s~ (Figure 4B).
This on rate is near the diffusion limit, as is common for
interactions with proline-rich sequences.”” Repeating this
analysis with the [“N]EVHI/ActA3*3* data (data not
shown) yielded a substantially higher affinity (14 gm) and on
rate [k, = (1.2 + 0.1) X 10° M™' 57!, however, suggesting that
electrostatic steering by the negative charges in this ActA
sequence can contribute to the binding rate and affinity.

Demonstration of Cyclophilin A Catalysis of W,¢—
P, Peptide Bond Isomerization by NMR Spectroscopy.
To test whether CypA catalyzes isomerization of the W —P 49
peptide bond in IRAK1, we applied two-dimensional N ZZ-
exchange NMR experiments to 0.8 mM ['*NJIRAK1-UD in the
presence of 8 uM CypA (Figure SA). N ZZ-exchange
spectroscopy allows for the identification and measurement of
conformational exchange in the range between ~0.1 and 10
s7'>! Because the lower limit of this rate regime is
approximately 1—2 orders of magnitude faster than typical
uncatalyzed cis—trans isomerization rates,” intrinsic (uncata-
lyzed) cis—trans isomerization exchange is not detected in this
experiment, but catalyzed isomerization can be detected. If two
peaks display mutual cross peaks in an N ZZ-exchange
spectrum, it indicates that the same nucleus exchanges between
two distinct states, and monitoring the cross peak intensity as a
function of mixing time allows for measurement of the
exchange rate®' In the SN ZZ-exchange spectra of the
["N]IRAK1-UD, exchange cross peaks between many pairs
of cis and trans isomers of X-Pro motifs throughout the
sequence were observed in the presence of but not in the
absence of CypA, indicating both the general lack of sequence
specificity of CypA activity”>>® and the high conformational
heterogeneity of the proline-rich IRAKI-UD (Figure SA).
CypA-catalyzed isomerization of the ;s WPPPP,,, motif was
quantified using the resolved W4 indole NH cis and trans
peaks that show unambiguous exchange cross peaks (Figure
SA). Analysis of these W4 indole NH exchange cross peaks
and autopeaks yielded the catalyzed cis-to-trans (kcr = 0.83 +
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Figure S. Cyclophilin A catalyzes the isomerization between cis and
trans isomers of W168—P169 in IRAK1. (A) '*N ZZ-exchange spectra
of the [PNJ]IRAKI-UD with a catalytic (8 M) concentration of
CypA. The red spectrum is taken with a mixing time of 0, while the
green spectrum is a summation of multiple spectra with mixing times
of 0.11, 0.22, 0.33, 0.44, 0.55, 0.83, and 1.10 s. The green spectrum
shows cross peaks between pairs of peaks of cis—trans isomers in the
sequence. The top panel shows a section of the backbone amide region
and the bottom panel the tryptophan indole region, featuring the
W168 side chain peaks. (B) Plot of normalized W168sc cross peak
intensities (cross peak divided by autopeak) from the “N ZZ-
exchange experiment as a function of mixing time. Data points are
shown as symbols and fits as lines.

0

0.05 s71) and trans-to-cis (kyc = 0.72 + 0.04 s™') isomerization
rates (Figure SB). The enzyme concentration in this experi-
ment (8 uM CypA) was chosen so that isomerization would be
in this range, as cross peaks are too small to resolve at lower
isomerization rates and the peaks would begin to broaden at
higher rates, complicating analysis. This regime provides the
added advantage that rates can be estimated from the initial
slopes of the cross peak intensities divided by autopeak
intensities.®

Tryptophan Fluorescence Allows Measurement of
Uncatalyzed Prolyl Isomerization and Activation En-
thalpy of the W,¢—P,4, Peptide Bond. In contrast to '*N

3600

ZZ-exchange spectroscopy, fluorescence spectroscopy can be
used to measure slow (7 > 10 s) processes like uncatalyzed
prolyl isomerization.***¢! Tryptophan fluorescence was
employed to measure the kinetics of equilibration over the
isomerization time scale, because both the VASP EVH1 domain
and IRAK1'7"° contain tryptophan residues in or near the
interaction interface. The exquisite sensitivity of tryptophan
fluorescence to local environment provides the potential for
measuring differences not just between free and bound states
but also between the cis and trans isomers of the W ¢—P 49
peptide bond in free IRAK1'7'%, Observation of the cis—trans
isomerization kinetics is possible if the cis and trans populations
can be significantly perturbed from their equilibrium values, and
their return to equilibrium can be monitored. The strict
specificity of the VASP EVHI1 domain/IRAK1-UD interaction
for the trans isomer of the W,4—P 14y peptide bond provides a
mechanism for perturbing this equilibrium, allowing either
enrichment of the free cis isomer by rapid mixing of the two
binding partners at a high concentration ([IRAK1'®*'%] and
[VASP EVHI1] > K}P?) or enrichment of the free trans isomer
by rapid dilution of the complex to a low concentration
([IRAK1'27180] and [VASP EVH1] < K&P), In either case, the
temporal separation of the fast binding reaction and slow prolyl
isomerization allows detection and quantification of the slow,
rate-limiting isomerization process.

When the IRAK1'%*'¥ peptide is mixed with excess VASP
EVHI1 domain, the 53% population of the trans conformation
rapidly reaches its binding equilibrium with the EVH1 domain,
and the free trans conformation is depleted relative to the free
cis conformation. Subsequent conversion of the cis conforma-
tion to the trans conformation (toward equilibrium) provides
additional trans conformation that binds, generating a time-
dependent fluorescence signal that can reflect both equilibra-
tion of isomer populations of the free peptide and the
additional isomerization-dependent binding. The initial binding
phase (to the initial 53% trans conformation) cannot be
observed because it is too fast (4000 s™' as determined by
NMR above) to be resolved under the experimental conditions,
even in stopped-flow experiments. To implement this mixing
experiment, 2 uL of 53 mM IRAK1'#7% peptide was added to
2 mL buffer (final concentration of $3 M IRAK1!627180)
containing a high concentration of the EVHI1 domain (100
¢M) in a quartz cuvette, and a fluorescence signal time course
was recorded. The observed slow increase in tryptophan
fluorescence was well fit by a single exponential with a rate
constant of 0.0025 s™' (Figure 6A). Notably, the observed
change in the fluorescence signal could reflect time-dependent
binding (rate-limited by prolyl isomerizion), the isomerization
of the free peptide itself, or a combination of both.

Direct observation of changes in the fluorescence signal due
to isomerization of the free peptide was achieved using a
dilution approach. When the preformed VASP EVH1 domain/
IRAK1'7" complex is diluted to a concentration below the
KPP, the complex will rapidly dissociate, releasing the peptide.
The released peptide is far from the cis—trans equilibrium, with
high trans and low cis populations. The return of these
populations to their equilibrium values can be monitored by
tryptophan fluorescence if the cis and trans isomers produce
different fluorescence signals. This approach unambiguously
detects the prolyl isomerization kinetics independent of the
binding reaction kinetics, because isomerization is temporally
well separated from the rapid initial dissociation of the diluted
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Figure 6. Tryptophan fluorescence shows cyclophilin A accelerates IRAK1-UD/EVH1 domain binding and equilibration of IRAK1 isomers. (A)
Mixing the IRAK1'*7*% peptide with an excess of the VASP EVH1 domain yields a slow increase in the magnitude of the tryptophan fluorescence
signal that reflects both binding and isomerization. Including CypA in the mixture accelerates this equilibration. (B) Diluting a concentrated stock of
IRAK1'*71% mixed with the VASP EVHI domain to below the K& of the interaction results in a slow decrease in the magnitude of the
fluorescence signal that reflects isomerization of the unbound peptide. CypA accelerates the equilibration of isomers. (C) Dependence of the rate
constant of equilibration in the dilution experiment, k., on CypA concentration. (D) Performing the dilution experiment at different temperatures
shows a strong dependence of k,, on temperature. (E) Erying plots of the cis-to-trans and trans-to-cis rates (kcr and kp, respectively) used to obtain
the activation enthalpy and entropy of IRAK1''% jsomerization. (F) Energy diagram describing cis and trans isomers of W168—P169 in the
IRAK1-UD. The activation enthalpy and entropy for the cis-to-trans transition are specified for 37 °C.

complex, and subsequent binding is negligible at such dilute
concentrations.

To implement this approach, a concentrated mixture of 1
mM VASP EVHI domain and 1 mM IRAK1'%~*" was allowed
to fully equilibrate (>1 h), and then 4 uL of this mixture was
diluted into the cuvette for a final concentration of 2 uM EVH1
and peptide, well below the K&PP. Fast dissociation of the bound
trans peptide occurred in the dead time of the instrument, while
slow equilibration of the cis and trans isomers of the free
peptide was observed as a gradual decrease in the magnitude of
the tryptophan fluorescence signal over the course of 1 h at 25
°C. This demonstrates that the trans isomer of the free peptide
indeed produces a fluorescence intensity higher than that of the
cis isomer, allowing direct detection of the isomerization
kinetics. The data were well fit by a single exponential, yielding
a kg, of 0.00211 s™' (in good agreement with the mixing
experiment). The corresponding intrinsic cis-to-trans (kcr) and
trans-to-cis (kpc) rates of isomerization are 0.00113 and
0.00098 s, respectively, calculated as described in Materials
and Methods. Inclusion of S, 10, and 20 nM cyclophilin A in
the dilution experiment accelerated isomerization by 2-, 4-, and
8-fold, respectively, displaying a linear dependence on CypA
concentration as expected (Figure 6B,C). In addition to the
ability to directly observe the isomerization process, this
experiment has the important advantages of using ~50-fold less
material than the mixing experiment, and avoiding the inner-
filter effect (to which the mixing experiment is susceptible).

3601

To measure the activation enthalpy of W 4—P¢ peptide
bond isomerization, the dilution fluorescence experiment was
performed at different temperatures (Figure 6D,E). The
extraction of individual ko and kpc isomerization rates from
the measured k., was accomplished using a constant value of
115 for Kj,, justified by homonuclear 1D and TOCSY spectra
of IRAK1'*"" that show no temperature dependence of this
parameter. These rates were fit to the linear form of the
Eyring—Polanyi equation:®

In(kerpe/T) = — AHE "™/ (RT) + In(ky/h)

+ ASfT'TC/R (6)
where T is the temperature, R is the gas constant, kg is the
Boltzmann constant, h is Planck’s constant, and AHgT'TC and
AS%T'TC are the activation enthalpy and entropy, respectively, of
cis-to-trans (CT) and trans-to-cis (TC) isomerization. Fitting to
this equation yields slopes that correspond to activation
enthalpies of 105 kJ/mol for both the trans-to-cis and cis-to-
trans conversions and intercepts that correspond to activation
entropies of 48 and 49 J K™ mol™" for the trans-to-cis and cis-
to-trans conversions, respectively (Figure 6E,F). Extrapolation
to physiological temperature (37 °C) yields the population of
trans (53%) and the uncatalyzed isomerization rate (k,, = 0.011
s"). The activation enthalpies and entropies of the cis-to-trans

transition at 37 °C are illustrated in an energy diagram (Figure
6F).
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Tryptophan Fluorescence Shows That Cyclophilin A
“Catalyzes” VASP EVH1 Domain Interactions. Inclusion of
CypA in the mixing experiment described earlier can be
expected to accelerate completion of the trans-specific VASP
EVH1 domain/IRAK] 62180 binding reaction, after the initial
binding of the preexisting trans isomer. In fact, inclusion of 62
nM cyclophilin A in this mixing experiment accelerated the
reaction approximately 15-fold (Figure 6A). However, because
changes in the cis and trans populations give rise to changes in
the fluorescence signal, it is difficult to distinguish between the
fluorescence signal due solely to isomerization of the free
peptide (which would dominate if binding did not give rise to
substantial differences in the fluorescence signal, or if the VASP
EVHI domain is not in excess) and the fluorescence signal
representing CypA-accelerated binding to the VASP EVHI
domain. Thus, while in principle the mixing experiment should
provide the opportunity to observe “CypA-catalyzed binding”
of this trans-specific interaction, the contribution of isomer-
ization of the free peptide to the observed fluorescence signal
precludes detection of a signal dependent solely on binding.

To directly observe CypA acceleration of binding of the
VASP EVH1 domain to a binding partner, the mixing
experiment described above was performed using the
ActA¥¥73% peptide, which also partitions into cis (25%) and
trans (75%) isomers (Figure S2 of the Supporting Informa-
tion). This sequence contains a phenylalanine instead of
tryptophan in the binding motif, and therefore, tryptophan
fluorescence experiments are not sensitive to prolyl isomer-
ization of the free peptide. By contrast, Trp23 in the EVHI
domain binding surface is shielded in the complex relative to
the apo domain, so fluorescence experiments with this peptide
are still sensitive to binding. Titrating the EVHI domain with
this peptide shows that the magnitude of the tryptophan
fluorescence signal of EVHI increases >34% upon binding
(Figure 7A). Mixing ActA**7** with an excess of the EVHI
domain produced an immediate large increase in tryptophan
fluorescence followed by a smaller, slow increase, following an
exponential expression with a rate of 0.0038 s~ (Figure 7B).
This slow phase can be unambiguously interpreted as prolyl
isomerization-limited binding, because the only tryptophan
fluorescence signal arises from the EVHI1 domain in this case.
This measured rate corresponds to the intrinsic trans-to-cis
(0.0012 s7') and cis-to-trans (0.0035 s™') isomerization rates
(Table 1) according to eq 4. Equation 4 accounts for coupling
between isomerization and binding by scaling the intrinsic
trans-to-cis rate by the fraction of free peptide. Inclusion of 62
nM CypA in the mixture accelerated the reaction as expected,
by 10-fold (Figure 7B). This provides a direct example of a
prolyl isomerase, CypA, accelerating an interaction between the
VASP EVHI domain and one of its binding partners.

B DISCUSSION

Here, we have applied biophysical methods to investigate and
quantify binding between the EVH1 domain of VASP and the
undefined domain of IRAKI. Using purified components, we
have demonstrated that the VASP EVHI domain binds to the
16sWPPPP ., motif in the IRAK1-UD, with specificity for the
trans isomer of the W ;—P ¢ peptide bond. Our studies
provide a quantitative thermodynamic and kinetic description
of the coupled equilibrium between W —P 49 cis—trans
isomerization and IRAK1-UD/VASP EVHI domain binding
(Table 1) and demonstrate how acceleration of isomerization
by CypA effectively catalyzes binding. These results provide
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Figure 7. Tryptophan fluorescence shows CypA accelerates ActA/
EVHI1 domain binding. (A) The tryptophan fluorescence signal of the
VASP EVHI domain increases upon binding of ActA**73** allowing
independent measurement of the binding constant (Kj™ = 17 uM,
compared to 14 uM by NMR). Data are shown as symbols, and a fit is
shown as a solid line. (B) Mixing an excess of the EVH1 domain with
ActA¥¥73* results in a slow binding phase that can be accelerated with

a catalytic quantity (62 nM) of CypA.

Table 1. Rates and Equilibrium and Binding Constants for
IRAK1162-180 20 ActA333-340

IRAK1162—180 ACtA333_344
ker (s7h) 0.00113 0.003S
kre (s71) 0.00098 0.0012
[trans]/[cis) 1.15 + 0.08 3.0
ko (s71) 4000 + 200 1800 + 200
kon (M7's7H) (3.7 £ 0.1) x 107 (12 +0.1) x 10°
K& (uM) 109 + 4 14 +1

important insights into a potential role of cis—trans isomer-
ization in innate immunity signaling and offer a possible direct
physical mechanism for connecting IRAK1-mediated signaling
pathways to VASP-mediated regulation of actin cytoskeletal
dynamics. The extension of our studies to the interaction
between the VASP EVHI domain and the L. monocytogenes
surface protein ActA (Table 1) suggests that isomerase-
catalyzed binding in isomer-selective interactions is generally
applicable to other systems. In this broader context, catalysis of
the rate-limiting isomerization step in an isomer-specific
binding reaction represents a largely overlooked function for
peptidyl prolyl isomerase enzymes.

The trans-specific IRAK1-UD/VASP EVHI1 domain inter-
action characterized here can be rationalized by considering the
details of the canonical EVH1 domain/ligand interaction
interface. EVH1 domains employ a conserved network of
aromatic and polar side chains to directly interact with the
carbonyl groups of their proline-rich binding motifs.”> In VASP,
two side chains, GIn81 and Trp23, are positioned to hydrogen

dx.doi.org/10.1021/bi500031e | Biochemistry 2014, 53, 3593—3607
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lower than this K&fP value, the influence of their interaction should be negligible. In the middle panel, activation of the Toll/IL-1 receptor [e.g,,
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conformation of the W 4—P) o peptide bond and capable of interaction with the tetrameric trans-selective VASP EVH1 domain, yielding a rapid but
partial avidity enhancement, with full avidity achieved on the slower time scale of cis—trans isomerization. In the right panel, catalysis by an isomerase
enzyme such as CypA achieves rapid full avidity enhancement of the interaction, effectively linking Toll/IL-1 receptor signaling to actin cytoskeletal

rearrangement via interaction between IRAK1 and VASP.

bond with the carbonyl oxygens of the first proline and third
residue (x) in the (W/F)Px@P motif, respectively. Further-
more, a hydrophobic pocket defined by the side chain
methylenes K71, N73, Q81, and R83 accommodates a
hydrophobic aromatic like tryptophan or phenylalanine or, to
a smaller degree, the aliphatic leucine.”**** Flipping the W/
F—P peptide bond to the cis isomer while constraining the two
hydrogen bonds causes the side chain of the first residue to flip
away from the binding surface (Figure S3 of the Supporting
Information). Thus, the fact that optimal binding requires both
that the side chain of the first residue insert into this pocket and
the carbonyls of the second and third residues hydrogen bond
to side chains in the EVH1 domain can explain the result that
binding is specific for the trans isomer of the W/F—P peptide
bond.

The affinity of the IRAK1/VASP monomer/monomer
interaction quantified here is relatively weak (K3 = 203 + 3
uM). However, a logical mechanism by which this interaction
could be regulated is the oligomerization of IRAK1, because
VASP functions as a constitutive tetramer.®* Avidity can
increase the affinity of a relatively weak 1:1 interaction to an
exponentially enhanced multimer/multimer interaction.’® The
activation of both TLR and IL-1R family members induces their
dimerization.’*®” In mammals, the subsequent intracellular
signaling steps include the assembly of a multiprotein complex
called the Myddosome (Figure 8), nucleated by the intracellular
TIR domains of the receptors. A recent crystal structure
suggests that six MyD88 molecules bind the clustered receptor
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TIR domains and initiate a helical array onto which the death
domains of four IRAK4 molecules and then four IRAK1 (or
IRAK2) molecules assemble.'® This receptor-initiated tetrame-
rization of IRAK1 may significantly increase the extent of the
interaction with the constitutively tetrameric VASP (Figure 8).
Receptor oligomerization has long been understood to be an
important mechanism in signal transduction,®®® especially in
the context of the immune system.”””" In some cases, ligand-
induced oligomerization of a receptor is important for
transducing a signal in a kind of “oligomerization cascade”, in
which formation of a receptor-initiated multimeric complex
induces the subsequent oligomerization of downstream binding
partners.72’73

In the context of a putative tetrameric form of IRAKI, the
conformation-selective IRAK1/VASP interaction also has
important implications for the kinetics of binding. Because
the theoretically tightest interaction is between two tetramers,
the fact that the WPPPP binding site partitions into 47% cis and
53% trans isomers means the tightest interaction would only
initially arise for (0.53)* = 8% of the total available IRAK1
tetramers. Minutes would be required for additional subunits to
convert to the trans isomer in the absence of PPlase activity. A
cytoplasmic prolyl isomerase such as CypA may therefore play
a role in the proper function of VASP interactions by
“catalyzing binding” to its partners, allowing full avidity
enhancement to be achieved on the millisecond time scale
(Figure 8). This principle can be generalized to other isomer-
specific interactions between oligomers. For example, even the
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more modest 25% cis conformation as determined here for one
of the four tandem FPPPP motifs in ActA corresponds to only
(0.75)* 32% ActA molecules with all four motifs
simultaneously in the trans state. An analogy can be drawn to
protein folding, in which the isomerization of multiple proline
residues in the fold of a protein can collectively contribute to
folding kinetics.”*

The involvement of CypA in facilitating a rapid response in
specific signaling pathways has previously been demonstrated.
In addition to its role as a foldase,” there are growing examples
of specific functions for CypA in cell signaling, particularly in
immune cells. CypA regulates a conformational switch in
interleukin-2 tyrosine kinase (Itk) by isomerizing a proline in
the Itk SH2 domain, allowing interconversion between active
and inactive states.”® In another example, CypA isomerizes a
conformational switch in the adaptor protein Crk, also
accelerating conversion between inactive and active conforma-
tions.”” The isomerase activity of CypA has also been found to
be required for cytokinesis in Jurkat cells.”® Our results showing
that the W,4,—P14 peptide bond in the IRAK1-UD partitions
into populations of 47% cis and 53% trans, that only the trans
isomer participates in binding to the VASP EVHI1 domain, and
that CypA accelerates the completion of this 1:1 interaction
suggest another possible use of PPlase-catalyzed isomerization
as a molecular switch in innate immunity signaling.

The WPPPP motif in IRAK1 is the only established
biological VASP binding site that features a tryptophan instead
of a phenylalanine. However, multiple peptide binding studies
have demonstrated a preference of the VASP EVH1 domain for
WPx@P over FPxpP motifs.”**® It should be noted that
phenylalanine is only lower than tryptophan and tyrosine in its
tendencgr to stabilize the cis isomer when preceding a proline
residue.”® Therefore, the nearly equal populations of the cis and
trans isomer states the potential for isomer-specific binding
events are important considerations for FPx¢P motifs as well as
the WPx@P motif described here. Notably, a conformation-
selective interaction with one state in a nearly degenerate two-
state conformational equilibrium (i.e., a three-state population
shift model such as that characterized here) has been shown to
impart optimal properties for signal transmission.”** Briefly, a
degenerate conformational equilibrium allows rapid conforma-
tion-specific binding while still displaying a meaningful change
(a shift in conformational populations) in response to binding.
The near degeneracy of prolyl cis and trans states, such as in
sequence motifs that contain WP, FP, or YP in flexible regions
of proteins, could optimize the regulation of distinct functions
associated with the cis and trans isomers, for example, active and
inactive states. Indeed, CypA-catalyzed isomerization between
prolyl isomer-coupled conformational states (60% trans and
40% cis) in the SH2 domain of ITK allows rapid shifts between
active and inactive ITK states in response to isomer-selective
binding, although in this case the cis population is stabilized by
protein structure rather than the amino acid preceding
proline.®'

It is informative to note that binding between the FPPPP
sequence motif and the EVH1 domain of Ena/VASP proteins
has been previously shown to link receptor-activated signaling
to rearrangement of the actin cytoskeleton. In one example,
polarization of the actin cytoskeleton of helper T cells toward
antigen-presenting cells upon T cell receptor (TCR)
stimulation is dependent on the recruitment of Ena/VASP
proteins to the TCR si%naling complex via a FPPPP motif in
the Fyb/SLAP protein.” In a similar example, phagocytosis in
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macrophages in response to Fc receptor stimulation® was
shown to require Fyb/SLAP recruitment of Ena/VASP proteins
to activated signaling complexes, logically mediated by binding
of the EVHI1 domain to a FPPPP motif in Fyb/SLAP.** This
recruitment was shown to be necessary for the formation of the
actin-based phagocytic cup and for the phagocytosis of
opsonized red blood cells.** In both cases, the FPPPP-mediated
interaction between Ena/VASP proteins and Fyb/SLAP is
crucial to linking receptor activation to cytoskeletal remodeling.
The VASP/IRAKI interaction characterized in vitro here could
provide a similar link between TLR- or IL-1R-mediated
signaling and remodeling of the actin cytoskeleton via a prolyl
cis—trans molecular switch.

The functional link between IRAK1-mediated TLR signaling
pathways and the reorganization of the actin cytoskeleton is
well-established. For example, stimulation of TLR4 with
lipopolysaccharide induces cell migration® and phagocytosiss6
in macrophages. However, varied and complex mechanisms
regulate this functional link, as exemplified by the fact that
lipopolysaccharide can either enhance®” or arrest®® chemotaxis,
depending on cell type and conditions. Our characterization
here of the direct interaction between a component of the TLR
signaling machinery (IRAK1) and a key regulator of the actin
cytoskeleton (VASP) suggests that this physical link might be
one element in this complex functional link.

It was recently reported that in human THP1 and MAT-2
cells, VASP and IRAKI1 co-immunoprecipitate.”> The same
researchers also investigated IRAKI1’s involvement in phos-
phorylation of VASP by PKC. They found that in IRAKI-
deficient murine bone marrow-derived macrophages, activation
of PKC by PMA stimulation resulted in impaired migration and
less sustained VASP phosphorylation than in wild-type cells.*®
These results seem to collectively suggest a key role for the
VASP/IRAKI interaction in macrophage migration. However,
while human IRAK1 contains the WPPPP VASP binding motif
we describe here, murine IRAK1 does not contain any such
motif. In fact, the appearance of the WPPPP binding motif in
human IRAKI is due to an Arg-to-Trp point mutation that
occurred very recently on an evolutionary time scale (Figure S4
of the Supporting Information). It is possible that this is a result
of selective pressure, and indeed, genes in the immune system
tend to evolve more rapidly because of their coevolution with
pathogens.®” Our demonstration of the direct interaction
between the WPPPP motif in human IRAK1 and the VASP
EVHI1 domain suggests a possible recently evolved mechanism
for linking innate immunity signaling to cytoskeletal rearrange-
ment.

The quantification of intrinsic and PPIase-catalyzed peptidyl
prolyl cis—trans isomerization rates for specific sequence motifs
is central to gaining an in-depth understanding of this class of
molecular switches. Here, we have employed tryptophan
fluorescence to measure the intrinsic rate of isomerization of
the W 4—P14 site in IRAK1. To the best of our knowledge,
this is the first example of an experiment that takes advantage of
the difference in tryptophan fluorescence intensities of the cis
and trans isomers of the W—P dipeptide sequence to measure
the kinetics of isomerization of an unstructured peptide. We
have shown both that the isomerase CypA can accelerate
isomerization of IRAK1'®7"* and also (using the tryptophan
fluorescence of the EVH1 domain) that CypA isomerization of
the related sequence in ActA can accelerate binding of ActA to
the EVH1 domain. This represents a direct demonstration of an
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underappreciated role of prolyl isomerases, the acceleration of
isomer-specific protein/protein interactions.

B CONCLUSIONS

The VASP/IRAKI interaction provides an intriguing example
of how, in a binding interaction with a proline motif, the
binding kinetics can be substantially dependent on cis—trans
isomerization. Binding between tetrameric VASP and a
multivalent binding partner such as tetrameric IRAKI1
assembled onto the Myddosome may be especially dependent
on isomerization because the probability of a multivalent
protein being all-trans, given by (% trans)*, is lower than for a
single binding site. Notably, this can be apglied to other known
VASP interaction partners such as zyxin,” lamellipodin,”* and
ActA,”* which have four or five FPx@P motifs in tandem repeat,
or vinculin, which oligomerizes.** Given the relatively weak
affinity of the monomeric VASP EVHI1 domain for its
substrates (19—200 uM), as well as the tendency of VASP
binding sites to exist as tandem repeats, it seems likely that
avidity is a driving force for VASP interactions. Therefore, we
suggest that a cytoplasmic isomerase such as CypA may be
necessary for the proper function of VASP-mediated processes.
However, future studies are needed to experimentally test this
prediction.

B ASSOCIATED CONTENT

© Supporting Information

Chemical shift assignments of IRAK1 Residues A165-A175 for
the cis and trans isomers of W168-P169 (Table S1), TOCSY
data of IRAK1'***% used to assign residues A165—A175 of the
IRAK1-UD (Figure S1), TOCSY data of ActA*™** used to
measure the cis versus trans populations of the F335—P336
peptide bond (Figure S2), a structural model of IRAKI bound
to the EVHI1 domain while adopting the trans or cis isomers
(Figure S3), and an alignment of IRAKI residues 130—208 in
primates, showing that W168 is a recent mutation (Figure S4).
This material is available free of charge via the Internet at
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