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Abstract

The phosphorylation-specific peptidyl-prolyl isomerase Pinl catalyzes the isomerization of the peptide
bond preceding a proline residue between cis and trans isomers. To best understand the mechanisms of Pinl
regulation, rigorous enzymatic assays of isomerization are required. However, most measures of isomerase
activity require significant constraints on substrate sequence and only yield rate constants for

the cis isomer, kgff‘t and apparent Michaelis constants, K,C}pp. By contrast, NMR lineshape analysis is a powerful
tool for determining microscopic rates and populations of each state in a complex binding scheme. The isolated
catalytic domain of Pin1 was employed as a first step towards elucidating the reaction scheme of the full-length
enzyme. A 24-residue phosphopeptide derived from the amyloid precurser protein intracellular domain (AICD)
phosphorylated at Thr668 served as a biologically-relevant Pin1 substrate. Specific 13C labeling at the Pin1-
targeted proline residue provided multiple reporters sensitive to individual isomer binding and on-enzyme
catalysis. We have performed titration experiments and employed lineshape analysis of phosphopeptide *C-*H
constant time HSQC spectra to determine k&5, ki7", K55, and K5 ™ for the catalytic domain of Pin1 acting
on this AICD substrate. The on-enzyme equilibrium value of [E-trans]/[E-cis] = 3.9 suggests that the catalytic
domain of Pinl is optimized to operate on this substrate near equilibrium in the cellular context. This highlights
the power of lineshape analysis for determining the microscopic parameters of enzyme catalysis, and
demonstrates the feasibility of future studies of Pin1-PPlase mutants to gain insights on the catalytic mechanism
of this important enzyme.
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Introduction

Peptidyl-prolyl isomerases, or PPlases, are enzymes that catalyze the isomerization of the peptide bond
preceding a proline residue (Fischer and Aumdiller 2003). The peptide bond between the amide nitrogen and the
carbonyl carbon of the preceding residue is typically in the trans (w = 180) configuration (Fanghanel 2003).
However, in the case of the peptide bond preceding a proline residue, the cis isomer (w = 0) often exists in
equilibrium with trans (Fanghanel 2003). In the absence of stable tertiary structure, such as in short peptides,
the population of the cis isomer can be between approximately 5% and 40%, depending on sequence (Reimer et
al. 1998). Structure or protein—protein interactions can stabilize one isomer preferentially, often leading to
nearly either 0% (Ramelot et al. 2000) or 100% cis (Sarkar et al. 2011). Prolyl isomerases can be important for
facilitating catalysis by isomer-specific enzymes, and are thought to play an important role in facilitating binding
by proteins which recognize only one of the isomers. The importance of this activity is highlighted in the
example of dephosphorylation of the Ser(P)>-Pro® motif in the heptad repeats of the C-terminal domain (CTD) of
RNA polymerase Il (Meinhart and Cramer 2004; Xiang et al. 2010). This dephosphorylation is performed by the
Proline-directed phosphatase Ssu72 which binds specifically to the lower populated cisisomer of the substrate
(Werner-Allen et al. 2011; Xiang et al. 2010). Because phosphorylation and dephosphorylation of the CTD occur
on the same timescale as transcription (milliseconds to seconds) (Skinner et al. 2004), isomerization by the
PPlase Pinl is necessary to allow Ssu72-mediated dephosphorylation to proceed to completion on the proper
timescale. This principle applies similarly to trans-specific phosphatases such as PP2A (Zhou et al. 2000), though
the impact of Pinl activity is presumably most pronounced if there is a substantial population of cis isomer to be
converted.

Pin1 is the only PPlase in humans that is specific for pSer/pThr-Pro motifs (Lu et al. 1996; Ranganathan
et al. 1997). While uncatalyzed inter-conversion between cis and trans isomers occurs naturally with a half-life
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on the order of 100 s (Grathwohl and Wiithrich 1981), the presence of Pinl can speed this exchange by orders of
magnitude into the more biologically relevant timescale of milliseconds. Notably, aberrant function of Pinl is
implicated in cancer (Lu et al. 2006), asthma (Anderson 2005), and Alzheimer’s disease (AD) (Pastorino et

al. 2006). Although Pin1 is a much-studied enzyme, we lack a detailed understanding of the actual significance of
its isomerase activity towards its most-studied substrates, such as the microtubule-associated protein Tau or the
amyloid precursor protein (APP), which are involved in Alzheimer’s disease. In the case of APP, Pin1 knockout
shifts the proteolytic processing fate of APP towards the amyloidogenic pathway in cell culture and mouse
models (Pastorino et al. 2006). This may contribute to Pin1’s established protective role against
neurodegeneration (Meraz-Rios et al. 2010; Pastorino et al. 2006). Pin1 binds to and specifically catalyzes
isomerization of the pT668-P669 motif in APP in vitro (Pastorino et al. 2006), suggesting that the mechanism of
Pin1’s action on APP processing in vivo involves isomerization at this motif (lijima et al. 2000; Lee et al. 2003).
Pin1 is comprised of two domains with similar specificity, a catalytic PPlase domain (hereafter referred to as
Pin1-PPlase) and a type IV WW binding domain (Verdecia et al. 2000). While essential for Pin1 function in vivo
(Lu et al. 2002), the WW domain does not improve catalytic function in vitro on phosphopeptide substrates
(Eckerdt et al. 2005; Peng et al. 2009; Rippmann et al. 2000). Hence, as an important step toward understanding
a key molecular switch involved in the development of AD, focus on the isolated Pin1-PPlase domain avoids
substrate competition with the WW domain and provides the opportunity to obtain a complete description of its
catalytic reaction scheme.

Assays of isomerase activity (Fischer et al. 1983, 1984; Lin and Brandts 1985) commonly employ an
isomer-specific protease such as chymotrypsin, which only cleaves after aromatic residues following a residue
preceded by a transpeptide bond (Xaa-trans-Xaa-Yaa-Xaa, where Yaa is aromatic and Xaa is any amino acid). By
coupling the reversible isomerization reaction with the essentially irreversible cleavage of the peptide bond,
assays can indirectly measure conversion of cis to trans by a PPlase by monitoring the cleavage reaction. This is
accomplished by incorporating the chromogenic compound p-nitroanilide (pNA) after the cleavage site (most
commonly Xaa-Pro-Phe-pNA) and monitoring the change in fluorescence upon release of the pNA. This approach
therefore does not allow for much variation in the sequence of the substrate C-terminal to the isomerized

proline residue. Furthermore, it can only report on the cis-to-trans rate constant, ks, and an “apparent”

Michaelis constant, K,f;pp, which is a composite of the binding constants for the trans and cis conformers. Other
problems with this type of assay include the tendency of proteases to degrade the isomerase, and the likely

possibility that cleavage of the substrate affects the value of Kﬁpp. Other approaches have employed solvent
jumps to perturb the equilibrium of cis and transpopulations of substrates and monitor the return to equilibrium
via UV absorption, exploiting the small differences in UV absorption between the cisand trans isomers (Garcia-
Echeverria et al. 1992, 1993). This, however, imposes similar restriction on substrate sequence because a UV-
absorbing residue such as pNA must be located close to the isomerized peptide bond.

NMR provides direct observation of cis and trans isomers, which due to their slow timescale of
interconversion can be identified as distinct resonances. NMR is therefore another popular tool used for the
study of prolyl isomerization, and had in fact been used to measure intrinsic uncatalyzed isomerization in short
peptides prior to the discovery of prolyl isomerases (Grathwohl and Withrich 1981). Unlike most other
approaches, NMR experiments have the ability to measure isomerization at chemical equilibrium, removing the
need to perturb the cis—trans equilibrium and take time-resolved datasets. CPMG (Korzhnev and Kay 2008) or
R1p (Massi et al. 2004) experiments can measure the catalyzed rate of exchange as well as the rates and
populations of on-enzyme motions. EXSY (Landrieu et al. 2000) and ROESY (Pastorino et al. 2006) experiments
have been used to measure the rate of interconversion between two slowly-exchanging states. However, even
in routine HSQC (Mulder et al. 1996) spectra, the supreme sensitivity of NMR line shapes to the kinetics and
equilibria of individual reaction steps in a complex multi-state scheme is apparent. For complex systems in which
multiple states are at equilibrium, NMR lineshape analysis provides a powerful tool with which to determine the
microscopic kinetic rates and equilibrium constants connecting the different states in the reaction scheme,
complementing these techniques.

The detailed analysis of NMR line shapes is a well-established but underutilized tool for examining
protein interactions and motions that occur within the microsecond to millisecond timescale (Gunther and
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Schaffhausen 2002; Kern et al. 1995; Kovrigin and Loria 2006). The processes of ligand binding and release,
conformational exchange, and enzymatic turnover can all occur on this timescale (Mittermaier and Kay 2009).
While classically applied to 1D NMR spectra, lineshape analysis is easily applied to 2D spectra by peak slice
extraction. NMR lineshape broadening and changes in chemical shift in both dimensions of a series of HSQC
spectra can yield information about kinetics, populations, and unobservable chemical shifts on a residue-specific
basis (Gunther and Schaffhausen 2002). Because lineshape analysis uses data taken at multiple concentrations
of interacting proteins, it is especially applicable to complex models with three, four, or more states (Gunther
and Schaffhausen 2002). Software has been developed to fit lineshape data to multiple, arbitrarily complex
models, allowing easy comparisons between models (http://lineshapekin.net/, http://biophysicslab.net/).
Simultaneously fitting data from multiple peaks can allow a global understanding of complex physical processes
to emerge. In addition to ligand binding and protein dynamics (Craven et al. 1996; Johnson et al. 1998),
lineshape analysis is applicable to the study of catalyic mechanisms and enzyme function, such as that of PPlases
(Kern et al. 1995). The advantages of NMR lineshape analysis over standard biochemical isomerase assays lie in
the ability to use the natural substrate sequence and the convenience of performing experiments at chemical
equilibrium.

Here we present the complete characterization of the reaction scheme of Pin1-PPlase acting on the
pT668-P669 motif in APP using NMR lineshape analysis. A specifically isotopically labeled (}3C- and **N-) APP-
derived phopshopeptide (pAPP659-682, corresponding to residues 659—682 of APP phosphorylated at T668) was
titrated with unlabeled Pin1-PPlase, and the induced line broadening was fit to a four-state model (Fig. 1a). NMR
titration experiments using °N-labeled Pin1-PPlase and unlabeled pAPP659-682 allowed the measurement of

the apparent dissociation constant K;pp for the binding reaction, which was used as a constraint in the

lineshape analysis. This K;pp was in close agreement with that measured for full-length Pinl, indicating that the
isolated Pin1-PPlase domain accurately represents the function of the intact enzyme under these conditions.
Using lineshape analysis, the microscopic rates k<&, and k4™ of catalysis as well as isomer-specific dissociation
constants K5 and K™ were determined. Moreover, 'H-H ROESY exchange experiments were employed to
measure the overall rate of exchange k .xfor both Pin1-PPlase and full-length Pin1, providing independent
validation of the lineshape-derived fitted parameters and further supporting the accurate representation of Pinl
catalytic function by the isolated PPlase domain. Interestingly, the on-enzyme equilibrium
of cis and trans substrate was found to be skewed slightly in favor of trans, suggesting that Pinl may be
optimized to operate on this substrate slightly off-equilibrium.
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Fig. 1 Models used to interpret NMR data. a Four state model for lineshape fitting of *C-pAPP659-682 peptide
isomerization data. This model describes four states: the cis and trans isomers of the peptide in the free state,
and the cis and trans isomers bound to the enzyme. b Three state model of PPlase catalysis for PPlase-
perspective titration data. This model describes Pin1-PPlase catalysis as a three-state process in which the
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PPlase can bind to either the cis or trans isomer of the pAPP659-682 peptide. c Two state approximation for
PPlase-perspective titration data. Interpretation of peak positions with this model requires the approximation
that exchange between the two bound states in the three-state model occurs on the fast chemical shift
timescale. In this model the relative populations are described by a single parameter, the apparent dissociation

A
constant K, pp

Materials and methods

Protein expression and purification

A pET vector [GE Health Sciences] imparting kanamycin resistance was used for recombinant Pin1-
PPlase expression. This vector encodes a protein consisting of an N-terminal His tag and a TEV cut site followed
by the PPlase domain of Pinl (residues 46—163). Protein was expressed in BL21 star Escherichia coli [Invitrogen]
cells grown in 1 L of either LB [BD] or M9 minimal media (using 19 mM NH,ClI [Isotec]) with 50 pg/mL
kanamycin [IBI Scientific]. Cultures were grown at 37°C to an O.D.g00 ~ 0.6, and expression was induced with
1 mM IPTG [CalBioChem] at 15°C for ~20 h. Cells were then pelleted and resuspended in lysis buffer (50 mM
Tris—Hcl [Mallinckrodt Baker], 200 mM NacCl [Mallinckrodt Baker], 10 mM Imidazole [Alfa Aesar], pH 8.0, plus
100 pl protease inhibitor [Sigma], 1 mM DTT [Gold Biotechnology]). Cells were then lysed by freezing and
thawing on ice, adding 1 mg/mL lysozyme [EMD], and sonicating (10 cycles). Cells were then centrifuged at
23,000 g and the supernatant was filtered with a 0.8-um syringe filter [Corning]. Filtrate was then applied to a
nickel-NTA column [Qiagen] and washed with 20 bed volumes wash buffer (50 mM Tris—Hcl, 200 mM NacCl,
18 mM Imidazole, pH 8.0). Protein was then eluted with elution buffer (50 mM Tris—Hcl, 150 mM NaCl, 300 mM
Imidazole, pH 8.0) and dialyzed into cleavage buffer (50 mM Tris—Hcl, pH 8.0). Recombinant His-tagged TEV
protease was then added and the Pin1-PPlase was cleaved from the His-tag overnight at 4°C. The His-tagged TEV
was then removed by putting the cleavage reaction through a second Nickel-NTA column, and the flow-through
containing pure Pin1-PPlase was dialyzed into NMR buffer (10 mM HEPES [Fisher, sodium salt], 1 mM DTT, pH
6.9). NMR samples also included 5 mM NaNj3 [Fisher], 1 mM TCEP [Thermo Scientific], and 7% D,0 [Cambridge
Isotope Laboratories]. Protein was concentrated with VivaSpin-20 5000 MWC centrifugal concentrators [GE].
The concentration of Pin1-PPlase was measured by the UV absorbance spectrum, using the theoretical
extinction coefficient at 280 nm of 7,210 cm™ ML, Protein purity was verified by SDS—PAGE. The pH of buffers
and samples was adjusted using HCI [Mallinckrodt Baker] and NaOH [Sigmal]. All peptides were synthesized using
solid-phase F-moc chemistry at the Tufts University Core Facility, purified, and delivered as a lyophilized powder.
Peptides were dissolved in NMR buffer (plus NaNs, TCEP and D,0), de-salted using a PD MiniTrap gravity column
[GE], and their pH adjusted with NaOH before use.

NMR experiments/data processing

NMR experiments were performed at 25°C on a Varian Inova 600 MHz spectrometer equipped with a
{H,C,N} Z-axis gradient probe. Spectra were processed and analyzed using the software tools nmrPipe (Delaglio
et al. 1995), nmrDraw (Delaglio et al. 1995), and Sparky (Goddard and Kneller 2008). Free induction decays were
apodized using an exponential function to preserve the natural lorentzian lineshape, except for the ROESY data
for which a shifted sine bell function was used, and zero filled prior to Fourier transformation. Peak heights and
positions were measured using the peak detection modules of nmrDraw or Sparky, respectively.

In titration experiments to measure K[’;lpp, 12 mM pAPP659-682 was added to 0.25 mM **N-labeled
Pin1-PPlase, and the peptide was reverse titrated from ~12 to ~0.8 mM by diluting with *N-labeled Pin1-PPlase.
Titration points were taken at peptide concentrations of 12, 7, 4, 2, 0.8, and 0 mM. The concentration of peptide
was measured by UV absorbance based on the theoretical extinction coefficient of 1,209 cm™ M at 280 nm. At
each concentration, a two-dimensional °N-1H fast HSQC spectrum (Mulder et al. 1996) was taken with a
spectral width of 1.7 kHz (8 kHz) in t1 (t2), and a total of 512 (2048) complex data points. A total of 40 scans
were acquired per FID with a 1.0 s delay, for a total time per spectrum of 7 h.

For lineshape analysis titration experiments, ~1.0 mM unlabeled Pin1-PPlase was added to 0.7 mM
labeled peptide and the protein was reverse titrated from 1.0 to 0.06 mM by diluting with labeled peptide.
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Titration points were taken at enzyme concentrations of 1, 0.5, 0.25, 0.1, 0.06, and 0 mM. At each
concentration, a two-dimensional 1*C—'H constant-time (constant time delay of 27 ms) HSQC spectrum (Vuister
and Bax 1992) was taken with a spectral width of 5.5 kHz (8 kHz) in t1 (t2), and a total of 256 (2048) complex
data points. A total of 88 scans were acquired per FID with a with a repetition delay of 1.0 s, for a total time per
spectrum of 7.5 h. Constant-time spectra were taken to prevent splitting in the carbon dimension. Wrapping the
alpha and delta peaks in the 3C dimension allowed for a smaller window with still well-resolved peaks. The *3C
time domain was extended to 512 points by mirror-image linear prediction prior to zero filling.

For rate measurements, 3 mM of peptide was dissolved in NMR buffer and a catalytic amount of Pin1-
PPlase (50 uM) was added. The rate of interconversion between the cis and trans isomers was measured by
taking a series of ROESY (Bax and Davis 1985) spectra with varying mixing times. The rate measurement was
taken with mixing times of 0, 0.01, 0.02, 0.04, 0.06 0.08, 0.10, 0.15, and 0.20 s. Spectral widths used were 6 kHz
in both dimensions, using a total of 192 complex data points in t1 and 2048 in t2. A total of 52 scans per FID
were acquired with a recycle delay of 1.0 s, for a total acquisition time of 64 h.

Data fitting

ROESY peak heights for autopeaks and crosspeaks corresponding to the amide proton of E670 were
obtained using Sparky processing software after baseline correction using a Gaussian fit (Goddard and
Kneller 2008). Peak heights were fit to the two-state solution to the Bloch—McConnell equations (Cavanagh et
al. 2007; McConnell 1958) by least-squares minimization using the Solver function in Microsoft Excel. Fixed
parameters included the transverse relaxation constants for the cis and trans isomers, RY#" and R§%
determined independently by running the ROESY experiment without enzyme present, and the ratio
of trans isomer to cis isomer, K 4, determined independently by comparing peak volumes of the two isomers.
The cisautopeak was broadened significantly relative to the trans autopeak upon addition of Pin1-PPlase due to
the high rate of isomerization. To accommodate this, the data was fit using an additional fitted parameter, I?C,
which scales the intensity of the trans-to-cis cross-peak. Other fitted parameters included the initial intensities
of autopeaks, I2. and I2., and the overall rate of isomerization, k . Errors were determined by Monte Carlo
analysis, using the noise of the spectrum as experimental error and fitting in Matlab 2010a (The MathWorks,
Inc.)

Lineshape fitting was performed using the BiophysicsLab Matlab package (Kovrigin, E.L., manuscript in
preparation, http://biophysicslab.net). BiophysicsLab fits data extracted as 1D slices from Sparky (Goddard and
Kneller 2008) using a custom Python extension BiophysicsLab 1D NMR. *H-dimension slices
from cis and trans peaks of the 3C-labeled phosphopeptide were extracted separately and normalized by the
area under each peak to correct for broadening in the *C dimension. Cis and trans datasets were then added
together (weighting appropriately) before lineshape fitting. Data was fit to the four-state reaction scheme in
Fig. 1, which considers both the free and bound states of both isomers.

Fitted parameters included the on-enzyme equilibrium constant (Keb;u"d), the on-enzyme catalysis rate

from trans-to-cis (k{h%™), and the chemical shifts of the proline resonances in the bound peptide

(vErans and vgs,. ;). Constrained parameters included the apparent dissociation constant (K[’;lpp), the

equilibrium constant for the cis and trans isomers of the free peptide (K ¢¢), the intrinsic (uncatalyzed) rate
from trans-to-cis (ki) obtained by measuring isomer-specific binding kinetics (unpublished data), the chemical

shifts (vfyes”® and vfcrisée) and linewidths (R;Bee) of the proline resonances in the free peptide, and the small *H-

IH J-couplings between proline ring protons (J4;). Because the parameters K o;, VETnS, vEs - and R{I)ee

free are intrinsic to the free peptide, and easily measured using only the apo spectrum, these parameters were
fit once from the apo spectrum and held constant during lineshape fitting. The numerous couplings between
proline protons, quH, are available in the literature (Aliev and Courtier-Murias 2007) and thus held constant. The
parameters K[’;lpp and k,f?t were not deemed to be reliably extractable parameters from the lineshape titration
data, and so were obtained using independent experiments (enzyme-perspective titration, below, and binding
kinetics, data not shown). Likewise, the contributions to the apparent transverse relaxation rates of resonances

from the bound peptide not due to exchange (Ré’_‘(’,”"d) and the reverse binding rate
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constants kgjff and ké;‘}"s were not deemed to be reliably extractable parameters, so rather than fitting for

them they were constrained and systematically varied to assess the impact of their values on the results and
quality of the fit, as discussed in results and discussion as well as supplementary information (table S-1).

BiophysicsLab fits titration lineshape data with the Bloch—McConnell equations in the following way: the
population column vector P (1a), which describes the populations of the four states (p ;; free cis, free trans,
bound cisand bound trans), is calculated for each spectrum using the thermodynamic parameters Kgpp, Keq,
and Keb;”"d, and the total enzyme/peptide concentrations at each titration point (supplementary information,
equations S-1, S-2, S-3). The rate matrix, which describes the equilibrium rate equations for the four species, is
then calculated for each spectrum using the calculated population of free Pin1-PPlase (PPlase/"¢¢) (1b). The
first-order rates for binding and isomerization are featured in the diagonal and off-diagonal elements of the rate
matrix. The chemical shifts (v ;) of each of the four states appear as the diagonal elements of a square matrix
(1c, term 2). Likewise, the apparent transverse relaxation rates of resonances not due to exchange (Ré’o) appear
in a second matrix (1c, term 1), and the frequency variable v appears in a third (1d). The simulated spectrum is
given by (1e) in the absence of three-bond proton coupling. To account for the small scalar coupling between
proline ring protons, the final simulated spectrum was expressed as a sum of lorentzians that took the form of
(1e) with various small offsets in v according to the scalar coupling constants reported in the literature (Aliev and
Courtier-Murias 2007) (supplementary information, equations S-4 and S-5 and table S-2). This classical approach
is justified if scalar couplings are small compared to natural linewidths and exchange rates, as they are here
(discussed in detail in supplementary information).

4 [pPAPP659 — 682¢5]
po[P2]|_ [pPAPP659 — 6821715] »
Ps [PPlase:pAPP659 — 682¢]
P4 [PPlase:pAPP659 — 682L7ans]
/—( oF + kS - PPlase/ ™) ke o5 0
. kit — (ki + k&S - PPlase/"¢¢) 0 kg (1)
kys - PPlase/ ¢ 0 — (k&8s + kSFp) kéat™
0 kG - PPlase/ e St —(k&at™ + kg™
/R%_O 0o 0 0 vi 0 0 0
0 R%,o 0 0 0 v, 0 O
M, = | 0 0 R, O | — 27i 0 0 1. 0 —k (1c)
\ 0 0 0 R 00 0 v
100 0
_ 0100
M, = 2nv 00 1 0 (1d)
000 1

S1(v) = RealQ(Inv(M; + M,) X P)).(1e)
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Fitting was performed using the truncated Newton interior-point method (Kim et al. 2007) in Matlab
2010a (The MathWorks, Inc.) The quality of the fit was assessed by calculating the sum of squares of residuals,
which are normalized by the square of the RMS noise of each spectrum. Fit results were insensitive to the
starting values of fit parameters, indicating that in all cases a true minimum was reached. As errors we report
the variations in the fitted parameters from varying Kgpp within its standard deviation of measurement of

0.3 mM. Uncertainty in Kgpp was deemed the largest single source of uncertainty in the fit, as varying other
constrained parameters or the experimental data itself within their uncertainties did not impact the fit as much
(supplementary information, table S-1).

Results and discussion

Measurement of Kl‘;pp by NMR titration experiments

The Pin1-PPlase/pAPP659-682 interaction from the substrate perspective is represented by a four-state
binding scheme (Fig. 1a) that is described by seven independent rate, equilibrium, or binding constants. In order
to minimize the number of fitted parameters in the linshape analysis, the overall apparent binding
constant (K;‘pp) of Pin1-PPlase and pAPP659-682 was measured using a chemical shift perturbation approach in
an independent experiment. Since the binding of Pin1-PPlase to the pAPP659-682 peptide is very weak

(Kl‘)qpp ~ 1 mM), it was not possible to reliably measure the binding constant from substrate-perspective titration
data due to the limited solubility of Pin1-PPlase. Therefore, the apparent affinity was measured from the
perspective of the °N-labeled Pin1-PPlase domain. Pin1-PPlase exchanges between three states (free, cis-bound
and trans-bound) during catalysis (Fig. 1b). However, approximation of the Pin1-PPlase interaction with the

peptide substrate as a two-state (free and bound) exchange process with an equivalent K[‘;‘pp (Fig. 1c) is
reasonable if exchange between the bound cis and bound transstates is fast on the chemical shift timescale. A
series of >’N—'H HSQC spectra of 0.25 mM *N-labeled Pin1-PPlase was acquired while titrating with unlabeled
pAPP659-682 peptide (soluble up to at least 12 mM). Backbone amide resonances moved progressively during
the titration and followed a single trajectory rather than splitting into two peaks (Fig. 2), justifying the two-state
approximation (Fig. 1c). The chemical shifts of selected residues were fit to the equation for fast exchange

(k on + k off > w) between two states:

KAPP+ P14+ {L- | (KAPP+ [P+ U411

— max
Aw = Aw 2171 (2)

where [P] refers to the PPlase enzyme concentration, [L] refers to the pAPP659-682 peptide concentration, and
Aw is the composite chemical shift perturbation which is given by (Ayed et al. 2001; Mulder et al. 1999)

Aw = \/(wH — ;P2 + (0.154 - (wy — w2
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Fig. 2 Chemical shift perturbation of *N-labeled Pin1-PPlase upon titration with unlabeled pAPP659-682
peptide. Overlay of *>’N-'H HSQC spectra of 0.25 mM ®N-labeled Pin1-PPlase with varying amounts of unlabeled
pAPP659-682 peptide, from 0 mM (red) to 12 mM (purple). Expanded regions (above) show example peak

trajectories used in the determination of K;‘pp
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Residues that provided the best fits were in close agreement with each other, yielding a K;pp of
1.3 £ 0.3 mM, where error is the standard deviation across 10 individually fit peak walks (Fig. 3a). A global fit of
the same 10 residues also yielded an identical K;‘pp of 1.3 mM. This dissociation constant represents a weighted
sum of the binding affinities for each isomer, cis and trans, of the substrate peptide:

gAvr — _Keatl g
D T Keq 4+t
S
KDTaTlS K%ls

where K., = 13.6 £ 0.7 is the ratio of free trans isomer to free cis isomer, as determined from the ratio of
[trans peak/cis peak] volumes in a 3C—H HSQC spectrum of pAPP659-682 (error is standard deviation across
three sets of peaks). The K;‘pp of 1.3 mM provides a useful constraint on the fitted

parameters K% and K5 accessible from lineshape analysis as described below.
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Fig. 3 Overall binding constant of Pin1 for pAPP659-682 is approximately independent of the presence of the

WW domain. To measure the apparent ligand binding affinity, K[‘;‘pp, 1>N-labeled PPlase domain (a) or full-length
Pin1 (b) were titrated with the APP-derived phosphopeptide pAPP659-682 and a series of 2D ®N-H HSQC
spectra were acquired. The chemical shift perturbation, Aw (see main text), is plotted for a subset of residues

that were used to determine K[‘;‘pp for each protein

In order to assess the pertinence of using the isolated PPlase domain as a model to study Pin1 activity,
this analysis was repeated with labeled full-length Pin1 (Fig. 3b). In this case, individual fitting of 7 residues

yielded a K[’,‘lpp’(PPiase) of 2.2 + 1.3 mM, while a global fit yielded K[’,‘lpp’(PPiase) = 1.5mM. Because the
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corresponding values in full-length-Pin1 and isolated PPlase are within error of each other, as well as the close
correspondence of the globally fit values, we concluded that Pin1-PPlase binding to pAPP659-682 is essentially
independent of the presence of the WW domain under the experimental conditions used.

Lineshape analysis yields kinetic rates and equilibrium constant for Pin1-PPlase
isomerization of pAPP659-682

The kinetic rates and equilibrium constants describing catalysis by the Pin1 PPlase domain acting on the
pT668-P669 motif were next extracted from the lineshapes of nuclei on the pAPP659-682 phosphopeptide
substrate. Although measuring dynamics from the perspective of a saturated enzyme provides a wealth of
information about enzyme function and mechanisms, the acquired data can be ambiguous to interpret. Enzyme-
perspective dynamics can represent substrate turnover, but they can also represent numerous other exchange
processes, related or not related to catalysis (Bosco et al. 2010). Furthermore, depending on the catalytic
mechanism and the timescale of substrate binding, resonances from enzyme nuclei may not be sensitive to the
actual process of substrate turnover. For these reasons, we sought to measure catalysis by the Pinl PPlase
domain primarily by considering the lineshapes of nuclei on the substrate, which exchange between four states
(free cis, free trans, bound cis and bound trans, Fig. 1a). This approach provides the most direct measure of the
actual catalytic activity, although it does not by itself provide information about the various residues and
motions in the enzyme that contribute to catalysis as enzyme-perspective analysis can (Labeikovsky et al. 2007).
We utilized a specifically labeled phosphopeptide, identical to pAPP659-682 but 3C and '°N labeled at Pro669
(13C-pAPP659-682). A constant-time 'H-'*C HSQC of 3C-pAPP659-682 contains peaks corresponding to the alpha
proton as well as the two beta, two gamma, and two delta protons of the proline ring (Fig. 4). Each proton
yielded two peaks, a large peak corresponding to the trans isomer and a smaller peak corresponding to
the cis isomer. With the exception of the gamma protons, which have overlap in their trans isomer peaks, and
the delta protons, which have overlap in their cis isomer peaks, these peaks are well-resolved from each other.
The generally large chemical shift differences between the cis and transisomer resonances (e.g. ~0.5 ppm in
the H dimension for the alpha proton) ensure that their linewidths are particularly sensitive to catalyzed
exchange between the two states on the second-to-millisecond timescale. Furthermore, the presence of five
sets of well-resolved peaks associated with the major trans population (Ha, HB1, HB2, H61, H62) allows for a
global analysis, which can yield a much more reliable fit than analysis of a single pair of resonances.
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Fig. 4 13C-'H constant-time HSQC spectrum of specifically labeled *C-pAPP659-682 peptide. A 3C-'H constant-
time HSQC (constant time delay of 27 ms) of the APP-derived phosphopeptide *C-pAPP659-682, specifically 3C
labeled on Proline 669, yields a spectrum with peaks corresponding to the proline sidechain protons in both
the trans and cisconformations. Both negative (alpha, delta protons) and positive (gamma, beta protons) peaks
are shown in black. The alpha proton peaks are split in the carbon dimension due to coupling with the 3C-
labeled carbonyl carbon. The trans peaks of the gamma protons were found to overlap, and therefore not
considered in the lineshape analysis. (inset) Delta proton peaks

The four-state binding scheme for the Pin1-PPlase/pAPP659-682 interaction (Fig. 1a) is described by
three independent equilibrium or binding constants (the ratio of the trans to cis isomers of the free

peptide, K, = kI /kiD", the on-enzyme equilibrium constant, K59%"® = k&5, /kL74", and the overall
apparent binding constant K;‘pp, as defined in (3)) as well as four independent rate constants (the uncatalyzed
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and catalyzed conversion rates from cis-to-trans, k2t and kS5, and off rates for

the cis and trans isomers, kg}iff and kf,’}”f‘"s). In order to determine these microscopic rates and equilibria,
lineshape analysis was performed on a series of constant-time 3C—'H HSQC spectra of *C-pAPP659-682 with
varying concentrations of unlabeled Pin1-PPlase. Resonances corresponding to the trans isomer typically
showed a small upfield shift and modest, progressive broadening (Fig. 5). In all cases, the peaks corresponding to
the cis isomer broadened substantially upon addition of even low (60 uUM) concentrations of enzyme. This can be
expected because, in the limit of slow exchange, exchange broadening preferentially affects the minor
exchanging component as it has a shorter lifetime (faster rate constant) (Wang and Palmer 2003). Because of
this, essentially only the apo peak positions for cis peaks impacted the fit. Constant-time HSQC spectra were
utilized to eliminate splitting in the carbon dimension, and to provide resolution of peaks that would otherwise
be overlapped in the H dimension. However, use of constant-time C evolution precluded lineshape analysis in
this dimension, since this mode of evolution provides no encoding of exchange processes into the 3C

lineshapes.
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Fig. 5 NMR lineshape fitting of 3C-pAPP659-682 peptide titration data. Individual *H lineshapes for five well-
resolved *C-bonded protons of Pro669 (a—f) were globally fit using lineshape analysis. Stack plots show
extracted 1D slices (frequency axis expressed in ppm) from 2D *C-'H constant-time HSQC spectra of

0.7 mM 3C-pAPP659-682 peptide with varying concentrations of unlabeled Pin1-PPlase, from 0 mM (black dots)
to 1 mM (magenta dots). The corresponding best-fit globally analyzed lineshapes are shown as solid lines in
matching colors. Close proximity of cis-Pro669 aH to the water resonance detracted from its inclusion in

the stack plot (a); lineshapes of trans-Pro669 aH are shown in more detail (b)

Proton dimension peak slices were extracted using the BiophysicsLab Sparky extension (Kovrigin,
E.L., http://biophysicslab.net). To allow simultaneous visualization and analysis of data from both
the trans and cis peaks, peak slices from each isomer of a given nucleus were added together in Matlab to
generate a single 1D *H spectrum containing both isomer peaks. The resulting 1D *H spectra were then fit to a
four-state model that considered the bound trans and bound cis states as well as apo trans and cis states
(Fig. 1a). The on-enzyme apparent transverse relaxation rate in the absence of exchange (Ré’,%u"d) was
constrained to be 20 Hz, the average value for aliphatic protons in the enzyme. The theoretical value of the
transverse relaxation rate for a 1*C-attached proton in a 16 kDa complex was also calculated to be 17 Hz using
Stokes’ law and Fig. 1.6 in Cavanagh et al. (2007). Because varying this constrained parameter within a range of
14 Hz did not impact the result or quality of the fit substantially (table S-1), this approach was deemed valid.
Because in general these H lineshapes exhibited small splitting due to J-coupling between the proline ring
protons, each peak was modeled as a superposition of lorentzians, using the literature scalar coupling values
between the ring protons of I-proline as reported by (Aliev and Courtier-Murias 2007) (detailed in
supplementary information). In order to obtain consistent results, it was necessary to simultaneously consider
all five groups of peaks in a global fit. The obtained rate, equilibrium, and dissociation constants are presented in
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the top section of Table 1, while constrained global parameters and nucleus-specific parameters are presented
in the bottom section.

Table 1 Summary of fitted and constrained parameters
Fit parameters = On-enzyme trans/cis = KtransDKDtrans(mM) KcisDKDcis(mM) = On-enzyme ke (s™)

3.9+0.8 15+04 04+0.1 1,500 + 100
Constraine  Free trans/ci KAppDKDApp(m  Uncatalyzed kex(s~ KcisoffKoffcis(s™ = KtransoffKofftrans(s
d s? M)b l)c l)d —l)d
parameter
s
13.6+0.7 1.3+03 0.0085 + 0.0008 24,000 220,000

Proline protons Aw trans(ppm) Aw cis(ppm) Rfree2,0(Hz)R2,0free(Hz)
Nucleus-specific parameters | Ha -0.075 -0.197 4.4

HPB:1 -0.074 -0.477 5.0

HB> -0.040 -0.434 4.3

H&:1 -0.019 0.357 4.7

Hé&> -0.038 -0.143 4.8

2Determined from peak volumes

Determined from NMR titration of enzyme
‘Determined from binding kinetics (data not shown)
dAssuming a diffusion-limited on-rate of 210’ M~* 57!

The value obtained for the on-enzyme rate of exchange, k2944 = S5, + kT9mS was 1,500 + 100 5%, in
very close agreement with the rate of conformational exchange during catalysis of a model peptide
(1,200 + 200 s7%) as detected by Labeikovsky et al. (2007). Furthermore, since that study showed similar motions
in the free enzyme, this measurement seems to suggest that the rates of Pin1 catalysis are dictated by intrinsic
motions that are largely independent of the actual substrate. The ratio of bound trans to bound cis Ké’;und was
found to be 3.9 £ 0.8, which may indicate a role for the enzyme in restoring equilibrium to this substrate when it
is skewed slightly towards the cis isomer, as discussed later. Determination of this ratio allows for the separation
of the apparent Kgpp into the isomer-specific binding constants K5 = 1.5 + 0.4mM and K5 = 0.4 +
0.1mM, using (3) and the definition Kf,is = 0.4 + 0.1mM. Errors were obtained by propagating the errors
in K[’;lpp, Ké’;und and K .

The dissociation rates kg}iff and k7" were found to have only a small effect on the fit unless they were
constrained to be below 1,000 s7%, which reduced the quality of the fit (supplementary information, table S-1).
This observation suggests that kg}iff and kg’}jens are sufficiently fast as to have no significant impact on
lineshapes. This interpretation is consistent with the enzyme-perspective data, which indicated fast exchange.
Assuming diffusion-limited on-rates of greater than 10’ M™* s, we can only bracket kgj'ff and kf,?‘}"s as greater
than 4,000 and 20,000 s, respectively.

The best global fit of the data yielded rather large chemical shift changes for the bound cis populations
of the beta protons and one of the delta protons, on the order of 0.4 ppm. While not unusual for chemical shift
changes due to protein—ligand interactions, these were significantly larger than those for the trans peaks. This
may reflect a distinct environment for the cis isomer in the active site of the enzyme, possibly involving closer
interactions with the proline ring than for the trans isomer. It should be noted that in the fitting these three
chemical shift changes diverged to even larger values when left unconstrained, and that the values presented
reflect the upper or lower allowed limits in the fit. Loosening the limits, however, did not result in a substantially
improved fit. Therefore, the reported bound chemical shifts for the cis isomer, while approximate, clearly
indicate a significant change in chemical environment upon binding to the active site.

In order to construct the energy diagram of Pin1-PPlase catalysis, free energies for each of the four
states in the model were calculated using the equations
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AGb?nd == kBT . ln(KD) (4a)

AGCES — pAGETaNs — kBT . ln(Keq) (4b)
where AGP™¢ is the Gibbs free energy of binding for each isomer, k sis the Boltzmann constant, T is
temperature, K pis the dissociation constant for each isomer, AGS — AG™S is the difference between the
Gibbs free energies of the cis and trans isomers, and K qis the ratio of free trans and cispopulations. Activation

energies were calculated using the Eyring equation:

AG! = kpT - InGED) (5)

where AG! refers to the activation barrier (catalyzed or uncatalyzed) for either the cis (i = ct) or trans (i = tc)
isomer, h is Planck’s constant, and k 'is the measured rate of exchange (catalyzed or uncatalyzed)

between cis and trans (i = ct) or between trans and cis (i = tc). The values obtained for the peptide bond torsion
barrier on (55.4 kiJ/mol) and off (84.8 kJ/mol) the enzyme are in good agreement with published measurements
and estimates for these values (Kofron et al. 1991; Park et al. 1992; Schutkowski et al. 1998).

Measurement of overall cis/trans exchange by ROESY

As a validation of the best-fit parameters, the catalyzed rate of exchange between
the cis and trans isomers was measured by *H-'H ROESY experiments. A catalytic amount of PPlase (50 pM) was
added to a 3 mM sample of unlabeled pAPP659-682 and *H-'H ROESY spectra were taken with a series of mixing
times. In the absence of Pin1, the cis and transconformations of the amide backbone resonance of E670 are
resolved and do not detectably exchange in a ROESY spectrum. Upon addition of Pin1, chemical exchange
crosspeaks appear and vary in intensity as a function of mixing time. The intensities of auto-peaks
(cis and trans, I .. (t) and | «(t)) and cross-peaks (trans-to-cis and cis-to-trans, | «(t) and I «(t)) were obtained and
fit to the two-state solution of the Bloch—McConnell equations (Cavanagh et al. 2007; McConnell 1958) to
extract out the rate of isomerization (Fig. 6a). All four curves for cross- and auto-peaks were simultaneously fit
to obtain rates. The value of koy = Kcisotrans + Keransocis = 41 £ 1s™1 was obtained and found to be in
excellent agreement with the value of 47 s™* predicted by the measured microscopic rates, using the reversible

. . . ktr(gns kCiSt [E]tot . i i
Michaelis—Menten equation k., = (# + KCC‘}S erans e When this analysis was repeated with full-length
D D

Kg"ans Kf)is
Pin1 (Fig. 6b), a value of k,, = 28 + 1s~! was obtained. Although this is modestly lower than the value for the
isolated PPlase domain, we concluded that there is no drastic difference in catalysis of pAPP659-682 by Pin1-
PPlase and full-length Pin1 under the conditions of the experiment, validating our approach of focusing on the

isolated catalytic domain.
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Fig. 6 In order to measure isomerization rates, a series of *H-'H ROESY spectra of 3.0 mM pAPP659-682 were
taken in the presence of 50 UM PPlase (a) or Full-length Pin1 (b). Shown are the build-up normalized cross-peak
curves ltc/Ittltc/Itt as a function of mixing time t mix. The rate of isomerization was determined by fitting auto-
and cross-peaks, yielding a koy = Keisotrans + Kerans—cis Of 41+ 1 s7* for the PPlase domain and 28 + 1 s™ for
full-length Pin1

A complete description of the Pin1-PPlase thermodynamic cycle for catalysis of a

biological substrate

Taken together, the results obtained here provide a complete kinetic and thermodynamic description of
the Pinl1-PPlase cycle for isomerization of a phosphopeptide corresponding to the Pinl-targeted motif in the
intracellular domain of APP. The kinetic rates for each individual step and the corresponding equilibrium
constants have been determined (Fig. 1a; Table 1). A diagram mapping the corresponding relative free energies
of each state (Fig. 7) illustrates that the modest binding energies for each isomer (19.2 and 16.1 kJ for
the cis and trans isomers, respectively), combined with the more favorable binding to the syn transition state
(49 kl/mol, or 11.6 kcal/mol) result in a lowering of the activation barrier by 29.4 kJ (7.0 kcal/mol) relative to the
uncatalyzed reaction. This enzymatic reduction of the N—C' torsion barrier is comparable to that reported for
other PPlase enzymes such as FKBP and CypA (Dugave and Demange 2003; Fischer et al. 1993; Kofron et
al. 1991; Lu et al. 2007; Park et al. 1992). Overall, these results provide the microscopic constants associated
with the multi-state thermodynamic cycle of the Pinl catalytic domain, and demonstrate that these parameters
that quantitatively describe the activity of Pinl on this important biological target are similar to those for other
well-studied PPlase enzymes acting on their biological substrates.
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Fig. 7 Free energy diagram of Pin1-PPlase catalysis. The binding, equilibrium, and rate constants obtained

by lineshape fitting (Table 1) were used to calculate the energy diagram of the PPlase-pAPP659-682
isomerization reaction. The determined equilibrium and binding constants were used to elucidate the
thermodynamic cycle of PPlase binding to the cis and trans isomers of pAPP659-682 (4a, 4b). The measured
rates of isomerization were used to determine the activation barriers between the two states either on or off
the enzyme (5)

Implications of K i»: for function of Pinl

The internal equilibrium constant, K j,:, of an enzyme is defined as the ratio of bound substrate to bound
product at equilibrium K,y = ([ES]eq/[EP]eq)- The catalytic efficiency of an enzyme is highly dependent on the
relationship between the value of K i,rand the conditions under which the enzyme operates. For an enzyme that
operates near equilibrium of its substrates and products, the optimal value of K j,:is 1 (Burbaum et al. 1989).
However, for an enzyme that operates far from equilibrium, the optimal value of K intis correspondingly skewed.
Specifically, if the ratio of substrate to product is much lower than the equilibrium value ([S]/[P] > [S]eq/
[P]eq) the optimal value of K j»:is correspondingly increased (K in: > 1). There is still a limited understanding of
the role of Pinl-catalyzed isomerization of many of its substrates, such as the AICD of APP (Pastorino et
al. 2006). An important factor when considering a mechanism of Pin1 function is the value of K j,:. For example,
if Pin1 exhibits a significantly skewed K ;s for the pAPP659-682 it may indicate that Pinl is optimized to operate
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far from equilibrium in its isomerization of this substrate. This in turn would have implications for the role of
isomerization in the biological system, i.e. whether Pinl serves to restore equilibrium to a population of
substrates abnormally enriched for the cis isomer or the trans isomer. The measured value of K j,:for the
pAPP659-682/Pin1-PPlase complex is 3.9, which may suggest Pinl is optimized to restore equilibrium to the
AICD under conditions where it is slightly skewed towards the cis isomer. Pinl has evolved under selective
pressure from multiple substrates (Lu and Zhou 2007), so it should not be assumed that Pin1 is optimized for its
catalysis of the AICD; however, this result is suggestive because evidence exists that implicates the cis isomer of
the pT668-P669 motif in the AICD in amyloidogenic processing of APP (lijima et al. 2000; Lee et al. 2003; Ramelot
and Nicholson 2001), and Pin1 protects against this (Pastorino et al. 2006). Future work on other substrates such
as the heptad motifs in the CTD of RNA Polymerase Il (Buratowski 2003) should provide insights into the
significance of the value of K jn:.

Concluding remarks

During the past 20 years, the power of NMR spectroscopy for elucidating the detailed motions of
proteins has dramatically increased, with decisive contributions from Lewis Kay and his research group (Grishaev
et al. 2008; Hansen et al. 20084, b; Religa et al. 2010; Sprangers and Kay 2007; Vallurupalli et al. 2008).
Particularly important is the development of methods to detect and characterize microsecond to millisecond
timescale motions via CPMG (Hansen et al. 2008a) or R 1, (Massi et al. 2004) relaxation experiments that yield
dispersion profiles that can be fit to reveal rates, populations and chemical shifts associated with exchange
processes. These methods have opened important windows into motions that occur on the timescale of many
biological processes, and have greatly enhanced our understanding of relationships between internal protein
motions and function (Mittermaier and Kay 2009). While the interpretation of relaxation dispersion profiles has
been extended to three-state (Sugase et al. 2007) and four state (Li et al. 2008) exchange processes, the
complexity of the exchange reaction remains the major limitation of these methods. Here we have applied
classic lineshape analysis as a complementary approach for measuring exchange processes (k ex < 10° s™?) that
offers the advantage of being based on the convenient and sensitive HSQC experiment (Mulder et al. 1996).

This study highlights the ability of NMR lineshape analysis to provide a quantitative description of
functional motions during catalysis for the four-state reaction scheme of Pin1-PPlase acting on a biological
substrate involved in the pathogenesis of Alzheimer’s disease. Lineshape analysis of the 3C-Pro-labeled
substrate yielded individual kinetic rates, equilibrium constants, and an overall catalytic rate that was
independently verified using ROESY exchange spectroscopy. Importantly, since *C-labeled proline yields a very
characteristic spectrum with many well-resolved alpha, beta, delta, and gamma proton peaks, this labeling
strategy coupled with lineshape analysis is applicable to the study of any prolyl isomerase and any peptide
substrate. Our results support the interpretation of CPMG-derived chemical exchange occurring in and near the
active site of Pin1-PPlase saturated with an optimized peptide substrate as on-enzyme isomerization of the
substrate (Labeikovsky et al. 2007). These results further suggest that, since similar on-enzyme exchange rates
were observed for distinctly different substrates, the intrinsic motions of Pin1-PPlase pre-determine the
approximate timescale of this exchange and substrate-specific variations in overall catalytic rate are governed by
their relative affinities. Of particular interest for future lineshape analysis studies is the characterization of
specific Pin1-PPlase mutants to gain an in-depth understanding of the Pin1 catalytic mechanism.
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