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Abstract

Atomic-level molecular dynamic simulations are capable of fully folding structurally diverse
proteins; however, they are limited in their ability to accurately represent electrostatic interactions.
Here we have experimentally tested the role of charged residues on stability and folding kinetics
of one of the most widely simulated #proteins, the WW domain. The folding of wild type Pinl
WW domain, which has two positively charged residues in the first turn, was compared to the fast
folding mutant FiP35 Pin1, which introduces a negative charge into the first turn. A combination
of FTIR spectroscopy and laser-induced temperature-jump coupled with infrared spectroscopy
was used to probe changes in the amide | region. The relaxation dynamics of the peptide
backbone, fsheets and fturns, and negatively charged aspartic acid side chain of FiP35 were
measured independently by probing the corresponding bands assigned in the amide | region.
Folding is initiated in the turns and the /sheets form last. While the global folding mechanism is
in good agreement with simulation predictions, we observe changes in the protonation state of
aspartic acid during folding that have not been captured by simulation methods. The protonation
state of aspartic acid is coupled to protein folding; the apparent pK, of aspartic acid in the folded
protein is 6.4. The dynamics of the aspartic acid follow the dynamics of the intermediate phase,
supporting assignment of this phase to formation of the first hairpin. These results demonstrate the
importance of electrostatic interactions in turn stability and formation of extended /-sheet
structures.
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INTRODUCTION

A close interplay between experiment and theory in the study of protein dynamics has
helped to understand better how proteins fold and function. There is still room for
improvement, particularly with respect to approaches for measuring and modeling
electrostatic interactions. The conventional approach in molecular dynamics simulations has
been to set a fixed protonation state for each titratable amino acid residue; however, fixed
pK; values likely do not appropriately describe the relationship between protonation state
and conformation. lonizable amino acid residues play a prominent role in enzyme catalysis,
substrate binding, and protein folding.1~® The pK, value of these amino acid residues is
strongly dependent on the local environment, and can be shifted far from the solution
value.%7 Similarly, the same residue may have a different pK, in different protein
conformations. Structurally specific experimental characterization of the ionizable residue’s
protonation state and protein dynamics is necessary to test and further refine computational
methods. Infrared spectroscopy offers a method to not only resolve protein backbone
structure and dynamics, but also provides information about the structure and environment
of the amino acid side chains.8 The amide | mode of the peptide backbone is sensitive to
secondary structure; characteristic infrared bands can be assigned to solvated and buried a
helix, /5 sheets, turns and random coil structures. The carbonyl group of protonated carboxyl
groups can be unambiguously assigned, because it occurs in a region free from overlapping
absorption by other groups. This provides a mechanism for monitoring protonation and
deprotonation of carboxyl groups of interest. We have previously employed time-resolved
infrared spectroscopy to probe the time-dependent protonation state of a carboxylic acid side
chain in a large protein with single-residue specificity without incorporating any labels.®-11
Thus, it should be possible to determine the coupling between protonation state and protein
conformation using time-resolved infrared spectroscopy of the peptide backbone and
carboxylic acid side chains.

Here we have experimentally tested the role of charged residues on stability and folding
kinetics of one of the most widely simulated f-protein families, the WW domain. The WW
domain family consists of an antiparallel and highly twisted three-stranded /-sheet structure
with a small hydrophobic core and two highly conserved tryptophan residues.12-15 Because
of their fast folding rates and simple structure, WW domains have been the focus of
extensive computational and experimental studies.16-29 Many of these studies have
predicted a folding mechanism where folding is initiated in the turn of the first
hairpin.17:18.23.25,27.28,30.31 A comparison of the sequence and stability of these WW
domains reveals the presence of several charged residues in the first turn (Table 1). In the
native sequences, the first turn is flanked on each side by amino acids with positively
charged side chains (blue). WW domains that also have an amino acid with a negatively
charged side chain (red) in the first turn have a melting temperature of ~10 °C higher than
related sequences.34 One possibility is that these charged side chains form a salt bridge that
stabilizes the first turn. This interaction depends on the protonation state of the negatively
charged side chain.

We have addressed this issue by studying the role of aspartic acid and arginine on stability
and folding kinetics in the Pin1 family of WW domains (Figure 1). We investigated three
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WW domains: one without a negatively charged residue in the turn (Pinl), one with both
negative and positively charged residues in the turn (FiP35), and one without the positively
charged flanking residues in the turn (R12A R16A AAFiP35). We found that while the
AAFiP35 mutant forms a WW Domain, mutation of Arg12 and Argl6 resulted in
destabilization of the peptide and an increase in propensity to aggregate. Equilibrium
infrared spectroscopy revealed that aspartic acid was protonated under folded conditions in
both FiP35 and AAFiP35 WW domains, making it unlikely that arginine and aspartic acid
form a salt bridge. The pH titration of Asp13 is broad, likely because its pKj is coupled with
the protein conformation. The dynamics of the FiP35 backbone and Aspl3 side chain were
measured using temperature jump, time-resolved infrared spectroscopy. Pulsed laser
excitation was used to rapidly initiate a shift in the folding equilibrium. The relaxation of the
WW domain was measured by independently probing the components of the IR amide |
band assigned to the f-sheets and f-turn and the protonated carboxyl side chain of aspartic
acid.

FiP35 exhibited multiexponential behavior when the carbonyl backbone was probed, but
only one phase when the aspartic acid was probed. Similar to other WW domains,
wavelength dependent infrared measurements in the amide | region reveal a fast 100 ns
phase, intermediate ~10 ps phase and a slower ~100 ps phase.2”28 The kinetics of the
aspartic acid protonation state follow the kinetics of the intermediate phase when the
backbone is probed, supporting the assignment of this phase to formation of the first hairpin.
While the global folding mechanism agrees with computer simulations that predict folding
that initiates in the first turn, these simulations methods were incapable of modeling
protonation changes necessary to describe the local environment of the aspartic acid in the
turn. These results demonstrate the importance of developing experimental and
computational methods that characterize electrostatic interactions in proteins.

EXPERIMENTAL SECTION

Protein Synthesis and Purification

FiP35, AAFiP35, and Pinl were synthesized via standard 9-fluorenylmethyloxycarbonyl
(Fmoc) base solid-phase chemistry on a Libertyl microwave peptide-synthesizer (CEM,
Matthews, NC). Fmoc—PAL-PS resin (Applied Biosystems, Foster City, CA) was used to
form a peptide amide. The peptide was purified by reverse-phase chromatography (C18
column) using a water/acetonitrile gradient with 0.1% trifluoroacetic acid (TFA) as the
counterion. TFA interferes in the Amide-1 IR measurements at 1672 cm™L. The peptide was
dissolved in a 2 mM HCI solution and lyophilized to allow exchange of the TFA counterion
for HCI.3% The identity of the peptide was confirmed by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry. The peptide was lyophilized and dissolved in
D,0 to allow deuterium-hydrogen exchange of amide protons. The peptide was lyophilized
a second time and resuspended in D,0 buffer. Buffers were prepared at 20 mM
concentration for the appropriate pH range: acetate (pH 4-5.5), potassium phosphate (pH 6—
8), Tris-HCI (pH 8.5-9), and carbonate-bicarbonate (9.5-10.5). Sample concentrations of
0.05-2.0 mM were prepared for CD, fluorescence and IR experiments.
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CD Spectroscopy

CD wavelength scans and CD melting curves were recorded on a Jasco J-810
spectropolarimeter equipped with a PFD-425S Jasco temperature controller module (Jasco,
Inc., Easton, MD). Peptides were dissolved at 50 pM in buffer. All measurements were
obtained using a 1 mm path length cell. Wavelength scans were recorded over the range of
260 to 190 nm with an average of 3 repeats. During spectral acquisition, a bandwidth of 2
nm and scan rate of 50 nm/min was used. Thermal unfolding experiments were performed
by monitoring the signal at 226 nm from 5 to 95 °C using a 0.1 °C interval and scan rate of
30 °C/h. During the thermal unfolding experiment a full wavelength scan was obtained
every 5 °C after a 60 s delay. The buffer and protein concentrations were the same as used in
the wavelength scan experiments.

FTIR Spectroscopy

The equilibrium melting behavior was monitored on a Varian Excalibur 3100 FTIR
spectrometer (Varian Inc., Palo Alto, USA) using a temperature controlled IR cell. The IR
cell consists of two CaF, windows stacked and separated by a 100 um Teflon spacer split
into two compartments, a sample and a reference. The same cells are used for equilibrium
FTIR and T-jump experiments. No aggregation was observed in the infrared at reported
concentrations. All spectra shown at a specific temperature are obtained from the ratio of the
single beam spectra of sample solution with protein to the reference buffer solution without
protein. The temperature-dependent difference spectra were then generated by subtracting
the spectrum at the lowest temperature from the spectra at higher temperatures. Data
collected at 50 pM concentration were baseline corrected using a baseline spline fit. The
second derivative spectra were computed in IGOR PRO after smoothing the data with a
sixth order binomial algorithm to remove any residual water vapor (WaveMetrics, Lake
Oswego, OR).

Time Resolved Temperature Jump (T-Jump) Relaxation Measurements

The IR T-jump apparatus has been described previously.3® Pulsed laser excitation is used to
rapidly perturb the folding equilibrium on a time scale faster than the molecular dynamics of
interest. Time resolved infrared is then used to probe the reaction. A Q-switched GCR-4
Nd:YAG laser (Spectra Physics, Mountainview, CA) fundamental at 1064 nm is Raman
shifted (one Stokes shift in 200 psi H, gas) to produce a 10 ns pulse at 2 um. The magnitude
of the T-jump is calculated using the change in reference absorbance with temperature. IR
T-jump experiments were conducted at multiple concentrations between 0.5 and 2.0 mM.
The T-jump reference is taken from D0 buffer with 20 mM potassium phosphate buffer at
pD* 7.0 at the same temperature and frequency as the sample. Absorbance changes at the
reference frequency are due only to changes in DO absorbance, which is used as an internal
thermometer.36

The change in signal induced by the T-jump is probed in real time by a continuous laser with
a frequency in the amide I’ band of the IR. The mid-IR probe beam is generated by a
continuous wave quantum cascade laser (Daylight Solutions Inc., San Diego, CA) with a
tunable output range of 15701730 cm™1. The transient transmission of the probe beam
through the sample is measured using a fast, 100 MHz, photovoltaic MCT IR detector/
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preamplifier (Kolmar Technologies, Newburyport, MA). Transient signals are digitized and
signal averaged (1000 shots) using a Tektronics digitizer (7612D, Beaverton, OR).
Instrument control and data collection are controlled using a LabVIEW computer program.

Analysis of Kinetics Data

The peptide relaxation kinetics must be deconvolved from the observed kinetics. Accurate
deconvolution is possible as the instrument response is determined from the reference
measurement under the exact conditions of the sample measurements. In order to minimize
detector artifacts, the reference is scaled prior to subtraction from the sample. The decay
function is a multiexponential decay with the formula

A=Ap+..+ A exp (M> (1)

Tn

where Ag is an offset, n is the number of exponentials to fit, A, is a preexponential factor, ,
is the relaxation lifetime of the sample and X is the time offset. In order to best fit the data,
the minimum number of exponentials with unique relaxation lifetimes was selected. The
data are fit over the interval from 80 ns to an order of magnitude outside the slowest
exponential. The data analysis was performed in IGOR PRO (WaveMetrics, Lake Oswego,
OR).

RESULTS AND DISCUSSION
Far-UV CD Spectroscopy

The Pinl, FiP35 and AAFiP35 WW domains were synthesized to study the aspartic acid in
loop 1 of FiP35 and its interaction with neighboring arginine residues. Far-UV CD is a good
indicator of peptide secondary structure. Typically, f-sheet peptides have a CD spectrum
with a negative peak at ~218 nm and a positive peak at ~195 nm.3” Folded WW domains
instead have a CD spectrum dominated by a negative peak at ~202 nm and a positive peak at
~230 nm.38:39 Small variations in the position and intensities of these peaks have been
observed among the WW domain family.38 The peak at ~202 nm resembles the random coil
peak usually found at 200 nm. Disorder in the N- and C-termini of the folded structure of
WW domains is thought to contribute to the negative peak in the CD spectrum.39-42 The
peak at ~230 nm arises from the presence of ordered aromatic side chains.18:37:39 Folded
Pin1 WW domains and its mutants have been shown to have additional structure between
190 and 210 nm.3343 The far-UV CD spectra of the Pin1, FiP35 and AAFiP35 WW domains
are consistent with the Pinl family WW domain secondary structure (Figure 2A).

Thermal denaturation was monitored by recording the ellipticity change at 226 nm with
temperature (Figure 2B). The Pinl and FiP35 WW domains exhibit the typical heat induced
unfolding behavior with a loss of intensity at 226 nm and a shift of the minimum at 197 to
200 nm, corresponding to a change in the secondary structure from WW domain to random
coil (Figure 2A).39 In addition to the peaks associated with thermal unfolding, the AAFiP35
mutant gains a negative peak at ~219 nm and positive peak at ~190 nm, consistent with /-
sheet structure. This is evidence for formation of /-sheet aggregates at high temperature.
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The melting curves of FiP35 and Pinl (Figure 2B) were fit to an apparent two-state
equilibrium model:

P T et )
e () e ()

where Ay is the observed absorbance, Af and A are the absorbance contributions from the
folded and unfolded populations at 0 °C, S¢ and S, are the slope of the folded and unfolded
state baseline, AH is the enthalpy change at the midpoint, R is the gas constant, and Ty, is the
transition midpoint.*# This analysis assumes a AC, of 0 as it is unlikely that a small peptide
like a WW domain would have a large difference in heat capacity between the folded and
unfolded states. The data are then normalized for comparison. The observed melting
temperature of Pinl is 57.1 £ 0.1 °C. This agrees with the previously reported melting
temperature of Pinl, 58.6 °C, obtained by a CD melt monitored at 226 nm.*3 The melt of
FiP35 is less cooperative, with a melting temperature of 80 °C + 1 °C. Because of the high
transition temperature and the breadth of the transition it was not possible to observe a post
transition baseline. However, the observed melting temperature agrees with the previously
reported melting temperature of FiP35, 78 °C, which was obtained by global fit of thermal-
denaturant CD melting curves monitored at 227 nm.16.26

Ag= @

FTIR Spectroscopy

The temperature-induced unfolding of Pinl and FiP35 was studied over the range from 10 to
90 °C in 5 °C intervals using FTIR spectroscopy monitored in the amide I’ region. To avoid
the aggregation of AAFiP35 observed at high temperature by CD, the FTIR absorption
spectrum was collected at 50 uM at 20 °C. The high and low temperature absorption spectra
of the amide I’ spectral region (amide I region of peptides in D,0) of the peptides are shown
in Figure 3A (complete temperature dependent spectra are shown in Supporting Information
Figure S1). The amide I’ absorbance arises from the C=0 stretching vibration of the
polypeptide backbone carbonyls, and is an established indicator of secondary structure.>-47
This relatively broad band contains contributions from the entire polypeptide backbone,
which in the case of WW domains includes /#-sheet, f-turn and random coil structure. The
changes with temperature are highlighted by the difference spectra for each peptide (Figure
3B). The difference spectra are generated by subtracting the lowest temperature spectrum
from each absorption spectrum at higher temperature. Negative peaks correspond to specific
structures or interactions present in the folded state, and positive peaks correspond to new
interactions with solvent in the unfolded state. The individual peaks are more easily
distinguished in the second derivative of the FTIR spectra at the lowest temperature (Figure
30).

At low temperature there are three main components of the amide I’ band, centered at 1613,
1636, and 1680 cm™1. The intensity of these features decreases with increasing temperature,
meaning that they are all associated with the folded state. These peaks have previously been
observed in other WW domains.27:2848 A peak at ~1611 cm™1 in hairpins has been
assigned to an amide C=0 group in the turn usually involved in multiple hydrogen bonds
with side chain or backbone donors.#9:50 There are three such groups in the first turn and
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one such group in the second turn of wildtype Pin1 WW domain.5! Because of this, it is not
possible to independently assign the 1613 cm™! peak to the turn of the first or second
hairpin. Upon mutation of the first turn to SA-DGR, a FiP35 like mutant, one of the
interactions in the first turn and the interaction in the second turn are conserved, and two
new hydrogen bonds between backbone carbonyls and side chain or backbone donors
arise.>2 The peak is of equal intensity in each of the peptides (Figure 3C), because the
number of hydrogen bonds is conserved. IR bands at 1634 and 1681 cm™! are well
established components of antiparallel Asheets.53 The peak at 1634 cm™! arises from in-
phase coupling of carbonyl groups in the sheet and the peak at 1681 cm™1 arises from out-
of-phase coupling of carbonyls in the sheet. The Pinl, FiP35 and AAFiP35 amide I’ bands at
1636 and 1680 cm™1 are consistent with these characteristic fsheet markers.

Analysis of the spectral region above 1700 cm™1 reveals a peak at 1713 cm™1 that is present
in the FiP35 and AAFiP35 WW domain, but not the Pin1 WW domain. This peak arises
from the C=0 stretch of a protonated carboxyl side chain, either glutamic acid or aspartic
acid.8 The difference between the residues with carboxyl group side chains in the three
sequences is in the first turn; FiP35 and AAFiP35 have an aspartic acid that is not found in
Pin1. Therefore, the peak at 1713 cm™1 can be assigned to Asp13, most likely in its
protonated form. An alternative possibility is that Asp13 is deprotonated but involved in a
strong salt bridge. A deprotonated carboxylate group has two strong bands at 1400 and 1570
cm1 (vsym and vasym). These positions may shift upon cation chelation, which changes
bond lengths and bond angles. In unidentate chelation of the deprotonated carboxylate
group, the two CO bonds are no longer equivalent, with the chelating oxygen having more
single bond character and the nonchelating oxygen having more double bond character. In
extreme cases this has been found to shift one of the bands to 1713 cm™1, similar to the band
assigned to the C=0 stretch of a protonated carboxy! side chain.>* There are two arginines in
FiP35 that may provide a cation through a salt bridge with aspartic acid, Arg12 and Arg15.
However, mutation of these arginines to alanine in AAFiP35, does not eliminate the peak at
1713 cm™1 (Figure 3), supporting our assignment of this band to the protonated carboxylic
acid side chain of Asp13. Similar to the bands in the amide I’ region, the position of the
C=0 stretch of the protonated aspartic acid is sensitive to hydrogen bonding. The vibrational
stretching band associated with the C=0 can be observed anywhere in the region from 1713
to 1775 cm™1, with lower frequencies indicating the carbonyl side chain is engaged in
hydrogen bonding.8 In the X-ray crystal structure of a R12A F28W FiP35 mutant a native
contact is formed between Ser11 and Asp13.52 On this basis we can assign the 1713 cm™1
band to hydrogen bonding between the carbonyl of the protonated aspartic acid side chain
and the hydroxyl of the serine.

The pH dependence of the protonated carboxylic acid side chain was studied over the range
from pH 4-10 (Figure 4). The pH was not dropped below pH 4 to minimize contributions to
the 1713 cm~1 band from the protonated glutamic acid side chain (pKj of 4.2), which
overlaps with the protonated aspartic acid side chain band. Measurements were carried out
at 20 °C, a temperature where at neutral pH the peptide was found to be folded (Figure 3C).
The three bands assigned to the folded WW domain, 1613, 1636, and 1680 cm™1, are
observed at each pH. Unfolding of the /-sheet is characterized by a blue shift and
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broadening of the amide I band.8 The overlap of the 1636 cm~ band across all pHs
demonstrates that the #-sheets are intact over the entire pH range (Figure 4A). However, the
decrease in the relative intensity of the 1613 cm™1 band, assigned to the turn, and changes in
the region between 1650 and 1680 cm™1, assigned to solvated carbonyls, indicate that there
are structural changes associated with pH that do not affect the hydrogen bond network of
the /sheets. pH dependent fluorescence and circular dichroism spectra (Supporting
Information Figure S4-S5) confirm that the WW domain undergoes structural
rearrangement, repacking of the hydrophobic core, at high and low pH but that the WW
domain does not completely denature. The aspartic acid is protonated to some extent over
the entire pH range. An increase in the intensity of the turn structure, 1613 cm™1, correlates
with the increase in the population of protonated aspartic acid, 1713 cm™2, as the pH is
lowered. This is evidence that changes in the protonation state of aspartic acid, found in the
first turn, affect the hydrogen-bonding network of the first turn. A pH titration of the
protonated carboxylic acid side chain of Asp13 derived from the second derivative of the pH
dependent IR absorbance at 1713 cm™ is shown in Figure 4B. The pK, derived from this fit
is 6.4 + 0.9. The pKj, of the aspartic acid side chain of free aspartic acid is 3.9; however,
electrostatic and hydrophobic induced pK, shifts of as many as 6 pKj, units have been
reported for aspartic acid in proteins.>>-58 The transition is broad, likely because protonation
is coupled with folding of the WW domain. At neutral pH the aspartic acid completely
deprotonates when the WW domain unfolds (Figure 3A). The pKj of the Asp13 side chain is
dependent on both pH and the FiP35 WW domain secondary structure.

The normalized melting curves for Pinl and FiP35 WW domains derived from the
temperature dependent IR absorbance at 1636 and 1713 cm™1 are shown in Figure 5. The
data were normalized after being fit to an apparent two-state equilibrium model using eq 2.
The melting temperature of the wildtype Pinl is 53.1 + 0.2 °C. The melting temperature of
FiP35 is wavelength dependent, with a relatively broad transition when probed at 1636 cm™1
and a sharper transition when probed at 1713 cm™1. When the 1636 cm™! data is fit to the
sum of two melts it fits to a Ty, 0f 40.4 £ 0.1 °C and 77.1 £ 0.1 °C. This agrees well with the
melting temperature probed by CD. The transition at 1713 cm™1 fits to a T, of 59.1 + 0.2
°C. The observation of frequency dependent melt profiles suggest the presence of more than
one temperature-dependent process. A combined SVD analysis and global fit (Supporting
Information Figure S2) reveals that the lower temperature transition arises from melting of
the sheets prior to the main transition at higher temperature.

Temperature-Jump Relaxation Kinetics

The relaxation kinetics of the folding/unfolding transition of FiP35 WW domain following a
laser-induced temperature jump were probed using time-resolved infrared spectroscopy.
Structure specific measurements were made using the amide I’ frequency for the amide
carbonyls of the turns (1613 cm™1), residues involved in interstrand coupling of the sheets
(1636 and 1680 cm™1), and the protonated carboxylic acid side chain of aspartic acid (1713
cm™1). Jumps were performed slightly off peak center to maximize the transient absorbance
signal. The complete relaxation kinetics for each frequency is reported in the Supporting
Information (Table S1-S4). Time resolved measurements examined the dependence of the
relaxation rates on the final temperature following a temperature jump. The magnitude of
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the temperature jJump was kept constant while varying the final temperature for a range of
final temperatures below the global melting transition. The observed rates reflect the sum of
the forward and reverse rate constants for the reversible folding reaction. Under conditions
where the protein is predominantly folded the relaxation rate is dominated by the rate of the
folding reaction. Because the final temperature of all jumps is at least 20 °C below the
melting temperature, the folding rate will dominate the observed relaxation kinetics. The
relaxation kinetics of the amide I’ region (1613, 1636, and 1680 cm™1) are best fit by a triple
exponential (eq 1). At high temperatures the 1680 cm™! data is fit to a double exponential
due to artifacts in the data at early time and the overall low absorbance change. Examples of
jumps to lower temperature where there are fewer early time scale artifacts are included in
the Supporting Information Figure S6. The relaxation Kinetics of the aspartic acid side chain
is best fit by a single exponential at all temperatures. Although aggregation was observed
over the time scale of equilibrium FTIR measurements at pH 7 (Figure S1, S2), it does not
contribute to the T-jump dynamics because aggregation is slower than the duration of the T-
jump, which relaxes back to the initial temperature in a few milliseconds. IR T-jump
measurements at pH 5.8, where aggregation in FTIR measurements is not observed, agree
with measurements obtained at pH 7 (Table S1-S4). Figure 6 displays the relaxation Kinetics
of FiP35 following a jump from 35 to 50 °C. The fits of the data in Figure 6 are reported in
Table 2. There is good agreement between the dynamics at each of the amide I’ frequencies.
There is a fast ~100 ns phase (1), a ~ 10 ps phase (7) and a slower ~100 ps phase (z3). The
single phase observed when the frequency assigned to the aspartic acid side chain is probed
agrees with the intermediate 7 phase.

Frequency dependent measurements of the amide I’ region reveal differences in the
dynamics of the turns (1613 cm™1) and f+sheets (1636 and 1680 cm™1). Because of overlap
of peaks in the amide I’ region, probes at each location are sensitive to dynamics associated
with folding at multiple locations, resulting in multiexponential kinetics regardless of probe
frequency. It is also likely that the spectral responses are coupled such that formation of one
structure affects the others. However, the relative amplitude of each kinetics phase depends
on the probe frequency, which allows us to assign the structural feature that contributes most
strongly to each phase. The relative amplitude of the fast phase is greatest in the transient
measured at 1613 cm~2, which probes the turn of both hairpins of the WW domain. The
slow phase dominates the kinetics measured at 1636 cm™1, which probes interstrand
coupling across the S-sheets of the WW domain. This assignment is supported by the
kinetics measured at 1680 cm™1, also dominated by the slow phase, which probes out-of-
phase coupling of the carbonyl bonds in the f~sheet. Based on these observations we assign
the fast phase to turn formation and the slowest phase to sheet formation.

Unlike the measurements in the amide I’ region, the probe at 1713 cm™1 is sensitive to
dynamics of a single side chain, aspartic acid. The peak is in a clear spectral region, easing
interpretation of observed dynamics. The observed dynamics report on the folding of the
first hairpin of FiP35, because the aspartic acid, located in the first turn, is only protonated
when FiP35 is folded. It is likely that many of the contacts in the turn and f-sheet of the first
hairpin must be formed in order for the environment to be suitable for the aspartic acid to
protonate. There are many examples of elevated pKj,’s of aspartic acid groups in the
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hydrophobic interior of proteins, so it is likely that protonation occurs concurrently with
packing of the hydrophobic region of the first hairpin. The single exponential kinetics match
the kinetics of the intermediate phase probed in the amide I’ region (Table 2). An Arrhenius
plot of the observed kinetics at 1713 and 1636 cm™~1 demonstrates this agreement across all
of the temperatures probed (Figure 7). On the basis of this close correspondence, we can
assign the intermediate phase to formation of f-sheet of the first hairpin. Using observations
from the frequency dependent measurements in the amide I’ region and of the aspartic acid
side chain it is possible to interpret the three phases observed in the Arrhenius analysis. The
fast relatively temperature independent 100 ns phase is assigned to formation of the turns.
The intermediate ~10 ps phase corresponds to formation of the hydrogen bonding network
in the fsheet of the first hairpin and the slow highly temperature dependent ~100 ps phase
can be attributed to formation of the hydrogen bonding network in the f-sheet of the second
hairpin.

Previous temperature jump studies of FiP35 probed by fluorescence spectroscopy reported
biphasic behavior below T, and single exponential behavior above Ty,. A jump to a final
temperature of 64 °C, below Ty, fit to relaxation lifetimes of 1.5 and 15 ps.26 Infrared T-
jumps to 60 °C have the same intermediate and slow phases (Table S1-S4). The difference
in folding behavior above and below T, was interpreted as the onset of downhill folding.
Recently, pressure jump experiments also showed FiP35 to be biphasic, but with different
kinetic characteristics in the fast phase than observed by temperature jump.2% Experimental
results combined with computer modeling predict folding proceeds through two parallel
pathways, with the competing pathways having hairpin 1 or hairpin 2 formed first. The
folding pathway perturbed by temperature and pressure may be different; differences in the
fast phase observed by temperature and pressure jump provide evidence for this. The
infrared measurements that we performed in the amide I’ region had phases similar to the
time scales observed by fluorescence temperature and pressure jump, but with an additional
~100 ns phase. Fluorescence measurements are sensitive to the tryptophan side chain
packing in the f-sheet of the first hairpin, whereas infrared measurements are sensitive to
secondary structure changes in the peptide backbone. Because the ~100 ns phase is located
in the turn and the tryptophan is located in the f-sheet, the tryptophan may not report on
dynamics in the turns. This phenomenon was also observed in temperature jump
experiments probed by fluorescence and infrared spectroscopy in FBP28 WW domain.28
Our results support a hierarchical model of folding initiated in the turns, followed by
formation of hairpin 1 and hairpin 2. The fast phases are temperature independent and the
slowest phase is highly temperature dependent, so as the temperature is raised the
intermediate and slow phase overlap making it impossible to separate the two phases.
Measurements of the aspartic acid side chain support a model with sequential intermediates;
if the intermediates were formed along parallel nonsequential folding pathways, the aspartic
acid would be protonated on more than one time scale and we would expect to observe the
same multiexponential kinetics when 1710 cm™ is probed as we observe for the other
probed frequencies. The dynamics monitored at 1710 cm™1 are consistent with a hierarchal
model where the side chain of aspartic acid is protonated in an intermediate along the
folding pathway; however, this model does not eliminate the possibility of multiple folding
pathways connecting these intermediate states.
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The FiP35 Pin1 WW domain mutant has a shortened first turn with aspartic acid based on
the five-residue type-1 G1 bulge turn found in FBP28 WW Domain.52 Infrared
measurements of wildtype FBP28 WW domain show that the Asp in the turn is protonated,
with a peak at 1715 cm™1 (Supporting Information Figure S7). This is consistent with a
protonated carbonyl side chain, like we observe in FiP35 WW domain, engaged in hydrogen
bonding with a neighboring side chain or protein backbone. We performed extensive kinetic
measurements on a mutant of FBP28 WW Domain where the Asp was substituted for the
neutral analogue Asn.28 The neutral analogue exhibited the same folding kinetics as the
wildtype protein. This observation also supports our assignment of the 1713 cm~1 band in
FiP35 to a hydrogen bonded carbonyl side chain of protonated aspartic acid, because Asn
has an analogous carbonyl in the side chain that should be able to form the same hydrogen-
bonding network. The Gruebele and Kelly groups have demonstrated that shortening the
first turn usually speeds folding and stabilizes the WW domain.26 While many of the
variants they designed have an aspartic acid in the first turn, they also reported data for WT
Pinl, which has no negatively charged residues in the turn. They observed a doubling of the
folding rate and a 10 degree increase in T, (indicating an increase in stability) by removing
R12 of WT Pinl. Incorporation of the aspartic acid into the turn further stabilizes the
mutants by 10 degrees and speeds folding by an additional 10 ps. In our T-jump
measurements we observe that the aspartic acid is protonated in the intermediate step when
the first loop is formed. The hydrogen bonds that aspartic acid forms stabilize the first turn,
which lowers the barrier of the rate limiting formation of the second loop.

Extensive MD simulations of FiP35 generally agree that folding is more likely to proceed
through formation of the first hairpin followed by the second hairpin; however, disagree on
the presence of intermediates or downhill folding.2%:31:59-61 The Pande group employed a
distributed computing approach to run thousands of short simulations totaling 2.3 ms, that
showed heterogeneous folding of FiP35 with multiple folding pathways initiated in either
sheet.52 Two 100 ps trajectories of FiP35 WW domain made available by D. E. Shaw
Research predict downhill folding or folding through intermediates depending on the
analysis method.31:60.61.63 The original work concluded that there is no barrier to folding.53
Krivov reanalyzed this data using a novel reaction coordinate and identified an intermediate
where the first loop was formed.%1 Markov-state-models (MSM) of the same data identified
the presence of additional pathways, with a second pathway where the second loop is
formed in the intermediate.31:60 Application of the kinetically discrimitory metric learning
(KDML) algorithm to the MSM reveals two additional states on the submillisecond time
scale.%* The faster state involves Asp13 flipping between a native hydrogen bond with Ser11
and nonnative hydrogen bonds with Arg12 and Arg16. While the aspartic acid is not
protonated in these simulations, the identification of early dynamics at this position is
consistent with our observation of a fast time scale intermediate involving protonation of the
aspartic acid. A network based analysis supports these models, predicting that the pathway
where the first loop is formed first is four times more probable.5> Monte Carlo simulations
in two course-grained models support this model and further find that the probability of each
pathway is dependent on starting temperature and initial condition.%8 Three long time scale
molecular dynamics simulations mimicking temperature jump conditions predict folding
through the second hairpin; however, in one case the protein did not fully fold.2° Our results
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support models that predict folding through the first hairpin; however, none of the
computational methods that have been applied to FiP35 have taken into account electrostatic
interaction at Asp13. Optimization of the stability and folding kinetics of Pin1 WW domain
was achieved with three charged residues located in the first turn. WW domains fold through
an intermediate where the first hairpin forms first, so experimental and computational
methods that capture electrostatic interactions are necessary to fully characterize the folding
pathway. Much effort has been placed on developing computational methods that describe
coupling between protein folding and pH.67-70 Recently, all-atom continuous pH molecular
dynamics simulations that determine the protonation state of titratable sites during molecular
dynamics simulation at a specific pH have been under development by several groups.’~74
Applying these methods to FiP35 WW Domain it should be possible to not only predict the
protein’s pK,’s, but also determine the pH-dependent conformational dynamics.”>~79

CONCLUSION

Using infrared spectroscopy it is possible to monitor side chain dynamics with single-
residue specificity without incorporation of nonnative labels. We observe a protonated side
chain in the first turn of the FiP35 WW domain with a pK, that is coupled to the folding.
Time resolved measurements probed in the amide | region and at the aspartic acid side chain
provide evidence for a hierarchical folding mechanism, similar to that proposed for other
WW domains.17:25:27.28.30 Formation of the turns precedes formation of the first hairpin,
with the final step being folding of the second hairpin. Infrared spectroscopy of the
protonated side chain exhibits a single exponential that agrees with the intermediate phase,
supporting the hierarchical folding model initiated in the first hairpin. Previous experimental
and computational studies applied to this system lacked probes sensitive to the aspartic acid
protonation state. These experiments demonstrate the importance of electrostatic interactions
in the structural dynamics of even the smallest proteins.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Aligned three-dimensional models of Pinl (gray) and FiP35 (red) WW Domains obtained by

X-ray diffraction. Arginines (blue) and aspartic acid (red) in the FiP35 sequence are
displayed as sticks. (PDB entries: 1PIN, 2F21). The figure was prepared using PyMOL
(www.pymol.org).
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Figure 2.
(A) Far-UV CD spectra of 50 uM solutions of the FiP35 (red), AAFiP35 (blue) and Pinl

(gray) WW domains in 20 mM potassium phosphate buffer (pH 7.0) acquired at 5 °C (—)
and 95 °C (---) during the course of a thermal denaturation in a 0.1 cm path length cell. (B)
Thermal denaturation of the WW domains monitored by CD at 226 nm. The continuous line
represents the best fit to the data to a sigmoid (eq 2).
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Figure 3.
Temperature dependent FTIR spectra of 1.5 mM FiP35 (red), 50 uM AAFiP35 (blue) and 1.5

mM Pinl (gray) WW Domains in 20 mM potassium phosphate buffer (pH 7). (A)
Absorption spectra in the Amide I’ region, acquired at 20 °C (—) and 75 °C (---) during the
course of a thermal denaturation. Spectra are normalized at 1636 cm™~1 for comparison. (B)
Difference spectra obtained by subtracting the spectrum at 20 °C from the spectra at 75 °C
and normalized at 1636 cm™1 for comparison. (C) Normalized second derivative of FTIR
spectraat 5 °C.
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pH dependent FTIR spectra of 0.8 mM FiP35 WW Domain in buffer (see Experimental
Section for buffer pH 4-10) at 20 °C. (A) Normalized second derivative of FTIR spectra pH
4-10 (blue-red). (B) pH titration of protonated carboxylic acid obtained by plotting the

change in IR second derivative spectra at 1713 cm™ versus pH. The data are fit to an

apparent 2-state model (eq 2).
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Figure 5.
FTIR melt curves for the FiP35 (red) and Pinl (gray) WW domains obtained by plotting the

change in IR difference spectra at 1636 cm™1 (closed circles) and 1713 cm™1 (open circles)
versus temperature. The data are fit to an apparent 2-state model and then normalized (eq 2).
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Figure 6.
Representative IR T-jump relaxation kinetics of 2.0 mM FiP35 in 20 mM potassium

phosphate buffer (pH 7) monitored in the amide I’ spectral region at 1613, 1636, and 1680
cm~1 and the protonated carboxylic acid side chain of aspartic acid at 1710 cm™ following a
T-jump from 35 to 50 °C. A triple exponential fit is overlaid on the 1613 and 1636 cm™!
kinetic trace, double exponential fit is overlaid on the 1680 cm™1 kinetic trace and a single
exponential fit is overlaid on the 1710 cm™1 kinetic trace (eq 1).
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Figure 7.

Arrhenius plot showing the temperature dependence of the folding region at 1636 cm™1
(orange) and 1710 cm™1 (blue). The values of T used for the (1/T) axis are the final
temperatures reached during the jump. k is the value obtained from a fit of the T-jump
transient of FiP35. Lines are a result of fitting z; (solid line), 7, (dashed line), and 73 (dotted

line) of FiP35.
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Table 1

WW Domain Sequences and Stability?

WW Domain Sequence Melting Temperature (°C)
WTPinl KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG | 5932
FiP35 Pinl KLPPGWEKRMSR-DGRVYYFENHITNASQFERPSG | 7826

R12A R16A AAFiP35

KLPPGWEKRMSA-DGAVYYENHITNASQFERPSG

a,f>¢sheets are underlined, mutations are bold, turn residues with positive (blue) and negative charges (red).
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Table 2

Relaxation Kinetics Following a Jump from 35 to 50 °C

FiP35 WW domain

A, (MOD)
1613cm™  3.4+0.1
1636cm™  50+0.1
1680 cm™*

1710 cm™

n(ns) Az (mOD)

108+4 36+02 147%07
95+2 48+01 139+%0.2

25%0.2
19+01

7 (Us)

18+1
17+1

Aq (MOD)
21+02
13.0+0.1
25402

7 (us)
56+ 6
70+1
86+ 8
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