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ABSTRACT: Intimate cooperativity among active site residues in enzymes is a key factor for
regulating elaborate reactions that would otherwise not occur readily. Peptidyl-prolyl cis-trans
isomerase NIMA-interacting 1 (Pinl) is the phosphorylation-dependent cis-trans peptidyl-
prolyl isomerase (PPlase) that specifically targets phosphorylated Ser/Thr-Pro motifs.
Residues C113, HS9, H157, and T152 form a hydrogen bond network in the active site, as in
the noted connection. Theoretical studies have shown that protonation to thiolate C113
leads to rearrangement of this hydrogen bond network, with switching of the tautomeric

states of adjacent histidines (HS9 and H157) [Barman, A., and Hamelberg, D. (2014)

Biochemistry §3, 3839—3850]. This is called the “dual-histidine motif”. Here, C113A and C113S Pinl mutants were found to alter
the protonation states of H59 according to the respective residue type replaced at C113, and the mutations resulted in disruption
of the hydrogen bond within the dual-histidine motif. In the C113A mutant, H59 was observed to be in exchange between &- and
O-tautomers, which widened the entrance of the active site cavity, as seen by an increase in the distance between residues A113
and S154. The C113S mutant caused HS59 to exchange between the e-tautomer and imidazolium while not changing the active
site structure. Moreover, the imidazole ring orientations of H59 and H157 were changed in the C113S mutant. These results
demonstrated that a mutation at C113 modulates the hydrogen bond network dynamics. Thus, C113 acts as a pivot to drive the
concerted function among the residues in the hydrogen bond network, as theoretically predicted.

eptidyl-prolyl cis-trans isomerases (PPlases) constitute a

family of enzymes that catalyze the inversion of a peptide
bond preceding a proline residue in their target proteins."”
Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin1) is
a member of the parvulin family of PPlases that specifically
rotates the @ bond of a Pro that is preceded by phosphorylated
Ser (pSer) or phosphorylated Thr (pThr). Ser/Thr-Pro motifs
are phosphorylated by Pro-directed protein kinases.” The Pro-
directed protein kinases function in a coupled fashion with Pinl
isomerization of pSer/pThr-Pro motifs to regulate diverse
signaling processes in cells.*"® Thus, dysfunction of Pinl is
implicated in various diseases, which makes Pinl a potential
therapeutic target.” '

Pinl consists of two domains, a phosphor-peptide binding
domain (WW domain) and a catalytic domain (PPIase
domain), and the domains are linked by a flexible unstructured
segment.'’ The crystal structure of Pinl in complex with an
Ala-Pro peptide provided insights into how the PPlase domain
binds its target motif, although the bound peptide does not
contain the canonical pSer/pThr-Pro motif."" In the crystal
structure, the sulfate ion is captured by basic residues K63, R68,
and R69 in the active site loop.'" The crystal structure revealed
that the sulfate ion was located in the corresponding position of
the phosphate moiety in the canonical pSer/pThr-Pro motif.""
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Therefore, the three basic residues engage in substrate binding
and are termed the “basic triad”. The role of the basic triad in
phosphate recognition was confirmed by the crystal structure of
the Pinl PPlase domain in complex with a ligand-mimicking
inhibitor.'” In this crystal structure, Pro in the motif is
positioned within the hydrophobic pocket comprised of F134,
M130, and L122."" Ionizable residues C113, H59, and H157
surround the target Pro peptide bond of the substrate."’
From the crystal structure of Pinl PPlase, C113 was
proposed to attack the substrate as a nucleophile.'' In the
mechanism, deprotonation of the C113 thiol by the spatially
neighboring H59 imidazole ring allows nucleophilic attack of
the carbonyl carbon of the substrate peptide to promote cis—
trans isomerization.'' However, site-directed mutations of
C113 gave controversial results that did not support this
mechanism.'""? Despite the lack of a nucleophilic group, the
C113A mutant maintains catalytic activity, although its catalytic
efficiency measured by k. /K,, is reduced by 130-fold, where

k., is the turnover rate of an enzyme—substrate complex to
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produce the product and K, is the Michaelis constant.'" In
addition, the C113D and C113S mutants retain isomerization
activity without the nucleophile attack moiety, although their
catalytic efficiencies were much lower than that of the wild
type.”” The results from these mutant studies challenged the
general reaction mechanism of covalent attachment of C113.

Studies using kinetic isotope effects proposed a more feasible
mechanism, in which the twisted amide configuration that
occurs at a transition state in the isomerization reaction is
stabilized by intramolecular hydrogen bonding within the
substrate, as found for other types of PPlases, including FKBP
and cyclophilin.'"*'® The mechanism does not assume
nucleophilic attack by C113 but emphasizes the importance
of the proper positioning of the active site residues around the
substrate. In particular, the basic triad binding to the phosphor
moiety and Q131 hydrogen bonding to the carbonyl oxygen of
Pro of the substrate are clearly explained."*

The high-resolution crystal structure of Parl4, a Pinl
homologue, demonstrated that the ionizable residues in the
active site form a hydrogen bond network running across the
active site.'® The residues in the hydrogen bond network are
structurally superpositioned to C113, HS9, H157, and T152
(listed in the connecting order in the hydrogen bonding
network) in Pinl (in Scheme 1, the residue numbers in Pinl

Scheme 1
H42 (H59) H123 (H157)
-

D74 (C113

are in parentheses).'® Par14 has aspartate instead of cysteine at
position 113."° A C113D mutant Pinl PPlase, mimicking the
Parl4 active site, was shown to have a reduced rate of
isomerization relative to that of the wild type.'” Nuclear
magnetic resonance (NMR) analysis showed that D113 formed
a tighter hydrogen bond with H59 via the carboxylate oxygen in
D113 while the hydrogen bond between HS9 and H157 was
destabilized.'” Unbalancing the hydrogen bond network
destabilizes the active site structure, which leads to a
disorganized basic triad structure in the active loop. The
allosteric structural change to the basic triad may explain the
reduced level of binding of the C113D mutant to the phosphor-
peptide and thereby explain the lowered isomerization rate.'”
These results for the C113D mutant have shown that the
correct hydrogen bond network (C113—HS9—H157—T152) is
essential for efficient isomerization.'”

The nucleophile attack of the thiolate in C113 does not seem
plausible. Nonetheless, the high chemical reactivity of C113
suggests that C113 stays in a thiolate form in Pinl: Juglone (5-
hydroxynaphthoquinone) selectively forms a covalent bond
with C113 while keeping C57 intact in Pinl,'® and C113 is
oxidized during storage of purlﬁed P1n1 at 4 °C under
conditions that leave C57 unmodified."” The role of the C113
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thiolate in the context of the hydrogen bond network was
proposed by Barman and Hamelberg,” In their study using free
energy calculations and molecular dynamics simulations, they
theoretically showed that C113 should stay in a thiolate form in
the absence of a substrate, while C113 will be protonated in the
substrate-bound complex.”® The results of the simulations
indicated that different protonation states of C113 will change
the tautomeric state of the spatially neighboring HS9, and this
altered tautomerism of HS9 will further change the H157
tautomeric state, which subsequently rearranges the hydrogen
bonding interaction between H157 and T152.”" They
emphasized that the C113-triggered cooperative protonation
change among residues in the hydrogen bond network can
energetically explain the cis—trans isomerization in the active
site of Pinl PPIase.”

Cl113-mediated dynamic rearrangement of the hydrogen
bonding network, which Barman and Hamelberg proposed,
relies on coupled changes in the protonation states of spatially
neighboring H59 and H157; these histidines are conserved
among the parvulins and, thus, are termed the “dual-histidine
motif”.”" The imidazole ring of histidine has two nitrogen
atoms, N2 and N®.. The imidazole ring can be in two neutral
forms and a charged state according to the pH and/or the local
environment. The two neutral imidazole forms are designated
as the S-tautomer (protonated at N°') and the e-tautomer
(protonated at N*?), according to the protonated position. In
the charged state, the two nitrogen atoms are protonated to
form a cationic imidazole ring (imidazolium). In general,
protonation of histidine is not observed clearly in X-ray crystal
structures. Instead, NMR can discriminate the three states of
the imidazole ring on the basis of the '*N** and *C** chemical
shifts that significantly change according to the protonation
states.”*” Therefore, the C113-mediated dynamic changes in
protonation to the dual-histidine motif can be monitored by
NMR, which motivated us to study the dynamic rearrangement
of the hydrogen bond network by changing the amino acid type
at position C113.

C113A and C113S Pinl PPlase mutants were used in this
study. Both mutants have ~10% enzyme catalytic efficiencies
relative to that of the wild-type protein.'*** In the context of
the C113 mediating the hydrogen bond dynamics by Barman
and Hamelberg, the C113S mutant mimics the thiol form of
C113 whereas the C113A mutation models the active site
structure with a disrupted C113—HS59 hydrogen bond. Using
the mutants, we intended to see how the change in C113
modulates the active site structure and dynamics through
altering protonation to HS9 and H157. We found that each
mutation of C113 caused different changes to the protonation
state of HS9. In both mutants, the change in the protonation
state of HS9 disrupts the hydrogen bond between HS9 and
H157. The disruption of the hydrogen bond network explains
the reduced structural stabilities of both proteins relative to the
C113D mutant. The C113D mutant maintains the hydrogen
bond network and moderately reduces the structural stability of
the active site."”

Overall, we observed that the structure and dynamics of the
conserved histidines, H59 and H157, were sensitive to changes
in the residue type at position 113 of Pinl PPIase. These results
support the theoretical description that the hydrogen bond
network, including the dual-histidine motif, is dynamically
modulated according to the chemical state of C113. Thus,
C113 functions as a trigger to reorganize hydrogen bonds
cooperatively within the network of the active site of Pinl.
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B MATERIALS AND METHODS

Pin1 Sample Preparation. The ¢cDNA encoding the
peptidyl-prolyl isomerase (PPlase) domain of human Pinl
(residues 51—163) was cloned into an expression vector, as
described previously.'” Site-directed mutagenesis to change
C113 to A or S in the Pinl PPlase domain was conducted by
KOD FX (Toyobo, Osaka, Japan). Expression and purification
of the C113A and C113S Pinl PPIase mutants were conducted
as described previously."”

Thermal Stability Tests of the Mutant PPlases by
Circular Dichroism (CD). The change in the molar ellipticity
at 222 nm was used to monitor the thermal denaturing process
on a JASCO-720W spectrometer. The sample buffer consisted
of S0 mM sodium phosphate (pH 6.0), 100 mM Na,SO,, and 1
mM dithiothreitol (DTT). The protein concentration was
adjusted to 2 M. The temperature range was 20—80 °C with
an increment rate of 1 °C/min.

NMR Spectroscopy and Structure Determination.
Structures of the C113A and CI113S Pinl PPlase mutants
were determined according to standard methods using
uniformly 3C- and '*N-labeled samples.”* All NMR data
were collected on a Bruker Avance II spectrometer equipped
with a triple-resonance cryogenic probe operating at 700.33
MHz for the 'H resonance frequency. For both mutants,
protein material was dissolved in a buffer consisting of 50 mM
sodium phosphate (pH 6.6), 100 mM Na,SO, S mM
ethylenediaminetetraacetic acid (EDTA), 1 mM DTT, and
0.03% NaNj. The protein concentrations were adjusted to 1.0
mM for C113A and 0.4 mM for C113S; the solubility of the
C113S mutant was limited. The sample temperature was 299 K
for the NMR experiments unless otherwise noted. Data
processing and analysis were performed with NMRPipe™ and
KUJIRA”® running with NMRview,”” respectively. The CYANA
utility was used to perform automated NOE assignments.””*’
Backbone dihedral angle restraints were generated with TALOS
+% The S0 lowest-target function CYANA structures were
subjected to explicit water refinement using XPLOR-NIH with
distance and dihedral restraints.”’ The 10 lowest-energy
structures from the XPLOR-NIH calculation were validated
with PROCHECK-NMR.” The structural statistics of the
C113A and C113S mutants are summarized in Table SI.
PyMOL (DeLano Scientific, San Carlos, CA) and MOLMOL*
were used for the structural analyses and generation of figures.

The resonance assignments and the structural data for the
C113A and C113S mutants were deposited in the Biological
Magnetic Resonance Bank (BMRB) and Protein Data Bank
(PDB), respectively. BMRB accession codes are 11587 for
C113A and 11588 for C113S. PDB entries are 2RUQ_ for
C113A and 2RUR for C113S. The backbone 'H—""N
resonance assignments of the heteronuclear single-quantum
correlation (HSQC) spectra for the mutants are listed in Figure
S1.

cis—trans Isomerization Rates. The cis—trans isomer-
ization rates for C113A and C113S mutants were determined
by two-dimensional (2D) 'H—'H exchange spectroscopy
(EXSY).*** The sample contained 2 mM Cdc25C phospho-
peptide with SO uM PPlase mutant (C113A or C113S). The
sample solution contained SO mM Tris-HCl (pH 6.8), 1 mM
DTT, and 0.03% NaNj;. The experiments were performed at
295 K. The mixing times (t,;) were set to 2, S, 10, 15, 25, 35,
50 (twice), 75, 100 (twice), 200, 300, and 400 ms. The net
exchange rate, kpy, was estimated to fit eq 1 to the ratios of the
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trans—cis exchange cross-peaks against the trans diagonal peaks.
In estimating the kpx values, we simultaneously used the
buildup profiles from the signals for pTS CH;, pTS HN, and
V7 HN for fitting, as in a global fitting manner.

[1 _ e—(kCT"'ch)fmsx]kTC

ratio(f;,) =
() ker + kT(:e_(kCT+kTC)t""x (1)
where kcr and kypc are adjustable parameters in the fitting
routine and the net exchange rate, kgy, is defined as kgy = kcr +
krc, where kcr and kpc are the exchange rates from cis to trans
and from trans to cis, respectively.”* Uncertainties in the rate
constants were estimated by Monte Carlo simulations on the
basis of the duplicate mixing time points.

NMR Spin Relaxation Experiments. All backbone N R,
and R, relaxation rates and steady state {'H}—'°N hetero-
nuclear NOE (hNOE) data were collected on a 700 MHz
NMR spectrometer at 299 K.*° For the determination of the R,
relaxation rates, we adopted a composite-type CPMG loop to
alleviate off-resonance artifacts.”” Each peak intensity was
measured by averaging over the signal intensities at the peak
center and its eight surrounding points (nine-point averaging);
each peak center was found by the SPARKY “pc” function (T.
D. Goddard and D. G. Kneller, SPARKY 3, University of
California, San Francisco). The delays for R, measurements
(trela) were 10.3 (twice), 153.9, 307.9, 461.8, 615.7 (twice),
769.6, 923.6, 1128.8, and 1539.3 ms, whereas the delays for R,
(te1ax) Were 0.0, 16.0 (twice), 40.0, 80.0 (twice), and 160.0 ms.
The spectra for R; and R, were collected in an interleaved
manner. For measuring hNOEs, we recorded an interleaved
pair of spectra in which 'H saturation for 3 s was applied
alternatively with the relaxation delay set to 2 s. R, and R,
relaxation rate constants for each signal were determined using
the modelXY TCL built-in function of NMRPipe.”” Un-
certainties for R, and R, were estimated in a Monte Carlo
manner on the basis of the duplicated data points. The
uncertainty for each hNOE value was evaluated using the root-
mean-square deviation (rmsd) value of a spectral region with
no peaks, which was obtained by the NMRPipe built-in
module.”> The reduced spectral density functions, including
Ji(0), J(wy), and J(wy), were calculated using the software
suite RELAX.***

H/D Exchange Rates. The amide proton/deuteron
exchange (H/D exchange) rates were measured with
extensively lyophilized samples; the sample solution [the
C113A or C113S Pinl PPlase mutant in 50 mM sodium
phosphate (pH 6.6), 100 mM Na,SO,, S mM EDTA, 1 mM
DTT, and 0.03% NaN,] was rapidly frozen in liquid nitrogen
and placed in a vacuum chamber for approximately 12 h. The
lyophilized sample was dissolved with the same volume of D,0O
as it was before lyophilization and just prior to recording a
series of 2D 'H—""N HSQC spectra. The NMR spectra were
initiated within 10 min of the sample being dissolved. One
spectrum was collected for 35 min, and 35 data sets were
collected sequentially. No apparent spectral difference was
observed between the data before and after lyophilization,
which ensures the sample preparation had no structural impact
on the mutants. H/D exchange rates were determined using the
peak intensities of the series of 2D spectra, as described
previously."”

DOI: 10.1021/acs.biochem.5b00606
Biochemistry 2015, 54, 5242—-5253


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00606/suppl_file/bi5b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00606/suppl_file/bi5b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00606/suppl_file/bi5b00606_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00606

Biochemistry

B RESULTS
The C113S Mutant Has an Isomerization Rate Slower
Than That of the C113A Mutant. EXSY experiments were

used to determine the isomerization rates for the C113A and
C113S mutants'”** (Figure 1). The C113A mutant showed

Intensity ratio [a.u.]

0.2 0.3
mixing time [sec]

0.4 0.5

Figure 1. Determination of the isomerization rate with a series of
EXSY spectra. The growth of the intensity ratios of the trans—cis
exchange cross-peaks against the diagonal peaks for the trans species is
plotted for the C113A mutant (red circles). The theoretical fit to the
experimental data is presented as a red line. For reference, the
corresponding data previously reported for the wild type are included
(black circles and black line)."”

reduced but measurable rates of isomerization as determined by
EXSY (Table 1). The isomerization rates were not determined

Table 1. Reduced Global Structural Stabilities and cis—trans
Isomerization Rates of C113A and C113S Pinl PPIlase
Mutants

denaturation exchange rate from
Pinl temperature exchange rate from czs trans to cis (k’rc)
PPlase (P to trans (kep) (s™)” (sH?
CI113A 43.2 1.0+ 02 0.1 +£0.1
C1138 43.6 not detected not detected
wild-type* 494 51.6 £ 1.9 6.6 + 2.1
C113D° 46.2 0.7 £ 0.5 0.1 + 0.0

“Denaturation temperature estimated by the CD molar ellipticity
signal at 222 nm. bIsomerization exchange rates were directly
determined using EXSY experiments. “These values were determined
in our previous study.'”

for the C113S mutant; no exchange signals were observed in
the spectra with a mixing time of up to 1 s (Figure 1). Thus, the
C113S mutant has a cis—trans isomerization rate, ke, of <1 s™*
(Table 1).

Previous protease-free assays for determining the C113A and
C113S catalytic efficiencies (k./K,,) gave values of 6 and 4%
relative to that of the wild-type protein, respectively.”® This is

consistent with the NMR results that showed that the C113S
mutant has isomerization activity lower than that of the C113A
mutant (Table 1).

The C113A Mutant Has a Greater Structural Impact
on the Spatially Distant Residues in the Hydrogen Bond
Network. The backbone 'H and "N chemical shift changes,
A6, caused by C113A and C113S mutations were compared
(Figure 2). Both mutants showed similar AS profiles,
demonstrating the obvious spectral changes for residues in
the A1 strand, $3—p4 loop, and f4 strand, which includes
residues engaged in the C113— H59 H157-T152 hydrogen
bond network (Figure 2, rlght) This observation shows that
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Figure 2. Chemical shift differences for the C113A and C113S
mutants relative to the wild-type protein. (A) Normalized chemical
shift differences between the wild type and the C113A mutant (left).
The normalized chemical shift difference for each residue is defined as
AS = [(AS'H)? + (ASYN/5)2Y2 where A6'H and AS™N are the
chemical shift differences in the 'H and N dimensions, respectively.*®
According to the magnitude of AJ, the residues in Pinl PPlase
structure (PDB entry 1PIN)'" were colored differently: red for greater
than AJ,,. + 1o, magenta for greater than AJ,,, + 0.50, and yellow for
greater than Ad,,. + 0.250, where Ad,,. is the average value for Ad and
o is the standard deviation of A§ calculated over all residues (right).
The residues in the hydrogen bond network and the basic triad are
drawn as stick models with residue names labeled. (B) Plot of A§ for
the C113S mutant (left). Mapping of the chemical shift differences
onto the structure using the same criteria presented above (right).

structural perturbation by the C113 mutation, as evidenced by
the spectral changes, propagates through the hydrogen bond
network. Thus, the C113 mutation disturbs all residues in the
network, irrespective of their spatial distance from the mutation
site in the a2—a3 loop.

It is noted that the C113A mutant caused spectral changes
for residues in the $3—/4 loop and 4 strand greater than the
corresponding spectral changes observed for the C113S mutant
(Figure 2). The C113A mutation has a greater structural impact
than the C113S mutation.

A comparison of the solution structures of the wild-type,
C113A, and C113S Pinl PPIase domains supports the spectral
changes. The CI113A mutant induces significant structural
changes in the #3—p4 loop and f4 when compared with the
corresponding parts in the wild-type and C113S structures
(Figure S2A).

C113A and C113S Mutations Change the Basic Triad
Structure That Binds the Phosphor Moiety. Both the
C113A and C113S mutants changed the basic triad structure
when compared with that of the wild-type protein (Figure 3).
The basic triad interacts with the phosphate moiety upon Pinl
binding the substrate.'* The structural change to the basic triad
in the C113A and C113S mutants explains the reduced binding
affinity for the phosphor substrate. Here, binding of the
mutants to the substrate was too weak to measure by
isothermal titration calorimetry (ITC). This was also observed
for the C113D mutant: the basic triad structure was changed,

DOI: 10.1021/acs.biochem.5b00606
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K63

A

R69 R68

C113A

Figure 3. Close-up views of the active loop harboring the basic triad in
the Pinl PPlase domain for the (A) C113A (cyan) and (B) C113S
(orange) mutants with (C) the wild type (gray). The residues in the
basic triad are drawn as sticks.

and thus, this mutant shows severely reduced substrate affinity
such that ITC cannot detect substrate binding.17

The active loop (f1—al loop) harboring the basic triad in
the C113S mutant has a rigid backbone structure showing
hNOE values of >0.8 (Figure S3A). The C113A mutant also
has a rigid active loop except for the C-terminal part, ie,
residues W73—Q7S, which has significant structural flexibility
as shown by the lower hNOE values (Figure S3B).

In the wild-type Pinl PPlase structure, the W73 indole ring is
buried in the cavity formed by a2—a3 helices (Figure S2B).""
As seen in the comparison of the structures (Figure S2B), the
C113A mutant causes structural changes to the a2—a3 loop
(Figure S2A), which releases the W73 indole ring from the
interhelix cavity (Figure S2B). This structural change
specifically found in the C113A mutant explains the reduced
hNOE values for residues W73—Q7S in the C113A mutant
(Figure S3B).

Protonation States of Histidines H59 and H157
Change in the C113A and C113S Mutants. The histidines
in the dual-histidine motif engage in the hydrogen bond
network, in which H59 and H157 are in &- and §-tautomers,
respectively.'®'” In our previous work, we showed that
impairing the hydrogen bond between HS9 and HI157
destabilized the structure.'” The change in the protonation
states of the histidines, which is theoretically predicted to occur
according to the state of C113,% should have a significant
impact on the structure and dynamics of these residues.
According to the simulation,”® mutation of C113 should change
the protonation states of H59 and H157.

The imidazole rings of H59 and H157 in the C113A mutant
gave no correlations in the multibond 'H-'N HSQC
spectrum, whereas the corresponding histidines in the C113S
mutant showed faint but detectable signals (Figure 4A, orange).
The spectra observed for the histidines in these mutants are
quite different from the spectrum recorded on the wild-type
protein. Here, the histidines in the wild type gave rise to clear
correlations in the spectrum (Figure 4A, black).'” The spectral
changes observed for the histidines in the mutants indicate that
the histidines in the mutants are in states different from those
in the wild type.

The imidazole '*N#Z and 'N°' chemical shifts can be used to
distinguish protonation states of the histidine side chain.”' H59
N*? in the C113S mutant showed a broadened signal at ~180
ppm, suggesting that the H59 imidazole ring is fully protonated
as the imidazolium cation (Figure 4A). The imidazolium state
usually gives four signals, as observed for H3 in the N-
terminally attached GSHM segment of the construct (Figure
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Figure 4. 2D 'H—""N multibond HSQC spectra and 2D 'H-"*C
HSQC spectra for the imidazole rings in the Pinl PPlase domain. (A)
2D "H—"*N multibond HSQC spectra for the imidazole rings of the
histidines in the wild type (black), C113A (cyan), and C113$
(orange). A set of signals marked with an asterisk represent the
histidine (termed H3 in the text) located within the N-terminal
GSHM segment, which is present because of the expression construct.
2D '"H-"3C HSQC spectra for (B) the wild type, (C) C113A, and (D)
C113S.

4A). The HS9 "N broadened signal suggests the HS9 is in
chemical exchange between the e-tautomer (literature value,
SN = 167.5 ppm)”' and the imidazolium state (literature
value, 5'N*? = 176.5 ppm).”” This is supported by the '3C*
chemical shift at 118.3 ppm for HS59 in the C113S mutant
(Figure 4D). Literature values for the imidazole ring in the -
tautomer give a BC? at 117.9 ppm, whereas the imidazolium
state gives a 6°C* of 120.0 ppm.”"** The imidazole '3C%
value for HS9 in the C113S mutant was observed at a *C
chemical shift between the value for the e-tautomer and
imidazolium states (Figure 4D). The '*C% signal for H39 was
significantly weaker than the corresponding signal in the wild-
type protein (Figure 4B), suggesting that the HS9 imidazole is
in chemical exchange at an intermediate rate on the NMR
chemical shift time scale. The state of HS9 in the C113S
mutant is quite different from that in the wild type (Figure 4D),
as clearly seen upon comparison of the spectrum of the wild-
type protein, where H59 '*C** resonates at ~116 ppm, a typical
position for the e-tautomer (Figure 4B).

H157 in the C113S mutant showed a broadened *N** signal
at ~250 ppm, indicating that H157 is in the o-tautomer state
(literature value, SN** = 249.5 ppm) (Figure 4A)." BC? for
H157 resonates at 129.6 ppm, which is close to the literature
value for the &-tautomer (127.1 ppm) (Figure 4D).* The
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broadened 'H—"°N correlation for the H157 imidazole ring in
the C113S mutant, therefore, is presumably caused by the
imidazole ring fluctuating at a rate that facilitates SN transverse
relaxation (Figure 4A).

The C113A mutant did not give correlations for H59 and
H157 in the multibond '"H—""N HSQC spectrum (Figure 4A).
In a '"H-"*C HSQC spectrum for the C113A mutant, the H157
13C? signal was observed, whereas H39 did not show any
correlations (Figure 4C). On the basis of the *C* chemical
shift (130.5 ppm), residue H157 adopts the §-tautomer state
(Figure 4C).”"* The loss of any "H—""N correlation for H157
is ascribed to ring fluctuations that accelerate the imidazole "N
transverse relaxation and lead to excessive line broadening of
the resonances.

We could not detect a "H—'*C* correlation for H59 in the
C113A mutant (Figure 4C), even when the spectrum was
plotted at the thermal noise threshold (Figure S4). Nonethe-
less, a 'H—"3C*! correlation was observed clearly for H59 at
137.0 ppm (Figure S4; not that the signal is folded in the
spectrum). It is known that the '*C' chemical shift does not
change according to the tautomeric states. The literature value
for BC! is 139.6 ppm irrespective of the tautomeric state of the
imidazole ring.40 On the other hand, the *C® chemical shift
varies according to the tautomeric state: the literature values are
1179 ppm for the e-tautomer and 127.1 ppm for the -
tautomer.*’

For H59 in the C113A mutant, a '"H—'3C correlation for
13C#! was observed, while the signal for 13C% was not observed
(Figure S4). This unusual observation can be explained by
chemical exchange between the e- and d-tautomers for HS9. If
the exchange rate is close to the chemical shift differences
between the & and &-tautomers, the 'H—'3C* signal
significantly broadens and is no longer detectable.”’ The
H-1B3¢e! signal can be observed even when the imidazole ring
is undergoing chemical exchange, because the 13C#! shift does
not change according to the tautomeric state.”” Therefore,
residue HS9 in the CI113A mutant is considered to be
undergoing chemical exchange between &- and d-tautomers.

We should add a comment with regard to the determination
of the structure of the C113A and C113S mutants. In the
structure determination presented here, the H59 side chain was
fixed in the e-tautomer state, as observed in the wild-type
protein structure, and chemical exchange between states was
not considered. Although this assumption can be seen as being
too simplistic, we were able to determine the structures
successfully without any serious violations from the exper-
imental restraints and steric clashes. This is because all the
distance restraints for the imidazole ring of H59 were from the
covalent ring protons in both the C113A and C113S mutants
(Figure SS).

C113A and C113S Mutations Cause Different Struc-
tural Changes in the Active Site. The C113A and C113S
mutations have different active site structures (Figure S). An
expanded view of the active site of the C113S mutant shows
that the imidazole rings of H59 and H157 are in orientations
different from those in the wild-type protein, whereas the
corresponding histidines in the C113A mutant adopt similar
orientations (Figure SA). Comparison of the distributions of y,
angles for H59 and H157 among the 10 lowest-energy NMR
structures (Figure SS) shows that the observed changes in the
imidazole ring orientations in the C113S mutant are statistically
significant (Figure SB and Table S2).
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(gray). (B) x* angle distributions for H59 and H157 among the 10
lowest-energy NMR structures for the wild type, C113A, and C113S.
The diamond represents the average value and the error bar the
magnitude of the corresponding standard deviation.

Structural changes caused by C113A and C113S mutations
were examined by comparing the Car atom positions relative to
those of the wild type (Figure 6A). The profiles for the Ca
displacement showed that the mutants shared the major
structural changes to the fl—al loop. The C113A mutant
showed additional structural changes near the B3—p4 loop
(Figure 6A), which is consistent with the enhanced H/D
exchange rates and the significantly reduced signal intensities
for the corresponding residues characteristically observed for
the C113A mutant (Figure 7 and Figure S6). The C113A
mutation affects residues farther away in the primary sequence
from the mutation site when compared with the C113S mutant.
This observation is consistent with the chemical shift
differences that showed greater values in the $3—/4 loop for
the C113A mutant when compared with the results for the
C113S mutant (Figure 2).

Inter-residue Ca and Cf distances for selected residues in
the active site were compared (Figure 6B). In the C113A
mutant, the S115—HS9 distance was shortened, while residues
Al13 and S154 are farther apart relative to the corresponding
distances in the wild-type protein (Figure 6B). The increase in
distance between residues A113 and S154 in the C113A mutant
resembles the theoretically computed change to the active site
structure of the wild type when residue C113 transforms into
the thiol form.”® In the simulation by Barman and Hamelberg,
the C113—S154 distance increases in association with a change
in the protonation state of H59 from the &- to é-tautomer by
forming a hydrogen bond between S115 and H$9.”° The
shortened S115—HS9 distance observed in the C113A mutant
suggests a hydrogen bond forms between S115 and HS9, as
predicted in the simulation.*’
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The C113S mutation does not change the spatial arrange-
ment of the active site residues, including HS9, S113, S115,
T152, S154, and H157 (Figure 6B). S115 may form a hydrogen
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bond to S113, instead of HS9, as theoretically predicted in the
wild type, which adopts the C113 thiol form.”” The C113S
mutant, therefore, maintains the narrow active site entrance as
found in the apo state of the wild type, which is a key structural
difference from the C113A mutant.

Changes in the Structural Dynamics of the C113A and
C113S Mutants. The backbone dynamics of the C113A and
C113S mutants were found to differ from that of wild-type
Pinl, as measured by the reduced spectral densities.”** The
C113A mutation caused an increase in the J4(0) values for
most of the residues in the PPlase domain; AJ(0) =
Je(0)CM138S — 7 (0)1 (Figure 8A). Residues with increased
J.i(0) values were found to be primarily clustered in the f1—al
loop (Figure 8A). The increase in the J.4(0) value implies that
the corresponding residues have promoted backbone motions
on the microsecond to millisecond time scale relative to the
wild type.*” The loss of a hydrogen bond between C113 and
HS9 caused by the C113A mutation appears to have
destabilized the active site structure to induce slower backbone
fluctuations to residues in the active site (Figure 8A). In
contrast to C113A, the C113S mutant showed rather randomly
distributed AJ.4(0) values (Figure 8B); the C113S mutation
did not induce backbone motions for active site residues on the
microsecond to millisecond time scale.

The profile of AJ(wy) = J(wy) 'S — J(wy)*™ for the
C113S mutant differed from the profile for the C113A mutant
(Figure 8C,D). The C113S mutant showed positive AJ(wy)
values for most residues, whereas the AJ(wy) values for the
C113A mutant were both negative and positive with a less
biased distribution (Figure 8C,D).

To characterize the significance of the difference in AJ(wy)
distributions, we compared the Lipari—Szabo maps for J(w,)
and J(wy) among the three proteins (Figure S7A).** In the
Lipari—Szabo model-free formalism, the spectral density
function for the motion of a given N—H bond vector is

described by

J) = Sy T
s+ w21m2 1+ o’ (2)
/t=1/7, + 1/z, 3)

where S is a measure of the spatial restriction of internal
motion, 7, is the correlation time to describe the time scale of
internal motion, and 7, is the rotational correlation time for
overall molecular tumbling.*

In the three proteins, the most residues showed [J(wy),
J(wy)] plots close to the rigid isotropic tumbling curve or the
“z, = 0” line (Figure S7A): the “z, = 0” line is defined as the line
passing through the rigid isotropic tumbling point with a 7, of
9.5 ns, which corresponds to [J*¢4(wy), J®(w,)] = (0.20,
0.02), to the origin (Figure S7B). The increase in J(wy) is,
therefore, mainly explained by the increasing correlation time
for the internal motion, 7., with a small change in s

The J(wy) values for the residues in the C113S mutant are
greater than those for the wild-type and C113A mutant Pinl;
statistical significance was assessed by the f test, with a p value
of <0.01 (Figure S7C,D). The residues in the C113S mutant
tend to have greater 7, values, indicating that the C113S mutant
structure has overall reduced local backbone motions in the
nanosecond to picosecond time regime relative to those of the
wild-type protein and the C113A mutant (Figure 8D).
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Figure 8. Plots of the differences in spectral density values. AJ.(0) is
defined as J.(0)°"*YS — Jo(0)"™, and AJ(wy) = J(ewy) S —
J(@y)*™. AJ(0) plots for (A) C113A and (B) C113S. AJ(wy) values
plotted for (C) C113A and (D) C113S. The red and black bars
represent residues that show extreme narrowing limit backbone
motion [J(wy) < 0.2] (red) and residues for which J(wy) > J8¢(wy)
= 0.2 (black). Residues are color-coded according to the magnitudes of
the differences in spectral densities AJ: residues for which AJ > AJ™ +
0.50 are colored magenta, while those for which AJ < AJ*® — 0.5 are
colored blue, where AJ™ and ¢ are the average of the AJ values and
the standard deviation, respectively.

B DISCUSSION

Barman and Hamelberg have theoretically computed that the
hydrogen bond network in the active site of Pinl PPlase is
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dynamically modulated according to the protonation state of
C113.%° Here, C113 remains as a thiolate form in the apo state
but becomes protonated or changes to the thiol form upon
binding to the cis substrate.”” This study also shows that
changes in the active site structure and the dynamics associated
with the rearrangement of the hydrogen bond network facilitate
the isomerization process.”’ Their theoretical insights into the
Pinl PPIase isomerization mechanism provided the impetus of
this study to examine how amino acid mutations to C113
modulate the hydrogen bond network.

The Dynamics of the Hydrogen Bond Network
Changed According to the Type of Amino Acid at
Position 113. The changes in the dynamics of the hydrogen
bond network caused by C113A and C113S mutations are
schematically summarized in Figure 9. In our previous work, we
clearly identified the tautomeric states of H59 and H157 in the
wild type by multibond "H—"*N HSQC analysis, which showed
that H59 and H157 are &- and §-tautomers, respectively (Figure
9A)."” The results are consistent with the tautomers of the
corresponding histidines identified in the high-resolution crystal
structure of Par14, a PPlase homologous to Pinl.'® Our NMR
results showed that the hydrogen bond network exists as in the
Parl4 crystal structure; however, NMR could not directly
observe the sample if C113 was in the thiolate or thiol form."”

As described in the Results, the unusual 'H—’N and
"H-"C HSQC spectra for the imidazole rings in the mutants
could represent chemical exchange between the different
protonation states of the H59 imidazole ring (Figure 9B,C).

The C113A mutant lacks a hydrogen bond between HS9 and
Al13 and may be stabilized by H59 adopting the §-tautomer
state by hydrogen bonding with S115 (Figure 9B). The
hydrogen bond from S115 to HS9 was theoretically predicted
in association with the conversion from thiolate to thiol in
C113 and its release from interaction with H39." In a 2D
'H-"N HSQC spectrum for the C113A mutant, the
correlation representing S115 was not observed, while the
neighboring S114 signal was observed, which indicates that
S115 undergoes chemical exchange through interaction with
HS9 exchanging between &- and §-tautomers (Figure 9B).

In the simulation by Barman and Hamelberg, once H59
becomes the S-tautomer, it prompts the conversion of H157
from the 0- to e-tautomer with a rearrangement of the
hydrogen bond between H157 and the T152 hydroxyl oxygen
as the acceptor.”® The NMR results, however, showed that
H157 remains as the 5-tautomer in the C113A mutant (Figure
4). Therefore, there should be a steric clash between HS9 (-
tautomer) and H157 (S-tautomer) (Figure 9B). As seen in the
solution structure of the C113A mutant, the distance between
Al13 and S154 increased with a concomitant decrease in the
S115—HS9 distance (Figure 6B). This indicates that S11S§
attracts HS9 by hydrogen bonding to release the steric clash
with H157. Because the side chain contacts were alleviated by
the widened cavity entrance formed by Al13 and S154, the
imidazole rings of HS9 and HI157 maintain an orientation
similar to that observed in the wild-type protein (Figure $).
The widened active site structure resembles the theoretically
predicted structure present in the wild type with the thiol form
of C113.”° The induced structural deformation in the C113A
mutant was also apparent in the CD spectral change (Figure
S8A).

The C113S mutant showed chemical exchange for HS9
between the ¢-tautomer and the imidazolium state (Figure 9C).
On the basis of the “N¢' and *C? chemical shifts, it is most
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Figure 9. Dynamics of the hydrogen bond network. (A) Hydrogen bond network identified in the wild-type Pinl PPlase according to the high-

resolution crystal structure of Par14'°

, where C113 is drawn to position the thiolate as theoretically proposed.”® (B) Hydrogen bond rearrangement

associated with the exchange of HS9 between the &- and §-tautomers. (C) Rearrangement of the hydrogen bond network caused by the conversion

of the H59 e-tautomer to the imidazolium form.

probable that HS9 preferentially stays in the imidazolium state
(Figure 4). The imidazolium could be stabilized by hydrogen
bonding with the S113 hydroxyl group (Figure 9C). In
addition, S113 hydrogen bonding to H59 could be stabilized by
the interaction with S115, as predicted in the simulation in
which S115 hydrogen bonds to the thiol sulfur in C113 (Figure
9C). The predicted hydrogen bonding of S115 to S113 might
be supported by the change in the signal intensity of S115 on a
"H—"N HSQC spectra (Figure S6): the '"H—"*N HSQC signal
for S115 was not observed for the C113A mutant, while it was
detected for the C113S mutant, which most probably means
that the backbone fluctuation of the S115 residue was alleviated
through the hydrogen bonding to the neighboring residue.

It is noted that in the simulation on the wild-type Pinl
bound to the substrate, the thiol moiety of C113 is engaged in
an interaction with the substrate rather than an intramolecular
hydrogen bond to H59; thus, the wild type should not generate
the imidazolium at H59.”°

H157 remains in the J-tautomer, which is evident in the
NMR spectra (Figure 4). The C113S mutant did not show any
significant change to the active site backbone structure, as seen
from the Car distances among the selected residues (Figure 6B).
Because there is a minimal change in the backbone structure of
the active site of the C113S mutant, steric clashes between the
imidazole rings of HS9 (imidazolium) and H157 (§-tautomer)
were mitigated by the change in their side chain orientations
(Figure 5).
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In the schemes for both mutants, the hydrogen bond
between HS9 and HI157 will be broken transiently in
exchanging between the different imidazole states of HS9
(Figure 9B,C). The breakage of the hydrogen bond in the dual-
histidine motif explains the further reduced structural stabilities
of C113A and C113S relative to the C113D mutant (Table 1
and Figure S8).

It is interesting to note that the overlay of the CD spectra for
the wild type and C113D, C113A, and C113S mutants showed
an isosbestic point around 208 nm (Figure S8A). Taking into
consideration the significantly deformed active site structure to
give an open entrance architecture in the CII13A mutant
(Figure 6B), we postulate that the Pinl PPlase domain can
adopt two major conformations with different entrance forms
in the active site: an open state (as in the C113A mutant) and a
closed state (as in the wild type). This explains the differences
in the CD spectra showing an isosbestic point among the four
types of Pinl PPlase proteins (Figure S8A).

C113A and C113S Mutations Induced Different
Structural Dynamics. We also found that mutation of
C113 caused different structural dynamics on various time
scale regimes.

The C113A mutation induced additional backbone motion
on the millisecond to microsecond time scale, as evident by the
increase in the J.4(0) values for most residues (Figure 8A). The
change was similar to that observed for the C113D mutant, but
the C113A mutation caused a significant increase in J.:(0)
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values for residues in the 4 strand, which was not apparent in
the C113D mutant.'” Impairing the structural stability of the 4
strand is a characteristic feature of the C113A mutant, which is
evident in the enhanced H/D exchange rates for residues in this
strand (Figure 7A). As shown in the solution structure
comparison, the rearrangement of the hydrogen bond network
in the C113A mutant is associated with a change in structure of
the active site entrance (Figure 6B), which may cause structural
perturbations to the f4 strand: the active site entrance includes
S154 in the 3—p4 loop. The enhanced structural dynamics on
the millisecond to microsecond time scale may be understood
by considering that the C113A mutant creates a vacant cavity in
the active site, which is occupied by the longer side chain of
cysteine in the wild-type protein (Figure 9B).

The C113S mutant caused different changes in structural
dynamics with changes apparent in the nanosecond to
picosecond time regime, as seen by the increase in J(wy)
values (Figure 8D). The changes in J(wy) values for the C113S
mutant imply that residues with increased J(wy) values had a
reduced level of local motion, thus adopting more rigid local
structures relative to the corresponding residues in the wild-
type protein (Figure 8D). This change may arise from the
tightly packed imidazole rings of H59 and H157 in the active
site cavity; both residues have the N®'H moiety sterically
crowded in the cavity (Figure 9C).

The observed change in the dynamics for each mutant can be
explained by assuming the protonation dynamics of H59 and
the associated changes in the interaction with H157 (Figure 9).
Our proposed imidazole dynamics of H59 in the mutants are
consistent with the NMR data collected in this study and
supported by the theoretically predicted dynamic hydrogen
bond network described by Barman and Hamelberg,*

Why Does the C113S Mutant Have an Isomerization
Rate Lower Than That of the C113A Mutant? The C113A
and C113S mutants are reported to have reduced isomerase
activities."""® Direct determination of the isomerization rates
by EXSY experiments demonstrated that the C113S mutant has
a significantly reduced isomerization rate when compared with
the rate measured for the C113A mutant (Table 1).

The C113A and C113S mutants have an altered basic triad
structure in the active loop (Figure SA), which explains their
reduced substrate affinity. The change in the basic triad
structure was also found for the C113D mutant.'” The C113D
mutant, however, kept the hydrogen bonding network as in the
wild type.'” Because the isomerization rate of the C113A
mutant is close to the rate observed for the C113D mutant, the
reduced isomerization activity of C113A can be solely ascribed
to the weakened substrate binding ability caused by the
structural change in the basic triad. In other words, the change
in the hydrogen bonding network surrounding HS9 should
have a marginal impact on the isomerization process (Figure
9B).

The C113S mutant showed similar structural change in the
basic triad and therefore a reduced substrate affinity, as in the
case of the C113A mutant (Figure 3B). In contrast to the
C113A mutant, the change in the protonation states of H59 in
the C113S mutant (Figure 9C) could further reduce the
isomerization rate (Table 1). The altered orientation of the
HS9 and H157 imidazole rings (Figure SA) and the presence of
the HS9 imidazolium form (Figure 9C) should be prohibitive
to the isomerization reaction. H59 and H157 constitute the
floor in the active site that holds the Pro residue of the
substrate in position for catalysis. The disorientation of the
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histidine rings may impair the interaction with the Pro
residue.'* As seen in the crystal structure,'* the Pro residue
of the substrate is stabilized by binding into a hydrophobic
catalytic cavity. A charged imidazolium HS9 occurring during
chemical exchange, therefore, will also likely diminish substrate
affinity (Figure 9C). The changes in the catalytic cavity could
explain the further reduction in the isomerization rate of the
C113S mutant.

It is intriguing to note that the change in the protonation
states of HS9 in the C113A mutant (Figure 9B) appears to have
little effect on the isomerization process in contrast to the case
for the C113S mutant (Figure 9C). In the C113A mutant, HS9
is supposed to make the hydrogen bond to S115 with
conversion from é&- to S-tautomeric states (Figure 9B). This
suggests that the observed conversion for the H59 protonation
states in the C113A mutant (Figure 9B) is compatible with the
isomerization, being consistent with the reaction process
proposed by the simulation.*’

In summary, the cis—trans isomerization in Pinl PPlase is
mediated through the binding to the phosphor moiety by the
basic triad in the active loop and followed by the conversion in
the protonation states of the dual histidines H59 and H157.
These results emphasize the conversion in the protonation
states of the dual histidine is essential for the isomerization and
the process depends on the residue type at position 113. This
work supports the theoretically predicted mechanism that
Cl13-mediated rearrangement of the hydrogen bondin
network in the active site prompts the isomerization reaction.”

B CONCLUSIONS

In this work, using the C113A and C113S mutants of the Pinl
PPIase domain, we found the dynamics in the hydrogen bond
network mediated by HS9 and H157 (dual-histidine motif) can
change according to the residue type at position 113. The
absence of resonances or severely reduced signal intensities for
resonances representing HS9 and H157 in the mutants
provided evidence of dynamic rearrangement of the hydrogen
bond network, as theoretically predicted.”® The plausible
hydrogen bond dynamics were derived from 'H—'"*N and
"H-"C correlations (Figure 9), although incomplete sets of
their signals limited our analysis and discussion (Figure 4).

Despite the challenge of observing signals representing the
two His residues that constitute the dual-histidine motif, the
solution structures, the structural dynamics, and H/D exchange
rates for the mutants were found to be consistent with our
proposed dynamics in hydrogen bonding among residues
A113/S113, S115, H157, and HS9 (Figure 9), which supports
our models that describe the dynamic hydrogen bond network
of the mutants.

Overall, this work experimentally supports the view that the
chemical state of C113 plays a pivotal role in reorganizing the
hydrogen bond network to facilitate the isomerization process,
which was originally proposed by theoretical simulations."
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