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An essential role of enzymes is to catalyze various chemical reactions in the human body and inhibition of the enzymatic activity by small 
molecules is the mechanism of action of many drugs or tool compounds used to study biological processes. Here, we investigate the effect on the 
dynamics of the serine protease a-chymotrypsin when in complex with two different covalently bound inhibitors using elastic incoherent neutron 
scattering. The results show that the inhibited enzyme displays enhanced dynamics compared to the free form. The difference was prominent at higher 
temperatures (240–310 K) and the type of motions that differ include both small amplitude motions, such as hydrogen atom rotations around a methyl 
group, and large amplitude motions, such as amino acid side chain movements. The measurements were analyzed with multivariate methods in 
addition to the standard univariate methods, allowing for a more in-depth analysis of the types of motions that differ between the two forms. The 
binding strength of an inhibitor is linked to the changes in dynamics occurring during the inhibitor-enzyme binding event and thus these results 
may aid in the deconvolution of this fundamental event and in the design of new inhibitors.

1. Introduction

Enzymes are dynamical by nature and catalyze various chemical
reactions in biological systems, in vivo or in biochemical
applications in vitro. The motions of enzymes are functionally
important and especially in the events leading up to catalysis,
where conformational changes in the enzymes may facilitate or
impede this process.1–3 Inhibition of the catalytic ability by
reversible (non-covalent) or irreversible (covalent) inhibitors is
an invaluable method to control enzymatic activity and to study
enzymatic function. Understanding these mechanisms is of
fundamental importance in many research fields, including
drug discovery,4 enzyme engineering,5 and enzyme function
studies, since it may aid in the design of more potent inhibitors
and functionally modified enzymes. The effects of inhibitor
binding on local and overall enzyme dynamics have been investi-
gated with various experimental techniques including nuclear
magnetic resonance (NMR)6 and incoherent neutron scattering.7

It has become evident that these effects are not easily predicted

and that enzyme inhibition can cause increased,8–10 decreased,11,12

or no change in dynamics.13,14 For instance, we have recently
shown with neutron scattering experiments that the covalently
bound nerve agent Soman causes a stiffening of the enzyme
acetylcholinesterase,15 and does not affect the dynamics of
butyrylcholinesterase at comparable temperature ranges.16

Here, we have investigated the dynamical effect that covalent
inhibition causes in the serine protease a-chymotrypsin.

Classic serine proteases such as chymotrypsin, subtilisin,
carboxypeptidase Y, and Clp protease, are involved in biological
processes including digestion, reproduction, immune response,
apoptosis and hemostasis,17 where they degrade proteins and
peptides by cleaving peptide bonds. Serine proteases bearing the
chymotrypsin fold (e.g. chymotrypsin, trypsin, thrombin, and
elastase) belong to the clan PA, and the cleavage reaction these
enzymes perform is catalyzed by a clan-specific catalytic triad
consisting of amino acids His–Asp–Ser present in the enzymes’
active site.18 This clan of enzymes has been extensively studied
and includes targets for drug research programs,19 for example,
lowering of blood pressure (thrombin and coagulation factor Xa),
and pancreatitis (trypsin-like). These enzymes are also of interest
in biotechnological applications making use of their catalytic
ability in, for example, prodrug design,20–22 enzyme engineering,23,24

and functional nanomaterials.25 The structure of a-chymotrypsin
was revealed in 196726 and the enzyme consists of two longer and
one short 13 amino acid chains (Fig. 1). The catalytic site is
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positioned between the two long chains in a shallow gorge, with a
deeper part where inhibitors or parts of inhibitors may bind.27

Numerous investigations have dealt with the binding mecha-
nism of inhibitors of a-chymotrypsin28,29 and the inhibitor-enzyme
complex that are formed (see for instance ref. 27 and 30–32) but
not much is known about the effect of inhibitor-binding on the
enzyme dynamics at sub-nanosecond timescales. In this study, the
motions of a-chymotrypsin were investigated in its free form and
when inhibited with two different covalent inhibitors, 1-chloro-3-
tosylamido-4-phenyl-2-butanone (TPCK) and chymostatin (Fig. 1a
and b). These two inhibitors bind in the enzyme catalytic site;
TPCK to His5728 and chymostatin to Ser195 (Fig. 1c).29 The two
inhibitors were selected based on that they bind to different amino
acids and differ in size and, thus, they supposedly perturb the
structure of a-chymotrypsin differently.

The flexibility of a-chymotrypsin was investigated with
neutron spectroscopy, which is a powerful method to probe
molecular motions on the atomic level. The incoherent neutron
scattering cross section of the hydrogen atom is much higher
than that of all other types of atoms present in biological
systems,34 and thus incoherent neutron scattering experiments
reveal mainly the motions of hydrogen atoms and of the
molecular groups to which they are bound. Enzymatic activities
occur on micro- to millisecond time scale, but a recent study
supported a correlation between activity and molecular dynamics
at a nanosecond time scale within the family of human
cholinesterases.35 To evaluate the results of the neutron scattering
measurements we used the classical univariate analysis methods
such as summed intensities and atomic mean-square displace-
ments (MSD).36 In addition, we used multivariate methods
including principal component analysis (PCA)37,38 and orthogo-
nal partial least squares discriminant analysis (OPLS-DA),39,40

methods previously not used in this context, to elucidate more
detailed effects of the inhibitors on the dynamics of a-chymotrypsin
on the pico- to nanosecond time scale. In this way, we explored
the data using two substantially different methods, the first one
averaging over limited range of scattering angles, the second one
exploiting all accessible angles or scattering vectors in a statistical
meaningful way. This is an alternative to the self-distribution

function procedure,41 which permits to separate different mole-
cular motions in various time windows from elastic incoherent
neutron scattering data. Another successful method was suggested
by L. Hong et al.42 to identify global and internal protein motions
from spin-echo and simulation data through wave vector depen-
dent diffusion coefficients. Here we wanted to investigate how far
an analysis distinguishing all wave vectors could permit to shed
light on different motions and contributions within a rather
limited space-time window defined through the resolutions of
the three spectrometers used.

2. Experimental section
2.1 Sample preparation

Chymotrypsin is readily available as powder and very stable as a
solid and in solution (pH 2–9) at temperatures up to 54.3 1C,43

making the enzyme suitable for neutron scattering experimental
conditions. 500 mg of a-chymotrypsin from Bovine pancreas and
treated with 1-chloro-3-tosylamido-7-amino-2-heptanone to inhibit
residual trypsin activity (Worthington Biochemical Corporation)
was dissolved in 24 mL of a 25 mM ammonium acetate/deuterated
water (D2O) buffer. After 10 min of stirring on ice, the sample flash
frozen in liquid nitrogen and freeze dried for 24 h. The dry protein
powder was stored in �20 1C. Four samples were prepared from
this dry protein powder: two equivalent samples including the
inhibitor-free a-chymotrypsin, hereafter called CT1 and CT2, one
sample with chymotrypsin inhibited by 1-chloro-3-tosylamido-4-
phenyl-2-butanone (TPCK, CAS 402-71-1) and one with chymo-
trypsin inhibited by chymostatin (CAS 9076-44-2), giving samples
CT/TP and CT/CS, respectively (Fig. 1). The average molecular
weight (MW) of the three compounds in chymostatin (A, MW
607.7, 82%; B, MW 593.7, 11%; and C, MW 607.7, 7%) was
estimated to 606.16 g mol�1. Inhibitor stock solutions were
prepared as follows. 6.06 mg (0.01 mmol) chymostatin was dis-
solved in 300 mL dimethylsulfoxide (DMSO) and then dissolved in
ammonium acetate/D2O buffer. 3.52 mg (0.01 mmol) TPCK was
dissolved in 267 mL DMSO/EtOH 1 :1 and then suspended in 12mL
ammonium acetate/D2O buffer (resulting in a turbid solution). The
inhibited chymotrypsin samples were prepared by addition of two
(mole) equivalents of inhibitor to chymotrypsin in solution; dry
chymotrypsin was dissolved in the inhibitor solution whereby all
solutions became clear. Samples were freeze dried according to the
protocol above. Protein samples were transferred to flat neutron
scattering sample holders (3 � 4 cm2) of 1 mm thickness and put
under vacuum until completely dry (monitoring sample weight)
followed by rehydration with D2O to a final amount of D2O/sample
ratio (g g�1) of 0.40, corresponding to at least one hydration layer
around the protein. Final sample weights in the sample holder
were 126.5 mg (CT1), 163.4 mg (CT2), 185.2 mg (CT/CS), and
147.9 mg (CT/TP).

2.2 Elastic incoherent neutron scattering experiments

We measured our enzyme samples with elastic incoherent
neutron scattering (EINS) on three instruments, IN6,44 IN13,45

and IN16B46 at the Institut Laue Langevin (ILL, France). The three

Fig. 1 Molecular structure of (a) chymostatin, a mixture of molecules
A, B and C with different side chains indicated by R, (b) TPCK, and
(c) a-chymotrypsin (PDB code 1YPH)33 where the three protein chains
are colored in white, green and blue, respectively, and the amino acids that
participate in catalysis and that the inhibitors bind to are indicated in red.
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experiments were done consecutively using the same samples.
The highest temperature reached was 310 K, corresponding to
the human body temperature; therefore, no enzyme denaturation
was expected. Both inhibited a-chymotrypsin samples (CT/TP and
CT/CS) and one ‘‘free’’ a-chymotrypsin sample (CT2) were mea-
sured on all three spectrometers. The additional a-chymotrypsin
sample (CT1) was included in the IN6 experiment to analyze
inter-sample variation. The three spectrometers were chosen for
their distinctly different time and spatial scale coverage. All three
instruments are sensitive to local motions, but they give different
information regarding the time window in which motions of
different amplitudes occur. IN6 is a cold neutron time-of-flight
spectrometer permitting to determine the incident wavelength
and, thus, the instrumental energy resolution by a monochro-
mator. In the present experiment, we opted for an incident
wavelength of 5.1 Å corresponding to an energy resolution- and
time window of 90 meV and 7.5 ps (calculated according to
Magazù et al.,47), respectively. Motions at this time scale corre-
spond to very fast local motions of atoms. The elastic scattering
was obtained on this time-of-flight spectrometer by integrating
the peak in the range from�0.12 to 0.12meV. A figure presenting
IN6’s resolution function and the integration limits is shown in
the ESI† (Fig. S1). Each instrument gives access to a different Q
range, Q being the momentum transfer between the incident and
the scattered neutron in units of �h. Q is inversely related to space
dimensions or in our case to the amplitudes of motion, which
can be calculated through Bragg’s law Lp 2p/Q.48 IN6 permits to
measure intensities at Q values of the detector in between 0.4 and
2.0 Å�1, corresponding to length scales between 16 and 3 Å. IN13
is a thermal backscattering spectrometer using the wavelength of
2.23 Å. The time window is about 100 ps and it covers a spatial
scale of 1–30 Å. Such a time range typically covers local elastic
vibrations and rotations of amino acid side chains at the
surface.49 IN16B has the highest energy resolution of about
1 meV full width at half maximum and gives access to motions
up to 1 ns, with length scales comparable to IN6 (3–16 Å). These
motions can be associated to torsional vibrations of buried
molecular sub-groups.49 Following the evolution of the dynamics
over time permits the detection of any correlations between
different time scales, and measurements at the different Q values
inform about the extension of the motions. However, as motions
corresponding to the same Q value are observed on different
energy resolutions and thus time scales, they are nonetheless not
directly comparable and have to be considered and commented
individually.

The samples were hydrated with D2O at 0.4 g g�1 to high-
light the motions of the hydrogens in the sample and not in the
surrounding water. This prevented whole enzyme rotation and
translation in the samples, so that we could focus on internal
protein dynamics. The EINS data collected on the three instru-
ments were analyzed individually, however following the same
procedure. It is possible to show that the summed intensities
are, up to a Q-range dependent multiplier, inversely propor-
tional to the root of the MSD, but are less affected by statistical
errors than the MSD.15 They were calculated first by summing
over the whole Q-range of each instrument. Furthermore within

the so called Gaussian approximation,50 which assumes that
the distribution of the atoms around their average position
follows a Gaussian distribution, the scattered elastic incoherent
intensity (Sel) is given by the dynamic structure factor at zero
energy exchange (S0)

SelðQ;o ¼ 0� DEÞ � S0 exp �
1

3
u2
� �

Q2

� �

(1)

where o and Q are the exchanged energy and momentum in
units of �h, respectively, hu2i is the MSD, and DE is the half width
at half maximum of the instrumental energy resolution. The
approximation is strictly valid for Q - 0 and it holds up to
hu2i Q2

E 1. We determined the Gaussian approximation to be
valid for the Q-ranges of 0.49–1.24 Å�1 on IN6, 0.5–1.67 Å�1 on
IN13 and 0.7–1.48 Å�1 on IN16B. The MSD can be obtained for
each temperature by the slope of the semi-logarithmic plot of
the incoherent scattering function through

u2
� �

� �3
d lnSelðQ;o ¼ 0� DEÞ

dQ2
(2)

The MSD can be a measure for the flexibility of the biological
system at a given temperature.51 To obtain the intensities
scattered by the sample only, scattering from the empty sample
holder was subtracted, and the data were normalized to the
lowest measured temperature data (IN6: 80 K, IN13: 20 K,
IN16B: 40 K). At such low temperature, all motions are frozen
and the neutron intensities thus reflect the relative detector
efficiency and the instrumental resolution. The lowest tempera-
ture was different on the various spectrometers for technical
reasons, but the differences in the data are negligible within
the range of cryo-temperatures. The acquisition was continuous
on IN6 and IN16B with ramps of 1 K min�1 below 80 K and
0.5 K min�1 above 80 K and on discrete points on IN13 (with
steps of 10 or 20 K) with 1 h counting time below 280 K and 2 h
above 280 K. Absorption correction was based on the correction
formula of Paalman–Pings.52 The complete data reduction was
carried out using the LAMP software available at ILL.53

2.3 Multivariate data analysis

PCA37,38 is a projection method that visualizes the main varia-
tion in multivariate data by transforming a multidimensional
set of correlated variables to a smaller set of uncorrelated new
variables. These are called principal components (PCs) and the
PCs are eigenvectors of the original data. Here, the data matrix
(X) consists of intensities and the matrix row elements are the
measurements in sequential order at the different tempera-
tures (T). Column elements (variables) are the Q-values at the
detector (Q:s), yielding X(Qi, Tj), where i = 1,. . ., M dimensions
of Q space and j = 1,. . ., N number of measurements. The
intensities were normalized to the intensity at the lowest
measured temperature and were mean-centered prior to
modeling. The first PC (PC1) explain (per definition) the main
variation in the data. After calculation of PC1, each measured
data point received a new value, a score value s to build up a
score vector s1, which is the eigenvector that has the largest
eigenvalue. The contribution of the original variables, Q:s, to
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the new score vector (the position of the samples in the score
vector) is described by the values in the loading vector l. The
second PC (PC2) is placed orthogonally to PC1, so that
it captures the remaining main variation (second largest eigen-
value), the third PC (PC3) is placed orthogonally to PC2, and so
on. These PCs give rise to a new decomposition matrix (SL0)
according to

X = %X + SL0 + E (3)

where %X is the X matrix average, S is the score matrix, L0 is the
loading matrix, and E is the residual. The l- and s-values are
visualized in two separate plots; the loading plot shows the Q:s
and their weights on the PCs and the score plot shows how the
EINS measurements differ in terms of their intensities in the
Q-range.

OPLS-DA39,40 makes use of a predefined matrix (Y) contain-
ing class assignment based on the samples. This information is
used to decomposed the X matrix containing the measured
Q intensities in such way to that it describes large variation in X

and correlate with Y. X is decomposed into three parts
according to

X = SPLP
0 + SOLO

0 + E (4)

where SP is the predictive score matrix, LP
0 the predictive

loading matrix, SO the corresponding Y-orthogonal score
matrix, LO0 the loading matrix of the Y-orthogonal components,
and E is the residual matrix of X. Thus, OPLS-DA discriminates
between the inter-class variation (class differences) shown by
the predictive scores (sp,1) and intra-class variation (differences
within a class) shown by the orthogonal scores (so,1). The
predictive loadings (lP,1), or in this case the weights (w*), can
be analyzed to identify the Q-values (i.e., the movement length
scale) that gives rise to the classes. The absolute value of
individual weight indicates the importance of that specific
variable to the predefined class assignment, the larger value,
the higher importance. The sign of the weight shows if the
related variable is positively or negatively correlated to that
particular class.

The quality and statistical significance of the multivariate
models was determined from the proportion of the variation in
the original data that was explained by the model, i.e., the
cumulative sum of squares of the entries (R2X(cum)) and
eigenvalues (PCA), and the cumulative sum-of-squares of all
the y-variables explained by the extracted OPLS-DA components
(R2Y(cum)) (OPLS-DA). The models were further tested using
leave-n-out cross-validation54 (n equal to 1/7 of the data set)
giving rise to a q2(cum)-value comprising all model PCs or
OPLS-DA components. Multivariate modeling was performed in
the SIMCA software55 and a more detailed description of PCA,
OPLS-DA, and cross validation is presented in the ESI.†

3. Results and discussion

The dynamics of free (samples CT1 and CT2) and inhibited
a-chymotrypsin (samples CT/CS and CT/TP) was measured on

hydrated powders on the three instruments: IN6, IN13, and
IN16B. The resulting EINS data were analyzed by extracting the
intensities summed over all scattering angles (the entire
Q-range) and MSD based on a shorter Q-range. Inspection of
the three figures showing the summed intensities (Fig. 2)
revealed the following: (i) negligible difference in the dynamics
of the two samples of the free enzyme (CT1 and CT2) was visible
on IN6. (ii) Covalent inhibitors affected the enzyme so that it
became more flexible and this was true for both inhibited
enzyme samples (CT/TP and CT/CS) and on all instruments.
(iii) The differences in dynamics between the inhibited samples
were within the error bars, but the tendency was that the effect
of TPCK was larger than that of chymostatin. (iv) The results
from IN6 and IN13 showed an effect of hydration; the CT2
sample had an increase in intensity on these instruments
between 220 K and 270 K, which can be associated with water
Bragg peaks. The hydration effect is seen in Q-ranges not
included in the MSD calculations.

PCA was used to visualize general trends and groupings in
the EINS data using the whole Q-range to visualize differences
in the dynamics of the a-chymotrypsin samples. The PCA
models were generally of high statistical quality where B99%
of the original variation in the data was explained with a cross-
validation q2 of 0.98–0.99. Most of the variation was described
by PC1 (97–99%) and a few percent by PC2 and PC3. Model
details including statistics and number of samples and mea-
surements are presented in the ESI,† Tables S1–S3. The main
difference in enzyme dynamics between the different measure-
ments, shown in PC1 (e.g., for IN6 in Fig. 3a), was related to the
different temperatures at which a sample was measured, but
also the differences between free and inhibited a-chymotrypsin.
This was true for all samples measured on all three instruments
(Fig. 3 and 4).

The enzyme dynamics increased with the temperature; the
intensities were negatively correlated with the temperature, as
shown previously for proteins.56 This relation was manifested
in the PCA by the fact that the high Q:s were generally found at
the right most in the loading plot, connected to the low
temperatures to the right in the score plot. The different PCAs
based on data of the three instruments, also showed groups
consisting of the free (CT2) and inhibited a-chymotrypsin
(CT/CS and CT/TP) and these groups were prominent mainly
at higher temperatures (Fig. 3 and 4).

3.1 Measurement reproducibility

We analyzed the results of the two free a-chymotrypsin samples
CT1 and CT2 on IN6 to determine the variation in measurement
results on two similar samples prepared in parallel. Except for the
Bragg-peak effects (see separate analysis below) the two samples
appear equal within error bars from the summed intensities
(Fig. 2a). The MSD and PCA showed that CT2 was slightly more
dynamic in general (Fig. 2b and 3a) and more similar to the
inhibited a-chymotrypsin samples in the MSD- and score plots,
mainly at low temperatures. The difference between CT1 and CT2
may stem from differences in sample preparation, weights, and
hydration. Nevertheless, we can conclude that the difference is
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small, and most importantly, considerably smaller than the
difference between free and inhibited enzyme. Notably, the differ-
ence between CT1 and CT2 diminishes with increasing tempera-
ture, which is seen in both univariate (Fig. 2) and the multivariate
analysis (Fig. 3a).

3.2 Effects of water phase transitions

On IN13 and IN16B, particularly for the CT2 sample, there was
a sharp decrease in the summed intensities around 250–275 K
(Fig. 2c and e) due to the melting of water. An effect of a water
phase transition that is different from melting was seen for the

CT2 sample measured on IN6 around 240 K (Fig. 2a and 3b).
In fact, water may undergo several phase transitions but not all
phases are thermodynamically stable. At a very low temperature,
ice has an amorphous structure and at 150 K, it transforms into a
quasi-cubic structure. Beyond 200 K the quasi-cubic structure
passes into the hexagonal phase, which is very fast above 240 K,
also reported by Koza et al.57 Here, only the cubic to hexagonal
phase transitionmakes fluctuations that contribute in a significant
way to the dynamics probed by the neutrons. This effect was also
weakly present in the other samples, which is only apparent by the
multivariate analysis in Fig. 3b, where all samples show higher

Fig. 2 Neutron intensities in arbitrary units summed over the available scattering angles (left column) and the extracted MSD (right column), both as
function of temperature. Data are from IN6 (a and b), IN13 (c and d), and IN16B (e and f). The error bars were based on Poisson statistics applied to the raw
data. The error bars of the MSD, extracted according to eqn (2), were obtained by linear regression when fitting the data.
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score values in principal component three (PC3) in that tempera-
ture range. The sharp increase in the intensities were mainly
manifested in Q equal to 1.61 Å�1, which matches with values
for ice Bragg peaks that have been reported.57 Such an effect is,
however, negligible for the MSD extracted from the restricted
Q-range, since the ice Bragg peaks appear in a Q-range not
included in the MSD analysis. We concluded that the difference
in dynamics between the two inhibitor-free samples CT1 and CT2
mainly occurred at mid-range temperatures due to Bragg peaks,
and does not stem from a difference between the samples with any
biological mechanistic relevance, but rather from slight sample
dissimilarities.

3.3 Differences in dynamics between free and inhibited

a-chymotrypsin

The summed intensities over the whole Q-range and the PCA
of the neutron scattering data showed that there was a clear

difference in the dynamics between the inhibited and free
form of a-chymotrypsin; both covalent inhibitors affected
the enzyme so that it became more flexible. The difference in
enzyme motion is pronounced in the summed intensities
measured on all instruments at mid- to high temperatures,
but not at the lowest temperatures (Fig. 2a, c and e).

TheMSD analysis of the IN6 data also showed clear differences
between the inhibited and the free samples (Fig. 2b), where the
MSD increases by B0.3 Å2 at the highest temperature. In the
IN13 data, the MSD had larger standard deviations, which did
not allow a significant separation between inhibited and free
a-chymotrypsin (Fig. 2d). On IN16B, the difference in the total
elastic intensity was the largest between 200 K and 260 K.
A significant difference in the MSD was also apparent at the
highest temperatures (Fig. 2f), corresponding to a difference in
MSD of B0.065 Å2 between the CT/CS and CT2 samples and of
B0.05 Å2 between CT/TP and CT2 samples. In the PCA, notably

Fig. 3 PCA analysis of the measurements from IN6 showing in (a) and (b) score plots of the samples displaying the main differences between the
samples (indicated with sample symbol and measurement temperature) based on neutron intensities, and in (c) and (d) loading plots with loading values
for each variable Q indicated with the Q value in Å�1. PC; principal component.
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including intensities of the whole Q-range, the difference between
the free and inhibited enzyme was pronounced across all tem-
peratures in the IN6 measurements (Fig. 3a). From the IN13
and IN16B measurements, mainly at mid- to high temperatures
(240–310 K), there are two groups of measurements including free
(CT2) and inhibited (CT/CS and CT/TP) a-chymotrypsin samples
(Fig. 4a and b). On IN13, the difference is less pronounced but
clearly there, especially at higher temperatures (B280–315 K).
To explore the cause of the higher mobility of the inhibited a-
chymotrypsin further, and to more clearly pinpoint the kind of
atomic motions that were involved, the samples were classified
into two classes corresponding to the free and inhibited a-chymo-
trypsin sample(s). The analysis was focused on the data at the
biologically relevant temperature interval 270–310 K.

The variation in Q intensities that could explain class separa-
tions (the R2X of the OPLS-DA predictive component) amounted

to 60%, 47%, and 76% of the total variation collected at IN6,
IN13, and IN16B, respectively, showing that a substantial
amount of the information in the EINS data was related to
the class differences. Model statistics are presented in the ESI,†
Tables S1–S3. All of the classification models showed, as
expected, a clear separation between inhibited and free
a-chymotrypsin, with the CT2 (or CT1 and CT2) samples to
the left and CT/CS and CT/TP samples grouped to the right in
the score plot (Fig. 5a, c and e). All the weights in right panels
(Fig. 5b, d and f) had negative values and this relates to the
position of the inhibitor-free samples to the left and negative
side in the score plot. This meant that the free enzyme samples
(at 270–310 K) generally had higher intensities in the whole
Q-range and were thus less mobile compared to the inhibited
enzymes. Note that the same spatial scale or Q-value seen
on different instruments corresponds to different time scales

Fig. 4 PCA analysis of the measurements with score plots of the samples displaying the main differences between the samples (indicated with sample
symbol and measurement temperature) based on neutron intensities from (a) IN13 and (b) IN16B, and loading plots with loading values for each variable
Q indicated with the Q value in Å�1 from (c) IN13 and (d) IN16b. PC; principal component.
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according to the instrumental resolution. Furthermore, from the
OPLS-DA weight plots (Fig. 5), it was clear that the high-range Q:s

are most important for the motions seen on IN6. On IN13, the Q:s
contributed similarly within the Q-ranges accessible on IN6 or

Fig. 5 Classification of inhibitor-free versus inhibited a-chymotrypsin in the temperature interval 270–310 K with scores, showing class separations, and weight
for OPLS-DA component 1, showing scattering angle (Q-range) contributions to class separation, from measurements on IN6 (a and b, respectively), IN13
(c and d, respectively) and IN16B (e and f, respectively). Error bars are standard errors with a confidence level of 95% calculated by Jack-knifing.
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IN16B but higher-range Q:s decreased in weight, whereas a
decrease with Q was clear on IN16B. In the 7.5 ps time window
(IN6) the inhibited enzymes were more dynamic than the free
form due to more small-amplitude high velocity motions (higher
intensities at high scattering angles; Fig. 5a and b), such as the
rotations of hydrogens bound to, for example, carbon in methyl
groups. Water translational motions is monitored at a Q-range
belowB1.5 Å�1 but the short time window on IN6 cannot capture
this motion in total, as shown by small and non-significant
weights in the OPLS-DA weights plot (Fig. 5b). The difference
between the inhibited and free samples seen in the PCA analysis
for the whole temperature range (Fig. 3a), could be corroborated
by an OPLS-DAmodel including the whole temperature range that
was statistically significant and showed a separation between
the free and inhibited a-chymotrypsin (details are presented in
the ESI,† Fig. S4).

Even smaller amplitude motions measured with the broader
Q-range monitor (Q of 2.27–4.48 Å�1) at the IN13 instrument
(100 ps time window) were not affected upon covalent inhibition,
as these OPLS-DA weights were non-significant in the classifica-
tion model (Fig. 5b and c) and are thus not important in the
differentiation between free and inhibited a-chymotrypsin.

Neutron scattering intensities measured during the longest
time window, 1 ns, at IN16B, showed that the increased dynamics
of a-chymotrypsin upon inhibition was not only due to small
amplitude motions but due to larger, slower motions increased as
well. This can be concluded because all OPLS-DA weights in this
Q-range (0.57–1.85 Å�1) were significant (Fig. 5f).

The classification method OPLS-DA39,40 was particularly
suitable in our case, as this method filtered the data from
scattering intensity differences between measurements that
were not related to class separation (e.g., the temperature
dependences). The fact that there was a marked difference
between the free and the inhibited enzyme with respect to
the high Q-values on IN6 (Fig. 4b and Fig. S4, ESI†) might
be interpreted as follows: Compared to the free enzyme, the
inhibited underwent the dynamical transition at lower temperature
(i.e., around 200 K)58 and in a more cooperative manner, meaning
more particles undergoing the transition simultaneously. We there-
fore speculate that the bound inhibitors induced small collective
motions in the enzyme, possibly also disturbed the water network,
so that less energy was required to undergo the dynamical transi-
tion. The motions captured by IN16B concerned scales above 3.3 Å
monitored during 1 ns and corresponding to amino acid side
chains- and water molecule movements, and the inhibited enzyme
was more dynamic when considering these kinds of movements.
Importantly, such distinctions were not possible to identify from
the MSD solely, which is based on the slope of the intensities with
respect to Q2.

3.4 Effects of different inhibitors

There was a weak tendency that a-chymotrypsin became more
flexible when inhibited by TPCK compared to chymostatin,
as evident by the difference between the two samples in
the summed intensities at the highest temperatures from the
IN6 and IN16B measurements (Fig. 2b and f). A statistically

significant difference in MSD could not be seen between CT/TP
and CT/CS at IN13 and at the highest temperature. These
results are summarized in Fig. 6, showing the MSD of the
samples at 300 K measured on the three instruments.
No significant overall increase in hu2i is noted in between the
IN13 and IN16B results, and only judging from the MSD results,
this would indicate that no additional motions were recorded
between 100 ps and 1 ns.

Nevertheless, the OPLS-DA (Fig. 5) showed that the Q-ranges
contributing the most are not the same on the three instru-
ments and thus only on average does the flexibility appear to
be about the same on IN13 and IN16B. The more detailed
multivariate analysis permits to shed light on this point. These
findings might explain why different diffusion coefficients are
often extracted from quasi-elastic neutron scattering data taken
with different instrumental resolutions although the sample is
identical.59 The CT/TP sample showed a higher MSD compared
to the CT/CS sample (on IN6 and IN16B) indicating that
the former induced more motion in the a-chymotrypsin than
the latter. Here, we note that TPCK is markedly smaller than
chymostatin (Fig. 1), but still induce more motion. Nevertheless,
the lack of structural data regarding the inhibitor-chymotrypsin
complex and our data treatment does not allow for more precise
conclusions, but we refer to the discussion in Peters et al.15 where
arguments are forwarded why inhibitors may act differently on
the water network and how this could influence the global
dynamics.

4. Conclusions

The dynamics of the serine protease a-chymotrypsin in its free
form and when inhibited by covalently bound inhibitors TPCK
and chymostatin was measured with EINS on the spectrometers
IN6,44 IN13,45 and IN16B.46 As expected, the dynamics for all
samples increased with temperature, but the inhibited enzyme
was shown to be more dynamical compared to the free, as was
evident from both the summed intensities and the multivariate
analysis including PCA and OPLS-DA. Other factors such as

Fig. 6 MSD at 300 K for the different samples as function of the instru-
mental time window where 10, 100, and 1000 ps corresponds to the time
window on IN6, IN13 and IN16B, respectively.
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sample preparation, hydration level, and sample weights could
be ruled out as the cause for this difference. The increase in
dynamics of the inhibited a-chymotrypsin was seen on all
measured time-scales capturing movements such as methyl
group rotations, water movements, and amino acid side chain
movements. Contrary to the univariate methods, which average
over effects and specific space dimensions the multivariate
analysis could reveal subtle effects, such as the presence of
Bragg peaks in all measurements and which Q-ranges and thus
which type of motion constituted the difference in the enzyme
dynamics. The OPLS-DA models pinpointed scattering angles
that contained information on the difference in dynamics
between inhibited and free enzyme, and gave statistical signi-
ficance to this finding. At high temperatures on a short time-
scale (IN6), mainly small amplitude motions, such as hydrogens
rotating about carbon in methyl groups, contributed to the higher
mobility of the inhibited enzyme. On IN16B, covering the longest
time-scales, more motions that correspond to the movements of
amino acid side chains could be seen in the inhibited enzyme.
Thus, we conclude that the inhibited enzymes studied here
underwent the dynamical transition at lower temperatures and
in a more cooperative way leading to bigger amplitudes of
motions. Here, we propose two simultaneous scenarios regarding
the changes of the potential energy landscape of the enzymes. The
inhibitors’ interactions with the enzyme permittedmore collective
motions and more particles to overcome potential energy barriers
in the conformational landscape simultaneously during the
transition. Furthermore, the inhibitors influenced the water
network around the enzymes in a way that permitted more
degrees of motional freedom leading to a lowering of the
potential energy barrier heights. Molecular dynamics simulations
could eventually help to disentangle the different scenarios.
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