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ABSTRACT Nearly all protein functions require structural change, such as enzymes clamping onto substrates, and ion chan-
nels opening and closing. These motions are a target for possible new therapies; however, the control mechanisms are under
debate. Calculations have indicated protein vibrations enable structural change. However, previous measurements found these
vibrations only weakly depend on the functional state. By using the novel technique of anisotropic terahertz microscopy, we find
that there is a dramatic change to the vibrational directionality with inhibitor binding to lysozyme, whereas the vibrational energy
distribution, as measured by neutron inelastic scattering, is only slightly altered. The anisotropic terahertz measurements pro-
vide unique access to the directionality of the intramolecular vibrations, and immediately resolve the inconsistency between cal-
culations and previous measurements, which were only sensitive to the energy distribution. The biological importance of the
vibrational directions versus the energy distribution is revealed by our calculations comparing wild-type lysozyme with a higher
catalytic rate double deletion mutant. The vibrational energy distribution is identical, but the more efficient mutant shows an
obvious reorientation of motions. These results show that it is essential to characterize the directionality of motion to understand
and control protein dynamics to optimize or inhibit function.
INTRODUCTION
Many proteins must undergo a series of conformational
changes to perform their biological function. Enzymes, for
example, have distinct structures as the free enzyme moves
to substrate bound and product release states. The efficiency
of these large-scale structural changes is remarkable. Calcu-
lations have indicated that long-range collective vibrations
within the protein enable these structural changes. This im-
plies that perturbing these motions by mutations and small
molecule strategic binding can optimize or diminish protein
biological function. This notion is controversial and only
recently have experiments verified that such long-range vi-
brations even exist in proteins (1–6). There is evidence
that nature uses such dynamical control for survival. Anti-
biotic resistance mutations have been found to develop at
regions distant from protein active sites (7–9). These muta-
tions could not provide resistance by changing the chemical
bonding with the antibiotic, but could affect the long-range
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motions that enable the structure to accommodate the drug.
While these mutations naturally occur when the microbe is
challenged, laboratory design of mutations and allosteric in-
hibitors continues to be limited by the inability to detect a
dependence of protein long-range vibrations on inhibitor
binding or mutation.

Here we directly measure the directionality of the vibra-
tions with the recently introduced anisotropic terahertz
microscopy (ATM) optical technique, and the vibrational
energy distribution with inelastic neutron scattering (INS)
of the enzyme chicken egg white lysozyme (CEWL). Lyso-
zyme provides a natural defense against Gram-positive bac-
teria by catalyzing the hydrolysis of 1,4-b-linkages between
N-acetyl-D-glucosamine (NAG) and N-acetylmuramic acid
(NAM) in the peptidoglycans of the bacterial cell wall. The
CEWL structure can be viewed as two domains with a cleft
in between, and has two major motions—the hinge-bending
motion and the torsional motion—about the cleft. The
hinge-bending motion is associated with the binding of
the NAG-NAM chain into the cleft. This binding distorts
the chain and provides access to the CEWL residues Glu35

and Asp52, which enable the hydrolysis of the chain bonds
and the cleavage of the chain (10).
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The dynamics are characterized for the free enzyme and
the enzyme bound with an inhibitor (tri-N-acetyl-D-glucos-
amine, 3NAG) in the substrate cleft. We find the direc-
tionality of the motions changes dramatically, while the
energy distribution, i.e., the vibrational density of states
(VDOS), is only weakly sensitive to inhibitor binding. Our
results reveal that previous measurements found very little
change in the intramolecular protein dynamics for different
functional states because they primarily measure the VDOS
and not directions of motion (5,11–15). The new ATM
method is sensitive to these important dynamical changes,
and exposes that standard protein characterization tech-
niques can be blind to the critical processes contributing
to biology.

How the directionality of vibrations contributes to func-
tion is revealed by simulations of wild-type (WT) CEWL
and mutated CEWL with a higher activity rate over WT,
despite the mutation being far from the active site (16,17).
While the calculated energy distribution and isotropic
absorbance show no change in the internal dynamics, the
calculated anisotropic absorbance shows an obvious reor-
ientation of the motions with mutation, consistent with the
catalytic rate changing due to the mutant’s dynamics (18).
Thus, if one focuses solely on measurements of the energy
distribution, it is likely that key dynamical shifts with muta-
tion and ligand binding will be missed. Further, the result
demonstrates the fundamental importance of the direction-
ality of motions to catalytic efficiency.
MATERIALS AND METHODS

Protein crystallization

The CEWL tetragonal lysozyme crystals, space group (P43212), are grown

as described in Acbas et al. (4). Tri-N-acetyl-D-glucosamine (3NAG)

inhibitor bound crystals are similarly grown with the adding of an equal

molar amount of 3NAG inhibitor as the protein to the well solution.

Protein crystals are grown to a sufficiently large size, >200 mm on the

(110) face.
Anisotropy terahertz microscopy

The ATM system (4) is used to perform room temperature near field

tetrahertz (THz) transmission measurements on CEWL and CEWL-

3NAG tetragonal crystals, mounted over a 200 mm diameter aperture on

a 200 mm thick stainless steel plate with a plastic wrap backing on the un-

derside. A drop of paraffin oil covers the crystal and aperture. The sample

plate is placed directly on the electrooptic detection crystal and a lid is

added to enclose the sample area in a hydration cell. Sample hydration

is regulated by a Dew Point Generator (LI-COR Biosciences, Bad Hom-

burg, Germany) throughout the measurement. The THz is incident on

the (110) crystal face and the initial 0� sample orientation is aligned using

the crystal facets such that the [001] crystal axis is parallel to the THz po-

larization direction. The sample is rotated 15� between measurements, for

a full 360� rotation. By taking the difference between the absorbance at

one orientation relative to the reference orientation (0�, [001] axis),

ATM isolates the protein intramolecular vibrations from the strong

isotropic absorbance of the water in the crystal (typically 50% of crystal

volume (19)) as well as other isotropic contributions. For incoherent
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neutron scattering measurements, CEWL and CEWL-3NAG powders are

hydrated to a water content of 0.32 g D2O/g protein. The incoherent scat-

tering signal is dominated by the nonexchangeable protons of the protein

and polysaccharide, and the D2O hydration layer signal can be safely ne-

glected. The native structure was monitored before and after measure-

ments by circular dichroism measurements.
Neutron scattering

INS experiments were performed at the time-of-flight spectrometer IN4 at

the Institut Laue-Langevin (Grenoble, France) (20). Due to the isotropic na-

ture of the samples, the dynamical structure factor S(Q,E) depends on the

wave-vector transfer modulus Q ¼ jQj. The incident wavelength of

2.2 Å, results in a Q range from 0.9 to 4.8 Å�1.
The generalized VDOS function G(E) is related to the dynamical struc-

ture factor by

SsðQ;EÞ ¼ sinc
H

4p
e�2WðQÞ

Z2Q2GðEÞ
2ME

½nðEÞdðEþ ZuÞ
þ ðnðEÞ þ 1ÞdðE� ZuÞ�; (1)

where sincH andW(Q) are the incoherent cross section and the Debye-Waller

factor of hydrogen atoms, respectively, and n(E) is the Bose-Einstein factor.

The experimental Gexp(E) has been calculated by integrating Eq. 1 over the

accessible angular range (21). The VDOS G(E) has been calculated in ab-

solute units from Gexp(E) by using a procedure already exploited by Balog

et al. (12). In more detail:

GðEÞ ¼ �
u2
���

u2calc
� � GexpðEÞ; (2)

where hu2i values are the hydrogen mean squared displacements (MSDs)

derived within the Gaussian approximation IelðQÞ ¼ e�hu
2iQ2=3 to fit the

elastic intensity measured on IN4 in the Q-region up to 2 Å�1, while

�
u2calc

� ¼ Z2

2M

Z
coth

�
E

2kBT

�
GexpðEÞ

E
dE; (3)

where M is the protein mass.

The vibrational entropy change per mole protein upon binding has been

calculated under the harmonic approximation from (22)

DSv ¼ kB

Z �
E

2kBT
coth

�
E

2kBT

�
� ln

�
2 sinh

�
E

2kBT

�	

�ðGCEWL-3NAGðEÞ � GCEWLðEÞÞdE;

(4)

where kB is the Boltzmann constant, and GCEWL(E) and GCEWL-3NAG(E) are

the VDOS of CEWL and CEWL-3NAG.

For the conformational entropy determination, temperature-dependent

incoherent elastic neutron scattering measurements were performed at the

backscattering spectrometer IN13 (Institut Laue-Langevin, Grenoble,

France), using the incident neutron wavelength l ¼ 2.23 Å, corresponding

to an energy resolution of DE ¼ 8 meV (full width at half-maximum).

Again, the hydrogen MSDs hu2i have been derived using the Gaussian

approximation to fit the measured elastic intensity IelðQÞ ¼ e�hu
2iQ2=3 in

the Q region up to 2 Å�1.
The conformational entropy change per side chain upon binding is esti-

mated from (23)

DSc ¼ SCEWL-3NAG � SCEWL ¼ R lnðVCEWL-3NAG=VCEWLÞ;
(5)
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where R is the gas constant and VCEWL-3NAG and VCEWL are the accessible

volumes of the conformational space occupied by the average protein side

chain of the complex and the free protein, respectively. In the Gaussian

approximation hu2ic is directly proportional to V2/3, thus

DSc ¼ 3

2
R ln

h�
u2
�
c;CEWL-3NAG

.�
u2
�
c;CEWL

i
; (6)

where hu2ic;CEWL-3NAG and hu2ic;CEWL are the conformational MSD of the

complex and the unbound protein, respectively. We decomposed the hu2i
into the sum of the vibrational hu2iv and the conformational hu2ic compo-

nents. The hu2iv can be directly estimated in the low-temperature range

below 100 K, where the measured hu2i, has a purely vibrational character,

as conformational changes are frozen out. This trend for hu2iv can be then

extrapolated up to room temperature in the harmonic approximation (24).

This allows for the assessment of the conformational component hu2ic
over the entire temperature range.
Molecular dynamics calculations

CHARMM (25) is used for molecular dynamics simulations and normal

mode analysis (NMA). Protein structures PDB: 1BWH (26) and PDB:

1HEW (27) from the Protein Data Bank are used for the free and

3NAG bound lysozyme structures, respectively. The mutated protein struc-

tures are made by deleting residues Arg14 and His15 from the PDBs: 1BWH

and 1HEW structure files, ligating the backbone at residues Leu13 and

Gly16, and performing an energy minimization of these two residues

to fix the bond lengths of the backbone. The 3NAG is bound at the

ABC binding site only, for both WT and mutant CEWL molecule simula-

tions (27).

CHARMM-GUI (28) is used to initialize the PDB structures into the

CHARMM format. All-atom parameter and topology sets 36 for proteins

(29) and carbohydrates (30) are utilized for the lysozyme protein and

3NAG inhibitor, respectively. The crystal waters are removed and re-

placed with a 6 Å water layer, modeled using TIP3 explicit solvent,

from 2.5 to 8.5 Å from the protein surface. The system is minimized

by 100 steps of steepest descent to settle the waters toward the protein

surface. The protein charge is neutralized by adding eight randomly

placed chlorine atoms such that they are within 5.5 Å from the protein

surface or another ion. Overlapping waters are deleted. The system is

minimized again with 200 steps steepest descent and 10,000 steps of

adopted basis Newton-Raphson or until a tolerance of an average energy

gradient of 0.01 kcal/Å is reached. The system is heated using the

DYNAmics command by 5 K every 2500 steps with a 1 fs time step

from 110 to 300 K, then kept at a 300 K bath. The atomic coordinates

are saved every 100 time steps to the trajectory file. The equilibration

is done at 300 K for 3 ns. Translation and rotation is removed every

200 steps during both the heating and equilibration. The root MSD rela-

tive to the starting structure is plotted per frame and is found to strongly

vary for the first 1 ns of the simulation. After this, the root MSD is found

to remain fairly constant. To ensure equilibrium dynamics for the calcu-

lations, the first 1.2 ns are removed. Each remaining frame of the struc-

ture is fit/merged to the initial structure from before the heating process

to remove any additional changes in rotation or translation. All evapo-

rated waters are removed by deleting waters farther than 8.5 Å from

the protein surface. Forty random frames are chosen from the remaining

1.8 ns trajectory. For each frame, waters >7 Å from the protein

surface are removed and the system is again minimized fully through

two iterations of 100 steps steepest descent and an adopted basis

Newton-Raphson minimization until a tolerance of an average energy

gradient of 10�7 kcal/Å is reached. NMA is performed on each mini-

mized structure to obtain the vibrational mode frequencies, eigenvectors,

and dipole derivatives (transition dipole).

The VDOS spectra are determined using the frequencies from the

NMA, which are sorted into a histogram with a 5 cm�1 bin width followed
by averaging of VDOS from each of the 40 structures. The isotropic absor-

bance, absisotropic, is determined by

absisotropic ¼
X3N
i¼ 7

g2=ni

ðn� niÞ2 þ g2

�����v~pvqi
����
	2
; (7)

where n and g are the frequency and the linewidth, respectively. The values

ni and v~p=vqi are the normal mode frequency and the dipole derivative of

the ith mode, respectively. A constant linewidth of g ¼ 4 cm�1 is assumed.

The normal mode ensemble analysis (NMEA) isotropic absorbance is

determined by averaging the results of the 40 spectra.

The expected anisotropic THz microscopy spectrum is determined for

each minimized structure as described in Acbas et al. (4). The crystal absor-

bance, absxtal, is

absxtal ¼
X

j¼ xtal
rotation
matrices

X3N
i¼ 7

g2=ni

ðn� niÞ2 þ g2

h�
Rj

! v~p

vqi


� blðqÞi2;

(8)

where n, g, Rj

! 
, and blðqÞ are the frequency, the linewidth, the eight rotation
matrices for the protein arrangements in the unit cell for the space group

P43212, and the THz polarization unit vector, respectively. The values ni
and v~p=vqi are the normal mode frequency and the dipole derivative of

the ith mode, respectively. All of the anisotropic results are calculated for

the same measurement configuration as the ATM measurements of WT

CEWL, with the THz light incident on and perpendicular to the (110) crys-

tal face and 0� orientation of the polarization along the [001] crystal axis.

The absorbance relative to the 0� reference orientation is determined by

Dabscalc ¼ absxtal � absxtal,ref. The 40 calculated ATM spectra are then

averaged to obtain the NMEA ATM spectra for the free and bound, WT,

and mutated lysozyme.
RESULTS AND DISCUSSION

Anisotropic THz spectroscopy

We use the new technique of ATM to examine how the
directionality of motions change with inhibitor binding.
The method has been shown to directly measure the opti-
cally active protein intramolecular vibrations (4). In this
technique, the THz light absorbance of an aligned molecular
sample (protein crystals in this case) is measured as a
function of the light’s polarization direction relative to the
sample’s orientation.

ATM spectra obtained for both free and 3NAG inhibitor
bound CEWL tetragonal lysozyme crystals are shown in
Fig. 1, a and b, respectively. The change in absorbance
relative to the reference polarization direction, the [001]
crystal axis, is shown as a function of crystal rotation and
frequency (4). The crystal is rotated in the (110) plane.
Distinct resonances are observed for both the free and
3NAG bound lysozyme. For free CEWL, resonances are
observed at 20, 32, 54, 70, 86, and 94 cm�1 at 90� sample
rotation. The 3NAG bound CEWL anisotropic spectrum
is considerably different with resonances at 22, 40, and
88 cm�1, and with the large resonances at 54 and
70 cm�1 conspicuously absent. The measurements have
Biophysical Journal 112, 933–942, March 14, 2017 935



FIGURE 1 ATM measurements of the change in protein vibration direc-

tionality with inhibitor binding. Measured Dabs of (a) a free CEWL crystal

and (b) a bound CEWL-3NAG inhibitor crystal. The THz light is incident

perpendicular to the (110) tetragonal crystal face, with alignment of the

THz polarization along the [001] axis at 0�. To see this figure in color,

go online.
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180� periodicity and 90� symmetry, which is expected for
the tetragonal crystal symmetry (31).
Neutron scattering

In Fig. 2 a, we show the incoherent dynamical structure fac-
tor, S(2q,E) (average wavevector Q ¼ 2.85 Å�1), of CEWL
and CEWL-3NAG. Both samples show an inelastic broad
feature centered at ~3 meV (24.2 cm�1), which has been
previously observed for several proteins (32,33). A small
difference between the CEWL and the CEWL-3NAG
dynamical structure factor can be observed, with the signal
from the free protein being larger than that of the inhibitor
bound protein. This trend is the signature of a vibrational
stiffening in the complex, consistent with the first calcula-
tions of the hinge-bending vibration stiffening (34).

The VDOS derived from S(2q,E) are shown in Fig. 2 b,
and nearly overlay. The difference in the VDOS with inhib-
itor binding is also shown in the figure. The difference
shows that the VDOS of free lysozyme is larger than that
of the complex in the energy range between 1 and 6 meV
936 Biophysical Journal 112, 933–942, March 14, 2017
(48.4 cm�1), consistent with the trend for the S(2q,E).
Above this energy, the opposite behavior is observed, with
the complex having a larger VDOS.

A recent optical Kerr effect study also found small
spectral changes with 3NAG binding that highly resemble
the VDOS measurements (5). The two peaks centered at
~10 meV (81 cm�1) and 18 meV (145 cm�1) in the
measured VDOS appear as a single broad peak at 12 meV
(97 cm�1) in the optical Kerr effect measurements.

We note that below 1 meV (8 cm�1), there is a slight in-
crease (<6%) in the VDOS with binding, consistent with
previous calculations (35,36) and measured VDOS change
for dihydrofolate reductase (12). This low-frequency in-
crease reflects the increase in number of vibrations of the
complex with the loss of the translational and rotational
degrees of freedom of the free ligand.
Vibration directionality versus energy
distribution

The large change in the anisotropic absorbance (Dabs) with
inhibitor binding appears to be at odds with the subtler
changes measured in the VDOS. The differences in the
spectra must be due to changes in the intramolecular vibra-
tions. The CEWL and CEWL-3NAG samples have the same
protein alignment in the same (P43212) crystal symmetry
group, and the same (110) crystal face is measured, elimi-
nating these possible differences in the spectra. Vibrations
of the crystal lattice, phonons, are expected at somewhat
lower frequencies, and the expected change in lattice pho-
nons with inhibitor binding is slight (37,38). However, the
changes we see are more than the expected slight shifts
from phonon modes. For example, the 50 cm�1 band nearly
disappears with binding, with a new 40 cm�1 band
emerging. The crystal structures for free and inhibitor bound
CEWL (26,27) are nearly identical, with a<3% surface area
exposure increase with binding (39,40), resulting in only a
slight change the intermolecular forces for the crystal pho-
nons. The apparent inconsistency with the VDOS measure-
ments is resolved by noting that the VDOS is the energy
FIGURE 2 Measured dynamical structure factor

and change in vibrational density of states of free

and 3NAG inhibitor bound CEWL. (a) Dynamical

structure factor measured with INS at Q ¼
2.85 Å�1 and at a temperature of 100 K for free

(solid circles) and 3NAG bound (open circles)

CEWL. The spectra have been normalized with

respect to the elastic peak at the lowest Q value.

(b) (Left axis) Vibrational density of states from

INS measurements of free (blue solid circles) and

3NAG bound (blue open circles) CEWL. (Right

axis) The difference in density of states between

bound and free CEWL (red circles). To see this

figure in color, go online.
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distribution of the vibrations averaged over all directions,
whereas the anisotropic absorbance of the aligned mole-
cules measures the directionality of the vibrations.

Fig. 3 illustrates how a change in the direction of motion
can give rise to a difference in the anisotropic spectra. The
vector diagrams for the atomic displacements (only C-a
molecule displacements drawn) for two vibrations are
shown. The vibration shown in Fig. 3 a corresponds to the
mainly hinging motion of free CEWL at 55 cm�1. Also
shown is the direction of the net change of the molecule’s
electric dipole for this vibration, the transition dipole direc-
tion. The THz light polarization lies in the plane of the
page and, as the sample is rotated in this plane, the transition
dipole will align with the light polarization, leading to reso-
nant absorption. With inhibitor binding, the directions of the
vibrations shift. A vibration for CEWL-3NAG at 56 cm�1 is
shown in Fig. 3 b. This vibration has torsional motion with
mainly out-of-plane displacements. The transition dipole
points roughly perpendicular to the plane in which the THz
polarization lies, so that the absorption is independent of
the rotation of molecule in the plane. A large anisotropic
absorbance in the free-state can then diminish or disappear
in the bound state due to a reorientation of the transition
dipole, such as seen at 54 cm�1 in the measurements shown
in Fig. 1. TheATM spectra indicate a strong shift in the direc-
tion of motions with inhibitor binding. We examine whether
calculations of the VDOS, isotropic absorbance, and aniso-
tropic absorbance using NMA are consistent with this result.
Normal mode ensemble analysis calculations

At nonzero temperatures, a protein thermally occupies a
number of structural configurations. To account for this in
the calculations, we average the NMA results for multiple
minimized structures, and refer to these calculations as
NMEA. In Fig. 4 a, we show the calculated VDOS for
free and 3NAG bound CEWL, as well as the difference.
The broad smooth peak of the calculated VDOS agrees
with the neutron measurements shown in Fig. 2 b. The
NMEA-calculated VDOS change with inhibitor binding
has a peak decrease at 10 cm�1 and a peak increase at
60 cm�1, which are red shifted from the measured VDOS
decrease at 30 cm�1 and increase at 75 cm�1.

In Fig. 4 b we show the calculated isotropic absorbance
for free and 3NAG bound CEWL, corresponding to optical
absorption for random molecular alignment, as for a solu-
tion phase measurement. The isotropic absorbance is very
similar to the VDOS; however, the decrease in absorbance
with inhibitor binding at 10 cm�1 is more prominent and
extends to 20 cm�1. The isotropic optical absorbance fluctu-
ates with frequency more than the VDOS, due to the depen-
dence of the optical absorbance on how well the vibration
couples to light.

In Fig. 4 c we show the calculated anisotropic absor-
bance for the same sample configuration as the measure-
ments in Fig. 1 at 90�. For comparison, we plot the
measurement results in Fig. 4 d. The calculated anisotropic
absorbance has a considerably stronger frequency variation
than the VDOS and isotropic absorbance, consistent with
the ATM measurements. The frequency variation arises
from the dependence of the absorption on the relative
alignment of the light polarization and the vibration’s tran-
sition dipole: the directionality of motion. Also shown in
Fig. 4 c is the calculated difference in the anisotropic
absorbance between the free and inhibitor bound CEWL.
The calculated anisotropic spectra are different than those
measured, but the calculated change of Dabs with binding
does show the same strong decrease in absorbance at
70 cm�1 as in the measurement.

The calculated ATM spectra are complex, showing a
majority of strong negative Dabs peaks, which are listed
in Table S1. There are large changes with inhibitor binding,
and Dabs peaks either shift in frequency, invert in sign, or
both. While the analysis of the overall spectra is beyond
the scope of this report, we note the 35 cm�1 negative
peak in the free WT CEWL shifts slightly to 37 cm�1 for
the WT CEWL-3NAG and nearly doubles in magnitude
with binding, suggesting that the 35 cm�1 resonance
FIGURE 3 Changes in vibrational direction with

binding. Protein vibrations indicating (a) a clamp-

ing motion around the binding site at 55 cm�1

from NMA of free CEWL and (b) a twisting around

the binding site at 56 cm�1 for 3NAG bound

CEWL. (Orange) 3NAG inhibitor; (fuchsia) transi-

tion dipole direction. To see this figure in color, go

online.
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FIGURE 4 Increasing spectral definition with

anisotropic optical absorption for CEWL and

CEWL-3NAG. Calculated (a) VDOS and (b)

isotropic absorbance show small changes with in-

hibitor binding, whereas the (c) calculated aniso-

tropic absorbance show a large sensitivity to the

binding. (d) ATM measurements indeed show

narrow band resonant changes with binding. The

free CEWL (black solid lines) and CEWL-3NAG

bound (gray dashed lines) spectra are shown on

the left axes, and the difference between bound

and free spectra (blue solid lines) are shown on

the right axes. The symmetry for the anisotropic

calculations reflects the experimental configura-

tion. To see this figure in color, go online.

Niessen et al.
reorients further into the plane of the THz polarization with
inhibitor binding.
Impact of protein motion directionality on
function

The overall agreement of the calculations with the measure-
ments provides confidence in the NMEA approach to test
the functional consequences of intramolecular vibrations.
We compare NMEA calculations of WT CEWL to a mutant
where Arg14 and His15 are deleted. This double deletion
mutant (DD CEWL) is of particular interest, with respect
to structural dynamics. While the two deletions are far
from the catalytic site, the mutant has a 1.4 increase in the
catalytic rate but no change to the binding rate. Because
the mutations cannot directly affect the biochemistry, it is
possible that the mutations change the internal dynamics,
which contribute to the catalysis (40,41).

Fig. 5 shows the comparison of the NMEA calculations
for WT CEWL and DD CEWL. In Fig. 5 a, we compare
the VDOS for the free and inhibitor bound systems, and
find the VDOS are essentially identical. The VDOS does
not reveal dynamical differences. While the absolute
isotropic absorbance shown in Fig. 5 b shows a slight
decrease in the absorbance for the mutant in both the free
and bound states, the change in the isotropic absorption
with inhibitor binding for WT and DD CEWL is again
identical!

In contrast, a change in the internal dynamics between
WT and DD CEWL is evident in the calculated anisotropic
absorbance, as seen in Fig. 5, c–g. Fig. 5 c shows the aniso-
tropic absorbance for the 90� rotation direction. While there
are obvious differences in the free WT and free DD spectra,
what is of note is how the directions of motions change with
substrate binding for the two. The solid lines for the free and
938 Biophysical Journal 112, 933–942, March 14, 2017
bound WT show large changes with binding over the entire
frequency range, whereas the dotted lines for DD CEWL
nearly overlay for in the 33–66 cm�1 range, as emphasized
by the highlighted difference in Fig. 5 c. When we compare
the spectra of all four, in Fig. 5, d–g, we see that there are
prominent resonances in the WT bound, DD free, and DD
bound (Fig. 5, e–g) at ~40 and ~50 cm�1 that are absent
for WT free CEWL (Fig. 5 d). That is, the motions that
are present in the bound WTalready exist in the free mutant.
The displacements associated with the 40 and 50 cm�1 res-
onances may enhance the proximity of catalytically impor-
tant amino acids to the ligand region, with resultant
increased reaction rate, as previous computational results
have suggested (41,42). The differences between the WT
bound and DD bound anisotropic spectra emphasize the
changes in dynamics with mutation. For example, the
decreased anisotropic absorbance at 60 cm�1 of the bound
DD CEWL compared to the bound WT may be arising
from a decrease in vibrations that act to hinder the catalysis
in the WT. The vibrational directionality measurements and
calculations give new insight into the influence of dynamics
on function, which is not detected in VDOS alone.

The critical biological importance of the vector displace-
ments compared to the scalar energy distribution was previ-
ously suggested by computational studies of HIV 1 reverse
transcriptase (HIV 1 RT) and a-lytic protease (43,44). For
HIV 1 RT, elastic network analysis found inhibitors nevira-
pine and efavirenz primarily reorient the vibrations (43).
The a-lytic protease calculations found the binding pocket
vibrations of the M190A mutant shift from symmetrical to
asymmetrical, allowing the pocket to accommodate the
additional binding partners, explaining the observed in-
crease in promiscuity (44). The CEWL ATM measurements
provide experimental support that vibrational directionality
has functional significance.



FIGURE 5 Sensitivity of intramolecular vibra-

tions to mutations. Calculated (a) VDOS and (b)

isotropic absorbance for free and inhibitor bound

WT and DD CEWL. The units for the difference

(right axis) are the same as the left axis. These cal-

culations reveal little difference in the dynamics for

the two proteins, whereas (c) the relative aniso-

tropic absorbance at 90�, shows the directionality

of vibrations clearly changes. The spectra (a–c)

are calculated for free WT CEWL (black solid

line), 3NAG bound WT CEWL (green solid line),

for free DD CEWL (gray dashed line), 3NAG

bound DD CEWL (green dashed line), and the dif-

ference spectra with binding for WT CEWL (blue

solid line) and DD CEWL (blue dashed line).

Calculated Dabs spectra of (d) a free WT CEWL,

(e) a bound WT CEWL-3NAG inhibitor, (f) a free

CEWL mutant, and (g) a bound CEWL-3NAG in-

hibitor mutant. The color scale follows that in

Fig. 1; however, the range here is [�30, þ15].
The symmetry for the anisotropic calculations re-

flects the experimental configuration. To see this

figure in color, go online.

Protein Vibrations Steering Function
Conformational entropy

Collective vibrations potentially contribute to protein
biological function through the configurational entropy.
Configurational entropy consists of contributions from
vibrational motions and conformational changes. Analyses
up to this point have determined either the vibrational or
conformational entropy contributions. Here, we combine
elastic and inelastic neutron scattering to estimate both
contributions, providing a more complete picture for the
role of configurational entropy in complexation.We estimate
a vibrational entropy contribution to the free energy�TDS¼
�85 2 kJ/mol, fromourVDOSmeasurements at T¼ 300K.
A favorable contribution of vibrational entropy has been
found also for dihydrofolate reductase with the drug metho-
trexate binding from INS (12). On the other hand, we find
the conformational entropy contribution for 3NAG binding
to CEWL as �TDS ¼ 20 5 10 kJ/mol determined by our
elastic neutron scatteringmeasurements. The results indicate
that the CEWL-3NAG binding is not entropically favorable,
consistent with previous NMR results of the conformational
entropy alone (45).
Determination of vibrational motions

In addition to their entropic contribution, collective vibra-
tions can influence biochemistry by steering protein structure
toward intermediate state configurations (46–48). To test this
idea, a measurement needs to be sensitive to the specific
vibrational displacements. VDOS cannot be used for such
characterization. To have such sensitivity, distinct frequency
ranges in the VDOS would need to be dominated by specific
directions of motion. Neither our measurements nor our cal-
culations find such spectral distinctions in the VDOS. The
anisotropic absorbance measurements, on the other hand,
by their very nature, are direction-sensitive measurements.

The strong features in the measured anisotropic spectra
ideally could be identified with specific motions that steer
the structure toward functional conformational changes.
Typically, vibration identification can be done by comparison
with calculations. For simple molecules, individual vibra-
tions are separated in frequency, and calculations are suffi-
ciently accurate that identification with the measurements
is straightforward (49,50). However, spectral assignment
for complex macromolecules, such as proteins, is challenged
by the close frequency spacing of individual vibrations and
computational accuracy. The NMEA-calculated VDOS has
the same qualitative frequency dependence and change
with inhibitor binding; however, the red-shifted peak fre-
quencies of the calculated VDOS and calculated change in
the VDOS peaks highlight net deficiencies in the calcula-
tions. These include nonoptimized water modeling, lack of
polarizability in the force field, imprecise inhibitor binding
location (10,27), and percent occupancy (27). The computa-
tional inaccuracies that lead to the small differences between
the calculated and measured VDOS spectra are amplified
in the anisotropic absorbance calculations, significantly
hampering identification of the motions measured.

The challenge of structural motion identification is more
fundamental than the accuracy of the force field. Indepen-
dent of the precise agreement with the measurements,
potentially the calculations can be analyzed themselves to
determine whether functionally important protein regions
are impacted by the directionality of vibrations. This was
done previously by projecting calculated vibrational
displacement vectors onto a localized functional displace-
ment (43,44,51). However, those calculations used a
single minimized starting structure and studied individual
Biophysical Journal 112, 933–942, March 14, 2017 939
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vibrational frequencies, each with a unique displacement
vector, allowing for a net analysis of the motion. In fact,
the energy landscape is rugged, with many local minima
corresponding to slightly different configurations and a pro-
tein will sample these minima in time. We find while the
calculated VDOS and isotropic absorbance show high
overlap for different minimized structures, the vibrational
displacements have large variations. Therefore, using the
projections of the vibrational displacements of a single
minimized structure is not reliable for capturing the overall
protein dynamics. As the VDOS is typically used to evaluate
the NMA output, previous investigators may have only
tested for variation with the VDOS alone, and thus were
not aware that the orientation of motions varies with starting
structure. We account for the occupation of different config-
urations through the NMEA approach and remarkably, spe-
cific bands emerge from the averaging of the anisotropic
spectra with a convergence attained with averaging at ~40
starting structures. However, by correctly accounting for
the occupation of multiple configurations, the method to
identify specific motions is made more complex. A resonant
band not only corresponds to a number of vibrations for a
single minimized structure due to the density of vibrations
for the complex molecule, it also reflects different vibrations
from the different minimized structures, each with their own
displacement eigenvectors. It is essential to use a method
such as NMEA to accurately predict the anisotropic
response. However, the approach necessitates the develop-
ment of methods to distill the averaged spectra to determine
specific motional changes that give rise to the calculated dif-
ferences with mutation and binding. Such methodology is
beyond the scope of this work.
CONCLUSIONS

Protein vibrations potentially steer structural changes neces-
sary for function. We report that the experimental determi-
nation of the interconnected motional networks cannot be
achieved using techniques that primarily measure the vibra-
tional energy distribution. We find only broad subtle
changes in the measured VDOS with inhibitor binding for
CEWL, and a net entropy decrease in the bound state
(52). However, by using ATM, a new anisotropic optical
technique, we measure sharp distinct changes in the direc-
tions of vibrational displacements. Our computational com-
parison of WT CEWL and a double deletion mutant with a
higher catalytic rate shows that only the orientation of mo-
tions changes with the mutation, possibly leading to the
enhanced catalysis. The VDOS is not sensitive to changes
in the structural dynamics with the mutation. It is therefore
essential to use directionally sensitive techniques such as
ATM to characterize the intramolecular protein dynamics
and determine their biological impact such as mutational
outcomes, inhibitor design, and predictive docking
modeling (46,51,53–60).
940 Biophysical Journal 112, 933–942, March 14, 2017
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