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ABSTRACT Ion channels like KcsA enable ions to move across cell membranes at near diffusion-limited rates and with very
high selectivity. Various mechanisms have been proposed to explain this phenomenon. Broadly, there is disagreement among
the proposed mechanisms about whether ions occupy adjacent sites in the channel during the transport process. Here, using a
mixed quantum-classical approach to calculate theoretical infrared spectra, we propose a set of infrared spectroscopy experi-
ments that can discriminate between mechanisms with and without adjacent ions. These experiments differ from previous ones
in that they independently probe specific ion binding sites within the selectivity filter. When ions occupy adjacent sites in the
selectivity filter, the predicted spectra are significantly redshifted relative to when ions do not occupy adjacent sites. Compari-
sons between theoretical and experimental peak frequencies will therefore discriminate the mechanisms.
SIGNIFICANCE Ion channels are central to nerve function and are involved in many cellular processes. These channels
only permit certain ions to pass through, yet they maintain high passage rates. The mechanism that gives rise to this
behavior is hotly debated. Here, we use theoretical predictions of infrared spectroscopy to propose an experiment that will
discriminate between two proposed mechanisms. This paper also serves as a proof of principle for a general approach to
studying protein function in an aqueous environment, in which theoretical spectroscopy is used to design infrared
experiments.
INTRODUCTION

Ion channels are essential to cell function (1). They facilitate
the selective and rapid transport of ions across the cell mem-
brane and, in combination with ATP-driven pumps, regulate
the membrane potential. The membrane potential is an
important cellular energy storage mechanism and is also
used to transmit signals, e.g., in neurons. While sodium
and potassium, both monovalent cations, have the same ef-
fect on the membrane potential, cells often make use of
these ions in different ways, requiring ion channels to distin-
guish them. For example, the membrane potential spike that
transmits signals in neurons is driven at first by sodium
influx, whereas the subsequent fast repolarization is driven
by potassium efflux (1). Sodium and potassium ions, with
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the same charge and similar ionic radii (0.95 and 1.33 Å),
would appear to be difficult to distinguish, yet ion channels
facilitate selective transport at near diffusion-limited rates
(2). Despite decades of research (2–18), it remains unclear
what ion conduction mechanism underpins this feat.

The potassium ion channel KcsA (Kþ channel of strepto-
myces A) serves as a model system for ion channel studies
(19,20). KcsA is composed of four identical subunits sur-
rounding a central pore (Fig. 1 a) (21,22). The part of the
protein thought to be responsible for Kþ selectivity is called
the ‘‘selectivity filter’’ and is on the extracellular side of the
protein (21). Ions in the selectivity filter are coordinated by
the protein’s backbone carbonyl oxygens (11,23,24), which
are arranged to form five binding sites denoted S0–S4
(Fig. 1 b) (2,22,25). The protein rectifies ion current out
of the cell (26,27), so most ion passage events begin when
an ion enters the channel at S4 and end when an ion leaves
the channel on the extracellular side at S0. The details of the
mechanism between these steps, and how they simulta-
neously enable selectivity and fast transport, are still
debated.
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FIGURE 1 (a) An image from one of the molecular dynamics trajectories

shows the KcsA protein (blue) spanning the lipid membrane (cyan). The

membrane is immersed in water (red/white) with dissolved potassium (pur-

ple) and chloride (green) ions. The selectivity filter with ions in sites S1–S4

can be seen in the middle. During ion conduction, potassium ions flow from

the cell (bottom) to the extracellular medium (top). (b) A close-up of two of

the four protein segments that comprise the selectivity filter shows the five

ion sites (S0–S4) and the six carbonyl oxygens (red). (c) A schematic of the

soft-knock mechanism showing the alternating occupation of potassium

ions (purple) and water molecules (red) is shown. Ion conduction proceeds

when the whole chain translocates by one site (green arrows). In the hard-

knock mechanism, ion passage occurs according to the green arrows in (d).

See the text for more detail. To see this figure in color, go online.

IR Can Reveal Kþ Transport Mechanism
Several possible mechanisms have been put forward
(4,14,25,28–34), most of which are ‘‘knock-on’’ mecha-
nisms. In this class of mechanisms, an incoming ion knocks
against the entrance to the selectivity filter, advancing its
contents and expelling an ion from the other side. The lead-
ing variant of these mechanisms, supported by crystallo-
graphic evidence (21,31), asserts that this knock-on effect
is mediated by water molecules because direct ion-ion con-
tacts might be energetically unfavorable (25,29–31). Here,
we call this the ‘‘soft-knock’’ mechanism to distinguish it
from the alternative ‘‘hard-knock’’ mechanism described
by Köpfer et al., in which the knock-on effect occurs
directly between ions (14).
According to the soft-knock mechanism, the sites S0–S4
are always occupied by an alternating sequence of ions and
water molecules. The selectivity filter fluctuates between the
two occupation states shown in Fig. 1 c until an ion enters
the channel from the cell, shifting this equilibrium so that
an ion is pushed out the other side. In addition to the crys-
tallographic evidence mentioned above (21,31), the soft-
knock mechanism is also supported by streaming-potential
measurements that suggest that water is transported along
with ions in the channel (29,33,35), as well as theoretical
work (25,28,30). The hard-knock mechanism, on the other
hand, starts with ions in S2 and S3 (Fig. 1 d) (14). When
a new ion enters the channel at S4, ion-ion repulsion knocks
the pair of ions at S2-S3 up to S1-S2. The ion in S1 exits the
channel by moving into S0, and the ion in S4 moves up to
S3, restoring the initial state with ions at S2-S3. This mech-
anism is supported by a nonequilibrium molecular dynamics
(MD) simulation that observed the mechanism with atom-
istic detail, a reinterpretation of the crystallographic evi-
dence (14), and solid-state NMR experiments (36). The
hard-knock mechanism also explains the selectivity of the
channel through the increased energetic cost of completely
desolvating a sodium ion compared with a potassium ion
(17). In the soft-knock mechanism, this effect is less pro-
nounced because ions in the selectivity filter are only
partially desolvated, although the smaller effect may still
explain the observed selectivity.

Several techniques have been used to try to resolve this
controversy. Crystallography seems like the natural choice
because of its spatial resolution, but it is unable to distinguish
the mechanisms because the measurement captures an
ensemble average of the ion occupation states. Recent ad-
vances in time-resolved crystallography promise to resolve
ion positions during the transport process (37), but this
approach can only probe crystalline samples. Other re-
searchers haveused solid-stateNMR,whichpermits noncrys-
talline samples but still requires solid aggregates and is not
applicable to aqueous solutions (36). Solution NMR relaxes
this constraint but uses nonnative ions because of the broad
linewidth of Kþ signals (13). Infrared (IR) spectroscopy, on
the other hand, can probe the selectivity filter in a natural,
cell-membrane-like environment with the native Kþ ion
(38). In this approach, one commonly focuses on the amide
I stretching mode, which is dominated by the stretching mo-
tion of the carbonyl group (39–44). Replacing carbonyl
groups with 13C18O isotope labels redshifts the amide I fre-
quency by 65 cm�1, spectroscopically isolating it from the
other amide I stretches in the protein and enabling selective
probing of specific binding sites in the selectivity filter
(45,46). A similar methodology has been applied to study
the impact of gating on the selectivity filter (47). Like crystal-
lography, IR spectroscopy also captures an ensemble average
of ion occupation states, but crucially, the ability to accurately
compute IR spectra from MD simulations allows one to
decompose the ensemble average into its component pieces.
Biophysical Journal 118, 254–261, January 7, 2020 255
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In 2016, Kratochvil et al. leveraged this approach to
experimentally probe the mechanism of ion transport in
KcsA using two-dimensional (2D) IR spectroscopy and
isotope labels on three amino acids (V76, G77, and G79)
in the selectivity filter (16). They then fit the experimental
spectrum of the labeled KcsA protein using calculated
spectra of the occupation states relevant to either the hard-
knock or soft-knock mechanisms shown in Fig. 1, c and d.
They were able to fit the spectrum with the soft-knock occu-
pation states but not the hard-knock states, so they
concluded that the soft-knock mechanism is consistent
with the experiment, whereas the hard-knock mechanism
is not (16). Later, Kopec et al. found that a larger set of
hard-knock occupation states, including those with a water
molecule in S1, do fit the 2D IR data (17). Because of the
large number of possible occupation states consistent with
each mechanism, especially the hard-knock mechanism,
the fit to existing 2D IR data is not constrained enough to
test for adjacent ions, which is a key discrepancy between
the two mechanisms. This does not, however, rule out the
possibility that IR spectroscopy might distinguish the mech-
anisms experimentally. Kratochvil et al. only studied one
possible choice of isotope labels (V76-G77-G79). Many
other possible combinations exist that may shed more light
on the transport mechanism. The experiments are tractable
but time-consuming, so it is useful for computation to
guide experiments by predicting which isotope labels best
discriminate the two mechanisms.

Here, we compute IR spectra for single isotope labels at
all sites inside the filter (T75, V76, G77, Y78, and G79)
as well as for some combinations of double and triple labels
(data not shown). Based on this data set, we propose a set of
experiments that can distinguish the two mechanisms. Spe-
cifically, we find that single labels at V76 and G77 are able
to distinguish the two mechanisms. This is likely because
these labels probe sites near the middle of the filter, where
the hard-knock mechanism and soft-knock mechanism
differ most starkly. The hard-knock mechanism predicts
that there are two adjacent ions in this region, whereas the
soft-knock mechanism predicts that there are never adjacent
ions. The electrostatic attraction between the Kþ ions and
the electronegative carbonyl oxygen weakens the carbonyl
bond, resulting in lower vibrational frequencies. When a
carbonyl oxygen coordinates two ions at once, its frequency
redshifts more dramatically than when it coordinates only
one ion or an ion and a water molecule. In the hard-knock
mechanism, both the V76 and G77 carbonyls can coordinate
two ions at once (Fig. 1 d). In the soft-knock mechanism, on
the other hand, this never happens (Fig. 1 c). One expects
that labels at the V76 and G77 amide units will be sensitive
to this difference between the mechanisms and, therefore,
capable of discriminating them. The T75, Y78, and G79 car-
bonyls, on the other hand, are never doubly coordinated by
ions in the hard-knock mechanism, so there is less of a dif-
ference in their spectra between the two mechanisms.
256 Biophysical Journal 118, 254–261, January 7, 2020
Using singly-labeled proteins with labels at the V76 and
G77 carbonyls, we compute the spectrum for each possible
occupation state of the selectivity filter. The experimental IR
spectrum, however, is a weighted average of all the occupa-
tion states that are visited at equilibrium. Because the mech-
anism is unknown, these weights are also unknown. MD or
Monte Carlo simulations cannot elucidate the weights for
several reasons: First, transport is rare at equilibrium, so
sampling is difficult, and the results may depend strongly
on initial conditions (18,48). Nonequilibrium and enhanced
sampling techniques have been applied to overcome this
problem, but the results depend on which technique is
used (14,25,30). Furthermore, it is unclear how the nonequi-
librium weights relate to the equilibrium ones (16,17,49).
Finally, many force fields exist for biophysical simulations,
but none are known to generate the correct weights for this
problem, and the results are probably sensitive to the choice
of force field (18,50). Therefore, a proposed experiment that
discriminates between the hard-knock and soft-knock mech-
anisms must be able to do so for any possible set of weights.

Although the schematic descriptions of each mechanism
involve only two occupation states each (Fig. 1, c and d),
there are likely many other states that are visited as transi-
tion states, longer-lived intermediates, or fluctuations that
are unproductive from a transport standpoint. Such auxil-
iary states are likely more prevalent in the hard-knock
mechanism because of the vacancies in the selectivity filter
that allow more room for movement. This wide array of
states results in a correspondingly large space of possible
weights. The majority of the variability in possible states
occurs near the edges of the channel, especially sites S0,
S1, and S4 (17). We reduce the experimental sensitivity to
this variability by focusing on labels in the center of the
channel. We can then consider only the two characteristic
states shown in Fig. 1, c and d, eliminating the complexity
arising from the large space of possible states. In this much
smaller space, it is tractable to propose experiments that
discriminate the two mechanisms for any possible set of
weights.
METHODS

We calculate the linear and ZZZZ polarized 2D IR spectra using the NISE3

program (51–55) following the prescription used in (16), with minor mod-

ifications. In (16), the linear and third-order response functions were calcu-

lated to maximum coherence times of 5 ps. We calculate the linear and

third-order response functions to maximum coherence times of 10 ps to

avoid any artifacts due to ringing. The Hamiltonian and dipole trajectories

are calculated from classical MD simulations of the KcsA channel using the

spectroscopic maps in (56,57) with the parameters discussed in (16). Note

that the charges on the ions were scaled according to ab initio calculations

(58), as discussed in (16). The MD trajectories are the same as those used by

Kratochvil et al. to calculate the spectra (16). For some of these trajectories,

restraints on the ion positions were used to prevent interconversion between

occupation states. See (16) for details. We compute the theoretical spectra

for the four representative occupation states in Fig. 1, c and d using single

labels at both V76 and G77. We also calculate the spectra for the system
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with a triple label at V76, G77, and G79 to ensure consistency with previous

studies (data not shown).

The occupation states are labeled by a string of five characters that indi-

cates the occupation of each of the five sites S0–S4. A ‘‘K’’ indicates occu-

pation by a potassium ion, a ‘‘W’’ indicates occupation by a water molecule,

and a ‘‘0’’ indicates a vacancy. For example, the label K0KK0 indicates that

there is a potassium ion in sites S0, S2, and S3 and vacancies at the other

sites. The four occupation states we study are K0KK0, 0KK0K, WKWKW,

and KWKWK. Note that water sometimes occupies the S4 site in the

K0KK0 state, transiently converting it to K0KKW. We ignore this effect

here, treating transient K0KKW states as K0KK0 states.
RESULTS AND DISCUSSION

We predict that two experiments, one with a V76 label and
one with a G77 label, will discriminate between the soft-
knock and hard-knock mechanisms. For a given label, we
calculate the spectra for each mechanism using weighted
combinations of the spectra for the two representative occu-
pation states of the selectivity filter (Fig. 1, c and d).
Because the true weighting is unknown, we tune the weight-
ing parameter between the two states to ensure that the pro-
FIGURE 2 A comparison of the linear IR spectra of the two mechanisms for

KWKWK, K0KK0, and 0KK0K are defined in Fig. 1, c and d. The redshift of

the two mechanisms. For some labels and weights, like the V76-labeled spectrum

redshift is as small as �5–10 cm�1, which does not distinguish the mechanisms

tinguishes the two mechanisms very easily. In some cases, the mechanisms can al

the redshift. To see this figure in color, go online.
posed experiments distinguish between the two mechanisms
for any choice of weight (Figs. 2 and 3).

The spectra of the hard-knock mechanism are distin-
guished by a redshift relative to the soft-knock mechanism.
As mentioned above, the electric field of the ions weakens
the carbonyl bond, thereby lowering the vibrational fre-
quency of the amide I stretch. Because there are more
ions near the labeled carbonyls for the hard-knock mecha-
nism, the electric field is enhanced, and the vibrational fre-
quencies are lower. Water molecules also redshift the amide
I stretching frequencies due to hydrogen bonding (45,56,59–
62), but to a lesser degree than the ions do.

The accuracy of the spectroscopic maps have been tested
in the case of a gas-phase polypeptide, in which the average
unsigned error was less than 4 cm�1, and the largest error
was only 11 cm�1 (63). Here, the environment is not gas
phase, but the spectral shifts in question are, for the most
part, considerably larger than these errors (63). For
some choices of weights, the shift between the hard- and
soft-knock spectra approaches our confidence in the maps.
For example, the G77-labeled pure K0KK0 hard-knock
nine possible combinations of weights. The occupation states WKWKW,

the hard-knock spectra relative to the soft-knock ones always distinguishes

in the upper-left corner or the G77-labeled spectrum in the lower right, the

within the error of the map. But in these cases, the other label always dis-

so be distinguished by the qualitative appearance of a double peak as well as

Biophysical Journal 118, 254–261, January 7, 2020 257



FIGURE 4 The 2D IR spectra for the 50/50% mixture of the hard-knock

spectra (top) are distinguishable from the 50/50%mixture of the soft-knock

spectra (bottom). The hard-knock spectra are redshifted by over 20 cm�1

relative to the soft-knock ones and show a double peak along the diagonal

as well in the case of the V76 label. These four spectra are the 2D equiva-

lents of those in the central panel in Fig. 2. As for the linear IR spectra, the

2D IR spectra can distinguish the mechanism for all possible combinations

of weights, although only one choice of weight is shown here for brevity. To

see this figure in color, go online.

FIGURE 3 The peak frequency as a function of weight between the two

representative occupation states for the hard-knock (blue) and soft-knock

(orange) mechanisms. For any given weight, at least one of the single labels

predicts a frequency difference larger than our uncertainty in the spectro-

scopic maps. To see this figure in color, go online.

Strong et al.
spectrum is only �10 cm�1 redshifted from the pure
KWKWK soft-knock spectrum (lower right, Fig. 2). Like-
wise, the V76-labeled pure 0KK0K hard-knock spectrum
is only �5 cm�1 redshifted from the pure WKWKW soft-
knock spectrum (upper left, Fig. 2). In both of these cases,
however, the other label gives a redshift of �20–35 cm�1,
easily distinguishing the mechanisms. Thus, although each
single label independently is not enough to distinguish the
mechanisms regardless of the weights, combined they are
sufficient (Fig. 3). In some weighting regimes, the V76-
labeled spectrum of the hard-knock mechanism presents a
double peak, whereas the soft-knock mechanism does not,
providing another distinguishing feature.

Fig. 2 presents the linear IR spectra for ease of compari-
son, but in practice, 2D IR spectroscopy has advantages in
terms of structural sensitivity as well as frequency and
time resolution (64,65). Fig. 4 shows the 2D IR spectra
for the equal-weight case (50%/50%) for both mechanisms.
They are distinguishable by the same features as discussed
for the linear IR spectra: a redshift for both labels and a
double peak along the diagonal for the V76 label. These
conclusions hold for all the 2D IR spectra for any combina-
tion of weights. We only show one possibility here for
brevity.

We have also verified that the triple label used in the Kra-
tochvil et al. experiment does not distinguish the two mech-
anisms using the same logic, in agreement with Kopec et al.
(data not shown) (17). The triple label fails to distinguish the
mechanisms for two reasons. First, the approach to distin-
guishing the mechanisms described above requires address-
ing the two different labels independently. The triple label
combines this information in a way that cannot be disen-
tangled. Second, the triple label includes a G79 label. This
label probes the S0 site, but the S0 site is at the extracellular
258 Biophysical Journal 118, 254–261, January 7, 2020
edge of the selectivity filter, and the G79 carbonyl points
into the aqueous extracellular environment. So any informa-
tion about the occupation of the S0 site is convoluted with
unhelpful information about the water outside the cell, as
mentioned in the supplemental text of (16). Furthermore,
the S0 site is larger and more poorly defined than the other
sites (25), and it is at the edge of the selectivity filter, so its
dynamics may be on a different timescale than those inside
the channel. The occupation of S0 appears to be well-
defined by the two proposed mechanisms in Fig. 1, c
and d, but in reality, neither mechanism describes its dy-
namics in any detail.

Indeed, Kopec et al. find several other occupancy states in
equilibrium MD simulations that only differ from the
K0KK0 state by the occupations of the S0 and S1 sites
(17). If the ion in S0 diffuses away from the selectivity filter
on a faster timescale than the transport process shown in
Fig. 1 d, then water molecules can occupy the S0 and S1
sites transiently, making the states WWKK0, 0WKK0,
W0KK0, and 00KK0. The KWKK0 state could also be
observed when the ion in S0 allows a water molecule into
the channel before diffusing away. Likewise, in the soft-
knock mechanism, the KWKWK state could transiently
convert to 0WKWK, WWKWK, W0WKW, or 00KWK.
By forgoing a label at G79, we attempt to lessen the impact



FIGURE 5 Trajectories with a flipped V76 label show a spectroscopic

feature at �1640 cm�1. This feature could permit an experimental test of

the existence of this configuration. These spectra are composed according

to the weights in Kratochvil et al. (16) because that study relies on the ex-

istence of the flipped configuration to support the soft-knock mechanism.

The spectrum with the flipped configuration (blue) is composed of 3:3:4

KWKWK/WKWKW/WKWKW(flipped), whereas the spectrum without

the flipped configuration (orange) is 1:1 KWKWK/WKWKW. To see this

figure in color, go online.

IR Can Reveal Kþ Transport Mechanism
of the occupancy of S0 on the final spectra because it is
poorly understood in both proposed mechanisms. As just
shown, however, the occupancy of S1 is also somewhat
uncertain and may transiently fluctuate between 0 and W.
To check that our conclusions are robust to this uncertainty,
we repeat the same analysis shown in Fig. 2, replacing
the K0KK0 state with KWKK0 (data not shown). The
same logic used above still discriminates between the
mechanisms.

In addition to the wide array of possible occupation states,
the protein may also adopt different configurations. For
example, MD simulations of KcsA have observed a config-
uration in which one carbonyl group flips away from the
interior of the selectivity filter (66–70). This configuration
is nonconductive (17,71), but it may still be relevant at the
equilibrium conditions in which the experiments are con-
ducted. Existing crystallographic data do not support the ex-
istence of the flipped configuration (21,22,31), so it has been
ignored in the above analysis, but previous efforts to deter-
mine the transport mechanism have relied on its existence.
Kratochvil et al. found that the soft-knock mechanism was
compatible with their experimental 2D IR spectrum, but
only if this flipped configuration is included in the analysis
(16). Therefore, an experimental test of the existence of this
flipped configuration may provide another way to distin-
guish the two mechanisms.

Kratochvil et al. found that, to fit their experimental spec-
trum, they needed to include the flipped configuration for
the WKWKW state with weights of �3:3:4 KWKWK:
WKWKW:WKWKW(flipped). We compare the weighted
linear IR spectrum both with and without the flipped config-
uration, and find a signature of the flipped configuration
by extending the spectral window to higher frequencies
than previously considered. The spectrum with the flipped
configuration included has a pronounced peak at
�1640 cm�1, where there is no corresponding feature in
the spectrum without the flipped configuration (Fig. 5).
Experimental observation of this feature would not support
either the hard-knock or soft-knock mechanism but would
be an interesting development for the hypothesis that the
flipped configuration plays a role in gating the channel
(66). If experiments are unable to observe this feature, on
the other hand, this may suggest that the flipped configura-
tion is an artifact of the force fields used in MD simulations.
Without the flipped configuration, the soft-knock mecha-
nism cannot explain the experimental 2D IR spectrum by
Kratochvil et al. (16), because the flipped configuration
was instrumental in achieving agreement between the theo-
retical soft-knock spectrum and the experimental spectrum.
This 1640 cm�1 feature may be difficult to observe experi-
mentally, however, because of its overlap with the band of
unlabeled amide I vibrations. It may be possible to observe
when the residue is not isotope labeled, which would put its
frequency at �1706 cm�1, and so would lie on the high-fre-
quency side of the amide I band.
CONCLUSIONS

Understanding the ion occupation states that exist within
the selectivity filter is central to understanding selective
Kþ transport. Here, we propose two experiments that, in
combination, can distinguish between the soft-knock
and hard-knock mechanisms by testing for adjacent ions.
The experiments we propose are challenging and time
consuming, but they are not more technically difficult than
those performed by Kratochvil et al. (16), and they are
currently in progress in the Zanni group. In both suggested
experiments, adjacent ions in the hard-knock occupation
states redshift the IR spectra relative to the soft-knock
spectra. For some occupancy weights, the redshifts obtained
from each label independently are not large enough to
distinguish the mechanisms. When both labels are consid-
ered simultaneously, however, at least one label gives a large
enough redshift to distinguish the mechanisms for any
choice of weight. Hence, one can discriminate the mecha-
nisms by simply comparing the experimental peak fre-
quencies to the theoretical predictions (Fig. 3). Finally, we
find a spectroscopic signature of the flipped configuration.
Experimental observation of this feature would not help
distinguish the mechanisms, but its absence would suggest
that the soft-knock mechanism is not correct.

Although our work focuses on KcsA, the same question
about the ion transport mechanism is now arising in other
ion channels, including NaK and NaK2K (17,72). The
approach we describe here can be applied to those systems
as well, promising to resolve the significant and fascinating
problem of ion transport across the cell membrane. More
broadly, this approach can be applied to large classes of
Biophysical Journal 118, 254–261, January 7, 2020 259
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biophysical problems in which conflicting mechanisms have
been proposed. Critical to this advance is the ability to accu-
rately calculate IR spectra from MD simulations. This
capability, enabled by the short duration (�ps) of vibra-
tional lifetimes, is unique to IR spectroscopy and provides
an important link between experiments and the atomistic
detail available in MD simulations.
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