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Enhanced sampling simulation analysis of the
structure of lignin in the THF–water miscibility
gap†‡
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Using temperature replica-exchange molecular dynamics, we char-

acterize a globule-to-coil transition for a softwood-like lignin

biopolymer in a tetrahydrofuran (THF)–water cosolvent system at

temperatures at which the cosolvent undergoes a de-mixing transi-

tion. The lignin is found to be in a coil state, similar to that in the

high-temperature miscible region. Analysis of the transition kinetics

indicates that THF acts in a surfactant-like fashion. The present

study thus suggests that THF–water based pretreatments may effici-

ently remove lignin from biomass even at relatively low (non-water

boiling) temperatures.

Cellulosic ethanol, a biofuel derived from lignocellulosic biomass,
is a promising alternative to current feedstock (corn ethanol)
biofuels.1 A challenge to adopting lignocellulosic biomass as a
sustainable bioenergy source, however, is its recalcitrance to
chemical and enzymatic breakdown for the production of fuel
precursors.2 As lignin, a hydrophobic plant polymer, is con-
sidered to be a major physical impediment for the conversion

of biomass to biofuels, it is particularly important to enhance
lignin removal from cellulose fibres.

Tetrahydrofuran (THF) is commonly employed to solubilize
lignin3–5 for its characterization. Recently, a cosolvent-enhanced
lignocellulose fractionation (CELF) pre-treatment method has
been shown to readily increase biofuel precursor yields. In this
pre-treatment, lignocellulosic biomass is immersed in a THF–
water cosolvent system and heated to temperatures in excess of
445 K. The efficiency of CELF is attributed to promoting lignin
removal from cellulose fibres.6–9

Understanding the mechanism behind lignin transformations
in THF–water cosolvent will provide fundamental information
that may help engineer more efficient biomass pre-treatment
methods. Interestingly, during the heating phase of CELF, the
cosolvent system passes through a temperature regime where
the two solvent species, water and THF, become immiscible, as
seen by a transition from a transparent medium to a ‘‘cloudy’’
(opaque) solution.10,11 At mass ratios of THF-to-water typically
used in CELF, the immiscible temperature regime begins near
348 K and ends at temperatures near 410 K.10,11

In a previous study12 we examined the conformations of a
softwood-like lignin at four different temperatures and two
different THF :: water mass ratios using molecular dynamics
(MD) simulation and found that, when immersed in an aqueous
THF cosolvent environment, lignin no longer adopts the collapsed
globular state found in pure water solutions, but instead is a
random coil, and is preferentially solvated by THF. This is
important because in the coil conformation lignin should not
self-aggregate as polymer–solvent interactions would then
be preferred over polymer–polymer interactions, making it
energetically unfavourable to aggregate, making it more easily
removed during CELF pre-treatment. However, in our previous
work, we were unable to sufficiently sample the solvent mix-
tures at temperatures near the immiscible region (a regime that
may be interesting for low-temperature pre-treatment) using
traditional MD methods. Here, we resolve this issue by using
replica exchange MD (REMD) simulations13–15 to characterize
the structure of lignin within the solvent immiscible region.
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REMD improves the conformational sampling in the MD
simulations and is well suited for modelling pre-treatment as
it enhances the sampling in all simulated temperatures. Further,
with the enhanced conformational sampling through REMD
we are able to quantify the relaxation kinetics of lignin from a
globule to a coil when exposed to the THF–water environment.

Probing the behaviour of lignin within the miscibility gap
region is particularly important as it is not conclusively known
if the structure of lignin is different compared to those from our
previous work in the miscible regimes. Small or no deviations
would suggest that the CELF pre-treatment may be performed
at lower temperatures and pressures (with the proper catalysts
for cellulose degradation) and would thus further reduce the
cost of this pre-treatment method for biofuel production.

The molecular model of lignin used is of a linear 61 monomer
softwood lignin (Guacyl monomer units only, with varied linkages)
modelled initially in a collapsed globular state taken from previous
simulations in pure water.16,17 The interaction potentials for
the simulations were the CHARMM force-field for lignin18 and
the CHARMM3219 ether force-field for THF and the TIP3P20

water model. Fig. 1 provides a sample lignin structure generated
during the simulation.

Simulations were carried out in a three step process of:
(1) initial solvation and energy minimization, (2) solvent relaxa-
tion obtained by applying positional restraints on all lignin
atoms while the solvent relaxes, then removing these restraints
and running a short simulation to relax the system to the target
pressure (1 bar), and (3) production run in an NPT ensemble.
The lignin structure was then solvated in a 0.4 THF :: water
mass-ratio co-solvent solution in a periodic box with an initial
volume of B2340 nm3 (203 597 atoms: 47 680 water molecules,
4536 THF molecules, and 1 lignin polymer). Energy minimization
was performed for a maximum of 10 000 steps, with a tolerance

of 100 kJ (mol nm)�1. Solvent relaxation (MD) was performed
with the positions of lignin atoms fixed and the system pressure
was set to 1 bar for each temperature window. The temperature
and pressure were kept constant with the Berendsen thermo/
barostat.21 For the production/replica-exchange simulation
the V-Rescale22 thermostat and Parrinello–Rahman23 barostat
were used.

Our use of a single chain (i.e. infinite dilution conditions) in
probing the lignin–cosolvent interactions can be justified by
noting that there is a direct correspondence between the presence/
absence of the coil state and the aggregation/disaggregation of
polymers; the coil state is only present when the (co)solvent–lignin
interaction is preferable to the lignin–lignin self-interaction and no
aggregation is observed. In contrary, when lignin self-interactions
dominate this would lead to lignin aggregation in the presence of
multiple lignin molecules or, equivalently, a globule under dilute
conditions.

In order to enhance the sampling of the system near the
solvent phase separation temperature regime (near 348 K for
the mass fraction used in the simulation), we used 125 replicas
with temperatures from 305 K to 364 K. The massive number of
replicas are necessary to allow for exchanges to occur across the
solvent phase separation-boundary. In both the solvent relaxation
and replica-exchange simulations a timestep of 2 fs was used,
with a frame-saving rate of 10 ps. Additionally, in the production
and relaxation simulations all bonds distances were fixed with
the LINCS24,25 and SETTLE26 algorithms. In the production run,
exchanges between replicas were attempted every 500 steps, with
an average exchange probability of B0.5. Production runs were
performed for a total of 125 ns per replica. All simulations were
performed using the GROMACS 5.0.2 simulation suite27–31 on the
TITAN supercomputer, using B144 000 cores of the machine
(nearly half of the entire supercomputer’s resources), at the
Oak Ridge Leadership Computing Facility.

In order to measure changes to lignin structure near the onset
of the cosolvent immiscibility, we calculated the mass-fractal
dimension (a), the solvent accessible surface area, lignin–lignin
hydrogen bonds (with an angle cutoff of 301 and a distance cutoff
of 0.35 nm between donors and acceptors), the radius of gyration
(Rg), and radial distribution functions of lignin. The mass-fractal
dimension (a), used to classify the globule and coil states, was
obtained by fitting a power law to the radius of gyration of the
polymer as a function of the number of monomers (N) in the
chain, Rg B Nn, and converting the scaling exponent (n) into a
fractal dimension (a). The typical conversion between scaling
exponent and the fractal dimension is a simple reciprocal;
however, as lignin is a hydrophobic polymer, and for ease of
comparison with our previous work,12 we instead make use of
the relation n = (a + 2)(5a)�1 as this was specifically derived for
hydrophobic chains.32 This mass-fractal dimension was com-
puted using the VMD software suite.33

The probability distribution of fractal dimension, 2D-histograms
as function of the radius of gyration and the number of lignin–
lignin hydrogen bonds, and hydrophobic solvent accessible
surface area (SASA) are presented at six different temperatures
in Fig. 2, 3 and ESI‡ Fig. S1. Regardless of temperatureFig. 1 Sample lignin structure.
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(and thus co-solvent immiscibility) there is only a single domi-
nant structural state for lignin. Closer examination reveals that
at temperatures higher than 310 K, a primarily adopts values
associated with a random-coil (a o 2.5), along with a very small
fraction of globule states (the minor second peak at a 4 2.5).
Further, the lignin monomer–monomer radial distribution func-
tions (Fig. 4) across temperature space exhibit a single peak
(associated with nearest-neighbours along the polymer chain)
along with an extended, slowly decaying tail. This long tail and
lack of any secondary peaks indicate that the conformations of
lignin are open and random within the miscibility gap tempera-
ture regime.

An additional benefit from our enhanced sampling is that
it allows us to probe the relaxation kinetics from the globule
(in pure water) to coil (in THF–water) conformations of lignin.
For typical polymer globule-coil transitions at least one inter-
mediate state (a ‘molten globule’) is traversed.34 However, when
a polymer is in a ‘‘poor’’ solvent with a surfactant present, the
intermediate vanishes.35 This shift to a sharp transition is
driven by how ‘‘poor’’ the solvent is for both the surfactant and
the polymer, although the extent of this sharpness is also mediated

by the strength of any favourable surfactant–polymer interaction
and the amount of surfactant. In the immiscible regime, THF–
water interactions become mildly unfavourable (hence the cloudy/
microscopic phase separation) and calculation of the solvent
component–lignin interaction energies shows that THF has an
interaction energy per molecule with lignin that is 6% more
favourable than water with lignin. This, together with the fact that
water has been shown to be a poor solvent for lignin,16,17 allows us
to hypothesize that THF acts in a surfactant-like capacity to stabilize
the coil state. Using the enhanced sampling provided by our large
number of replicas, led to multiple instances (at least 125 times) of
lignin ‘‘unfolding’’ from a globule to a coil occurring, which allows
us, with proper weighting, to fit these ‘‘unfolding’’ trajectories onto
a variety of different kinetic pathways to test the above hypothesis.

As noted above we suspected that THF acts as a surfactant for
solubilization of lignin; as such the globule-to-coil transition

Fig. 2 Distribution of fractal dimension (a) at six different temperatures.
Constructed by using the last 75 ns of the noted temperature-replicas. ao 2.5
indicate coil states and make up B94% to 96.5% of all states sampled.

Fig. 3 2D-Histograms of the radius of gyration and the number of intra-
lignin hydrogen-bonds (a hydrogen bond is considered to be formed if the
donor–acceptor distance is less than 0.3 nm and the donor–hydrogen–
acceptor angle less than 201). The natural-logarithm of the normalized
counts is proportional to free-energy.

Fig. 4 Radial distribution function of lignin monomers to other mono-
mers in the chain. The first peak corresponds to the nearest neighbouring
monomers, while the long tail in the curve indicates a random coil overall
structure. The dashed curve corresponds to a globule structure of the
same model lignin (61 unit, linear chain). Note that the tail of the distribu-
tion has a rapid decline, corresponding to a collapsed state.

Table 1 Kinetic constants for ‘‘one’’-state model evaluated at 298 K

a cutoff Kinetic (Kc) (ns)�1 w2

2.2 1.69 � 10�4 1.90 � 10�1

2.4 2.20 � 10�4 1.84 � 10�1

Scheme 1 Kinetic models. (A) ‘‘One-state’’ model, (B) two-state model,
(C) three-state (on-pathway intermediate) model.
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should lack any obvious intermediates, while if the surfactant
behaviour is absent the alternate kinetic model would be a
three-state model with an on-path intermediate. In addition
to the two- and three-state models, as our other structural
measures only show a single state, it will be interesting to also
consider a ‘‘one-state’’ model, i.e., a model with two states but
no return pathway. Scheme 1 below provides a visual summary
of the kinetic models tested.

The typical methodology to test these pathways would be to
perform a histogram-like (T-WHAM or otherwise36–38) free-
energy analysis of the simulations and then build possible kinetic
pathways from the resulting energy measurements. However, as
indicated by our own projections of the energy landscape, only a
single dominant extremum is present, indicating a large energy
barrier and thus a limitation of equilibrium sampling. An alter-
native method that allows us to follow the relaxation from one
state to another, and is largely invariant to the size of the energy
barrier between the states, is to obtain kinetic rate constants by
directly fitting the trajectories to the appropriate kinetic rate
equations (i.e. differential equations that describe the fraction
of the system in a particular state at any given time). From these
constants the barrier can be evaluated and differences in the
goodness-of-fit between models can be used to discriminate
between the one-, two-, and three-state kinetic schemes. This
alternative methodology is implemented in the tool g_kinetics39

(see ref. 39 for more details) and is used here with the fractal
dimension as our reaction coordinate. The error in this method
(noted as w2) is quantified by the average squared difference in
the average fraction of folded lignin conformations from all of
the replicas at a given time and the fit. Thus, the range in the
quality of the fit goes from 0 (a perfect fit) to the number of
replicas used (in our study 125).

Here, a coil lignin state is defined as having a mass fractal
dimension smaller than a given cutoff. Following the suggestion of
ref. 39, we performed a number of fits to our data, varying the
cutoff value of a to provide a thorough sweep of the kinetic model’s
parameter space. The results of this sweep are summarized in ESI‡
as Tables S1–S3. The top two best fits for each model (those with
the lowest w2 values) are presented below in Tables 1–3. The
free energy DG for the transition from globule to coil can be
obtained at any temperature from the fitted kinetic constants.
The slope and y-intercept of the resulting DG (not shown) as
a function of temperature curve are taken as the DS and DH
values, respectively.

From the tables, it is clear that the best fits occur for the two-
state model. The globule-to-coil transition is spontaneous at
room temperature (as noted by the negative DG at room tem-
perature), and is both enthalphically and entropically favourable
(with the entropy being the slightly larger driving factor). It is
also interesting that the one-state model i.e., the model with no
return from the coil to the globule state, has w2 values only
slightly worse than those of the two-state model (see ESI‡ tables).
This can be explained by the large (B10 kJ mol�1) free-energy
difference between the globule and coil states found in the two-
state kinetics (highlighted by the presence of a dominant single
state in Fig. 2 and ESI‡). In contrast, the best fit for the three-
state model has an error value an order of magnitude worse than
the fits to either the two- or one-state models, substantiating our
observation that there is no intermediate state involved in the
globule to coil transition of lignin in the THF–water cosolvent.

Conclusions

From the present simulations it is clear that, in a THF–water
cosolvent system, regardless of being in the miscible or immis-
cible temperature regimes, lignin is a coil. The domination of the
coil state is visible from the distributions of fractal-dimension,
whose maximum aE 1.5 (and indeed the width of distribution in
general) is well below the cutoff for a coil state. Also, in this
cosolvent system the globule state of lignin transitions directly to
a random coil, as is clear from analysis of the possible kinetic
pathways of the transition from globule to coil states. The direct
transition to a coil supports the hypothesis that THF is
surfactant-like for lignin solubilization within the immiscibility
gap temperature region. Furthermore, as this effect is invariant
to the temperature of the system, the results suggest that CELF
may be an effective means to separate lignin from cellulose even
at low (non-boiling/pre-immiscibility gap) temperatures.
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