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Lignin Introduction

Lignin is an aromatic /
heteropolymer that makes up -
between 15-40% of the dry < 2SSV eR - X
weight of terrestrial plants e
Largest source of renewable Y L e
aromatics Xy "He T O 4,
Many potential industrial uses o B O A
Implicated as a significant Ry oasvelideatrsag
driver of cell wall recalcitrance Sl o - A TEERA



Lighocellulose Simulation




Lignin Binds to Cellulose...
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Lignin covers roughly a
qguarter of the cellulose
surface

Does it coat the surface
evenly?

Does lignin chemistry
matter?



... Particularly Hydrophobic Cellulose Faces
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Fibril Position (A)

Ar Ag AL Ag[Ar AL/Ar
(10°A%)  (10°A?) (104 A?)
CH 6.51 0.18 3.02 0.03 0.46
6.74 0.15 1.33 0.02 0.20
CL 6.51 0.23 2.11 0.04 0.32
6.74 0.24 0.97 0.04 0.14
NonC 6.57 0.30 1.16 0.05 0.18
7.76 0.36 .17 0.05 015

* Prefers hydrophobic faces
* Blocks cellulase binding

« Can we quantify the thermodynamic
preference between faces?
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The Many Faces of Cellulose

Only the 200 face is
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The Next Experiment

e 200 > 110 3
Construct “infinite” sheets of

cellulose with different faces
exposed to solution

Place lignin derived compounds 2 o

in solution 110 010

Simulate for 200 ns
Determine binding free energies R
of compounds to individual faces B e ol




What Compounds?
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Potential Binding Metrics for Free Energy Determination

2
I bound

Pu nbound ’

* Free energy is related to
probability

A("hiudin_q = —RT In

e Trajectories can be used to
determine relative
probabilities

e How do we define a bound
vs unbound state?




Distance and Contact Metrics, Compared

Distance

e Lignin Center of mass to
cellulose center of mass

* \Very easy to explain

Contact number

 Pairwise contacts between
cellulose and lignin

* Is not biased by lignin shape
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A Closer Look at G-Lignin

200 110 1-10 010
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Cellulose Binding for Monomers

 Hydrophobic 200 face

o redominant for bindi ng Cellulose Face Binding Energy (kT)
Compound 200 110 1-10 010
® Fe ru |ate d |WayS prefe IS Phenol —0274008  015+£007 046 £0.08 —0.19 £ 0.06
. Guaiacol —0204006  0144+007 0524007 0854 0.08
SOI ution Syringol 050+ 008 0254007  035+£008  0.22+007
Catechol ~0244006 0024007 041 £008 ~0.30 £ 008
. . H p-Coumaryl alcohol =1.024£009 —084+0.09 0,054+ 007 0234008
* Fits well with its Coulforyl aleobol .~ 1442010 —04SL008 OSDLO00S 036008
. . Sinapy! alcohol ~2444013 —057T+£007 —0.04£008  0.79 %008
P hySIO | OgICda | role Caffeyl alcohol ~1AS £ 009 —072£0.00 —0.204007 —0.67 % 0.07
p-Coumarate —0.18 £ 0.07 0.08 £ 0.08 0.55 £ 0.09 0.24 £ 0.08
° 110 fa ce better for Ferulate 0.06 £ 0.07 0.30 £ 0.08 0.58 + 0.08 0.93 £ 0.07
Sinapate ~1.124£ 009 —0.04 £0.07 051 £007 —=0.19+£0.07
blndlng than the Other Caffeate 0684008 0124007 0.59 £ 0.00 —0.21 £007

hydrophilic faces
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Aromatic Angle Distribution Highly Skewed

Coniferyl alcohol distribution

e QObserved distribution favors

— 200

aromatic rings coplanar with —w
the cellulose surface — 010

e Random distribution yield
uniform probability

Probability

0 T T T T
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Maolecule Celbalcse Face Binding Energy (kT)

Limkage  Feature 200 110 1-10 010

e ° e o HAMa4 RR 542100 1512001 1024009 -018+008
ultimeric Bindin g RS 3482024 —1422000 -081£007 -0.444007
SR 5.30 £ 1.00 1.21 £ 000 033 4 006 0254007

SS ~2712016 -1.242000 —L1I02008 —114£008

FOq RR ~2442014 1362000 04612007 —-105+008

RS 216 £0.13 0.69 £ 008 067 £ 008 018 + 0,08

SR ~253£017 0912000 -053+000 0074008

S8 ~283+015 0472008 0712008 -0S0+008

55 cC 2762014 1.56 £ 0.10 1.01 £ 007 1.7+ 0.11

e 200>>110>010>1-10 00  -s0Tael -1TE10 —oATEee &ie00e
cp 245013 1702000 085008 102100

GC -3 10018 ~1222010 -095%008 00 =007

1 1 H G 2334013 ~1.202000 ~007+007 0404007
e Planar lignin molecules like G0 aaTaci -ASeseN —asel —eridms
PC 1602000 ~1212008 -093+008 033400

esters demonstrate particular PP 2165017 171200 -037£008 072008

. . 105 —270£0,15 —-1232000 -—1.094010 -075+008
aff| nlty to the 200 fa ce Estr @ ~TAS£1.00 -2664014 -066+000 -211+0.11
-~ ~551 5100 -236:013 -072+008 -236+015

gl RR 0.55 £ 0.08 0.29 £ 0.06 0.20 % 007 001 £ 007

* Comparisons between R e b e

. SS ~088 £ 008 ~0432007 -0241+007 001 £ 008
stereoisomers Suggest Ionger 5 RR 5734100 -2034011 -0844009 -1514009
RS ~4.24£035 2472005 050008 -050%007

. . e . SR ~2T42018 —1282000 -038+008 -016+008
simulation may be beneficial s 365£024 1914011 -106£008 -11840.10
L] RRRR -196£0.11 0682008 0554008 -051+007

RRRS 1722010 060007 —-041 3007 0451008

RRSR 2352014 0.84 = 0.00 037 £ 00 060 + 008

RRSS 268£0.14 1.09 £ 008 0634008 L1420

RSRR -1.76£0.10 —0522007 -0372007 -003+007

RSRS 264016 1752000 031007 -068+007

RSSR J32x022 0.85 + 0.00 062 2 007 1634010

RSSS 2514017 1564010 -0624007 -0350+007 14




Cellulose Face-Dependent Binding Relationships
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How Does Binding Scale with Polymer Size?

e Monomers and dimers are not
perfect models for real lignin

 Draw from established lignin
polymer libraries

 Determine lignin binding
affinity




Building lignin GKF B
[1C P
 The Broadbelt group has created a K47 [ : -

program to generate lignin
topology libraries based on
experimental observations

 From this library we will create 3D
lignin models for spruce-like lignin =
with varying sizes

Dellon et al, Energy & Fuels 2017



Brick by Brick Assembly

1. Generate monomers
2. Link them together in the
specified way

3. Generate coordinates by
superimposing successive
dimeric structures

4. Fix any atomic overlaps/ring
piercings
5. Solvate and simulate

18



Unbiased Lignin Contacts to Cellulose

0.7 kDa lignin polymer
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Technical Challenges

* Binding is spontaneous and
irreversible on typical MD
timescales for larger lignin

e Use replica exchange umbrella
sampling on a contact-number
reaction coordinate to estimate
binding free energy

o= ¥
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Surface Area Comparison

1 - (|z; — ] /121\)(i

* Contact number as definedisa (¢ — Z

2,,
strong proxy for contact surface ijepairs 1 — (|zi — z;] /12A)
area between lignin and cellulose
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Free Encrgy (keal/mol)
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Size Dependence of Lignin-Cellulose Interactions
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e Binding strength quantification can inform lignin modification

* Lignin related compounds prefer to bind to hydrophobic cellulose
faces by about a factor of 2

 May be related to the “flatness” of the 200 face, which fits
well with planar aromatic rings, creating more nonspecific
interaction sites

e Lignin contact number/contact area is more important than
polymer size in determining binding strength

* Lignin agglomeration is not considered, but would likely
additively increase binding strength

24
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