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ABSTRACT:	The	conversion	of	biomass	into	green	fuels	
and	chemicals	 is	of	great	societal	 interest.	Engineers	
have	 been	 designing	 new	 cellulase	 enzymes	 for	 the	
breakdown	of	otherwise	insoluble	cellulose	materials.	
A	barrier	 to	the	rational	design	of	new	enzymes	has	
been	our	lack	of	a	molecular	picture	of	how	cellulase	
binding	occurs.	A	critical	factor	is	the	attachment	via	
the	enzyme’s	carbohydrate	binding	module	(CBM).	To	
elucidate	the	structural	and	mechanistic	details	of	cel-
lulase	 adsorption,	 we	 have	 combined	 experimental	
data	 from	 sum	 frequency	 generation	 spectroscopy	
with	 molecular	 dynamics	 simulations	 to	 probe	 the	
equilibrium	structure	and	surface	alignment	of	a	14-
residue	 peptide	mimicking	 the	 CBM.	The	 data	 show	
that	binding	is	driven	by	hydrogen	bonding	and	that	
tyrosine	side	chains	within	the	CBM	align	the	cellulase	
with	 the	 registry	 of	 the	 cellulose	 surface.	 Such	 an	
alignment	is	favorable	for	the	translocation	and	effec-
tive	cellulose	breakdown	and	is	therefore	likely	an	im-
portant	parameter	for	the	design	of	novel	enzymes.	
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Figure	1.	Model	peptide	for	cellulase	binding.	(A)	Cellu-
lase	enzymes	bind	cellulose	surfaces	through	their	car-
bohydrate-binding	modules	 and	 break	 down	 cellulose.	
(B)	Tyrosine	side	chains	(red)	are	critical	for	CBM	bind-
ing.	The	CBM-P	peptide	mimics	the	tyrosine	motif	within	
the	binding	surface	of	the	CBM.	Images	were	generated	
in	Visual	Molecular	Dynamics	(VMD1)	using	PDB	codes	
6GRN2	for	cellulase	and	2MWK3	for	the	CBM.	In	(B),	hy-
drogens	are	not	pictured	for	clarity.		

The	enzymatic	conversion	of	insoluble	polysaccha-
rides	 at	 the	 solid-liquid	 interface	 is	 critically	 im-
portant	to	designing	new	systems	to	convert	renewa-
ble	resources	into	green	fuels	and	chemicals.	Despite	
this	fact,	we	often	lack	a	molecularly	detailed	under-
standing	of	these	interfaces.	Such	lack	of	knowledge	is	
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a	current	barrier	to	the	rational	design	of	improved	bi-
ocatalytic	systems.		
Enzymatic	biomass	conversion	is	rate-controlled	by	

interfacial	phenomena.	In	the	case	of	biomass	conver-
sion,	the	insoluble	cellulose	microfibril	creates	diffu-
sion	limitations,	as	the	reaction	requires	collision	and	
proper	alignment/binding.	As	shown	in	Fig.	1,	cellu-
lase	enzymes	have	evolved	precise	carbotion	of	active	
enzymatic	cores	near	the	interface.4,5	
Some	CBMs	may	also	increase	rates	by	beneficially	

altering	 the	 microfibril	 structure.6,7Tight	 binding	 of	
the	active	core	to	the	surface	plays	an	important	role	
in	the	enzymatic	breakdown	of	insoluble	cellulose.	A	
substantial	amount	of	literature	deals	with	the	mech-
anism	by	which	the	CBM	recognizes	and	binds	cellu-
lose.	 Mutagenesis	 studies	 have	 been	 used	 to	 deter-
mine	key	side	chains	for	CBM	cellulose	affinity	and	en-
zymatic	activity.8,9	Efforts	have	also	been	made	to	in-
vestigate	the	structure	of	the	CBM	with	X-ray	diffrac-
tion10	and	NMR3,11,12.	These	studies	show	that	the	CBM	
has	a	flat	side	containing	four	tyrosine	residues	out	of	
which	three	are	essential	for	surface	binding	(Fig.	1B).	
Simulations	 suggest	 that	 the	CBM	prefers	 to	bind	 to	
the	hydrophobic	face	of	a	cellulose	microfibril	and	that	
binding	 to	 the	 cellulose’s	 hydrophilic	 face	 is	 transi-
ent.13–18	

	

Figure	2.	SFG	analysis	of	the	CBM-P	alignment	on	cellu-
lose.	(A,B)	SEM	image	of	the	aligned	cellulose	fibers	and	
definition	of	the	azimuthal	angles.	(C)	Schematic	of	the	
SFG	experiment	with	the	rotating	sample	stage.	(D)	SFG	
spectra	in	the	amide	I	region	recorded	for	the	CBM-P	ad-
sorbed	to	the	cellulose	fibers.	The	spectra	show	a	distinct	
variance	with	azimuthal	angles,	direct	evidence	 for	 the	

alignment	of	the	CBM-P	relative	to	the	cellulose	surface	
structure.	

The	importance	of	the	CBM	in	cellulase	action	is	un-
disputed.	However,	recent	work	has	been	performed	
against	a	backdrop	of	uncertainty	in	the	structure	and	
orientation	 of	 the	CBM	at	 the	 surface/protein	 inter-
face.		
To	reduce	complexity	and	focus	on	the	binding	of	the	

CBM	 to	 the	 cellulose	 surface,	we	have	 constructed	a	
model	 peptide,	which	mimics	 the	 binding	motive	 of	
the	CBM	of	 the	 enzyme	 cellulase	7A	 from	T.	Reesei3.	
Fig.1B	 shows	 how	 the	 flat	 binding	 structure	 of	 the	
CBM	with	four	aligned	tyrosine	rings	is	naturally	sug-
gestive	of	a	model	fragment	representing	the	binding	
surface	of	the	CBM.	This	14-residue	fragment	from	re-
gion	222-234	of	the	CBM	with	an	additional	tyrosine	
at	 the	 C-terminus	 (CBM-P,	 NH2-TCQVLNPYYSQCLY-
COOH)	is	small	enough	to	be	synthesized	with	a	pep-
tide	synthesizer,	thus	enabling	extensive	experimenta-
tion.		
Surface-specific	 sum	 frequency	 generation	 (SFG)	

spectroscopy	and	atomistic	simulations	have	recently	
been	combined	into	a	versatile	tool	to	determine	pro-
tein	structure	at	 interfaces19–25.	We	use	 this	strategy	
here	 to	probe	 the	equilibrium	structure	and	binding	
orientation	of	 the	CBM-P	cellulase	peptide	mimic	on	
cellulose.	As	a	model	cellulose	surface,	we	deposited	
highly	oriented	cellulose	fibers	on	glass	substrates26.	
The	 scanning	 electron	 microscopy	 (SEM)	 images	 in	
Figs.	 2A	 and	2B	 illustrate	 the	 sample	 geometry.	The	
alignment	of	the	fibers	allowed	us	to	probe	the	align-
ment	of	the	CBM-P	relative	to	the	cellulose	registry	by	
recording	spectra	at	different	azimuthal	sample	orien-
tations.	The	samples	were	immersed	in	a	CBM-P	solu-
tion	overnight,	rinsed,	and	then	introduced	to	the	SFG	
sample	stage	(Fig.	2C).		
SFG	spectra	were	collected	in	the	amide	I	region	to	

follow	the	protein	backbone	structure	at	the	cellulose	
surface.	Fig.	2D	shows	SFG	spectra	recorded	as	a	func-
tion	of	the	azimuthal	angle	in	ssp	(s-polarized	SFG,	s-
polarized	visible,	and	p-polarized	 infrared),	ppp	and	
sps	 polarization.	 All	 three	 sets	 show	 a	 pronounced	
variance	with	azimuthal	angle.	At	angles	close	to	the	
fiber	direction,	there	is	a	broad	amide	I	signal	visible	
in	ssp	polarization.	A	spectral	dip	near	1630	cm-1	is	ac-
companied	 by	 a	 peak	 centered	 around	 1670	 cm-1.	
These	modes	 can	be	assigned	 to	β-sheet	 type	 struc-
tures27,28.	The	ppp	and	sps	spectra	show	no	apprecia-
ble	signal	intensity	along	this	direction.	At	higher	an-
gles,	more	perpendicular	to	the	fiber	direction,	the	ssp	
intensity	drops	while	ppp	and	sps	spectra	grow	in	sig-
nal	level.	For	both	polarizations,	the	spectra	are	broad	
and	centered	just	below	1670	cm-1,	which	is	typically	
assigned	to	turn	structures	or	β-sheet29.		



 

Typically,	 SFG	 spectra	 are	 invariant	 with	 the	 azi-
muthal	 sample	 orientation	 because	 of	 the	 statistical	
orientation	 of	molecules	 at	 surfaces	with	 respect	 to	
the	azimuthal	angle30.	The	angle	variance	of	the	spec-
tra	provides	direct	evidence	for	a	preferential	orienta-
tion	 of	 the	 CBM-P	 peptides	 relative	 to	 the	 cellulose	
surface	structure.		
To	determine	the	preferential	orientation	and	con-

formation	of	 the	CBM-P	on	 the	cellulose	surface,	we	
performed	all-atom	molecular	dynamics	(MD)	simula-
tions	 of	 the	 CBM-P/cellulose	 I𝛽	 interface,	which	we	
can	combine	with	the	SFG	data.	Classical	MD	simula-
tions	were	first	performed	of	the	CBM-P	bound	in	four	
different	orientations	(rotated	90°	apart;	Fig.	3A;	top	
left)	to	the	cellulose	surface,	initiated	from	the	full	β-
like	conformation	of	the	crystal	structure.	After	the	50	
ns	 production	 simulations	 (see	 SI	 for	 details),	 two	
structures	were	found	to	have	maintained	the	full	β-
like	conformation,	whereas	 the	other	 two	structures	
(in	 purple	 and	 blue)	 adopted	 a	more	 relaxed	 β-like	
conformation	(Fig.	3A;	bottom	left).	An	energetic	anal-
ysis	of	 the	CBM-P/cellulose	 interface	 shows	 the	 two	
structures	 that	 adopted	 the	 relaxed	 β-like	 confor-
mation	 were	 able	 to	 form	 more	 favorable	 van	 der	
Waals	interactions	with	the	surface	(Fig.	3A;	middle).		
Furthermore,	one	structure	(in	purple)	was	found	to	

have	re-oriented	itself	at	approximately	45°	to	the	cel-
lulose	chains,	allowing	it	 to	achieve	slightly	more	fa-
vorable	 van	 der	Waals	 interactions	with	 the	 surface	
than	the	other	relaxed	β-like	conformation	(in	blue).	
The	structure	in	purple	was	also	found	to	have	formed	
the	most	favorable	electrostatic	interactions	with	the	
surface	(Fig.	3A;	right).	While	this	was	the	case	from	
the	 start	 of	 the	 simulation,	 the	 electrostatic	 interac-
tions	remained	favorable	even	after	the	peptide	re-ori-
ented	itself	against	the	cellulose	chains,	and	perhaps	
even	facilitated	this	re-orientation	given	the	high	en-
ergetic	barriers	typically	present	in	classical	MD	sim-
ulations	of	surface-adsorbed	proteins31.	
Fig.	 3B-C	 show	 representative	 snapshots	 from	 the	

simulation	of	the	relaxed	β-like	conformation	of	CBM-
P	in	purple	in	Fig.	3A.	The	snapshots	highlight	the	ob-
served	45°	orientation	of	the	CBM-P’s	backbone	atoms	
to	 the	 cellulose	 chains,	 permitting	 favorable	 surface	
alignment	of	 its	tyrosine	residues	with	cellulose	glu-
cose	units.	To	quantify	differences	in	structure	and	dy-
namics	 between	 the	 full	 and	 relaxed	 β-like	 confor-
mations,	we	performed	a	hydrogen-bond	analysis	 in	
VMD	over	the	last	20	ns	of	a	simulation	trajectory	of	
each	conformation	(relaxed	β-like	structure:	Fig.	3A,	
purple;	full	β-like	structure:	Fig.	3A,	green).	Compared	
to	the	 full	β-like	conformation,	we	observe	 fewer	 in-
tramolecular	 hydrogen	 bonds	 in	 the	 relaxed	 β-like	
conformation	 (Fig.	 S1	 A-B).	 However,	 due	 to	 the	 in-

creased	flexibility,	we	observe	the	relaxed	β-like	con-
formation	is	more	often	able	to	form	at	least	three	sim-
ultaneous	hydrogen	bonds	with	the	surface	(Fig.	S1	C-
D).		
As	 a	 further	 test	 of	 our	 observations	 on	 the	 pre-

ferred	structure	and	orientation	of	cellulose-adsorbed	
CBM-P,	we	performed	additional	MD	simulations	us-
ing	the	parallel	tempering	metadynamics	in	the	well-
tempered	 ensemble	 (PTMetaD32-WTE33)34	 enhanced	
sampling	method	(see	SI	for	details).	Subsequently,	we	
clustered	the	surface-bound	structures	of	the	CBM-P	
together	with	the	cellulose	surface.	Fig.	3D	shows	that	
the	second	most	densely	populated	cluster	consists	of	
states	 in	which	 the	 CBM-P	 adopted	 a	 relaxed	 β-like	
conformation	at	an	approximately	52°	orientation	to	
the	cellulose	chains,	in	line	with	the	findings	from	our	
classical	 MD	 simulations	 (see	 SI	 for	 further	 discus-
sion).		
For	a	test	of	the	simulation	results	we	calculated	SFG	

spectra	for	the	relaxed	β-like	conformation	for	the	dif-
ferent	relative	orientations	of	the	plane	of	laser	beam	
incidence	and	cellulose	fibers.	The	computed	spectra	
in	 Figure	 3E	 capture	 the	 resonance	 positions,	 peak	
width	 and,	most	 importantly,	 the	 azimuthal	 orienta-
tion	dependence	of	the	experimental	data	very	well.	It	
should	be	noted	that	we	calculate	the	spectra	without	
non-resonant	 contributions	 and	 therefore	 the	 phase	
of	 the	 spectral	 features	 is	 not	 included	 in	 the	 calcu-
lated	spectra.	This	is	particularly	noticeable	for	the	ssp	
spectra,	where	the	experimental	data	consists	of	two	
features	with	opposite	phases,	which	results	in	a	dip	
and	a	peak	in	the	spectra.	In	addition,	it	is	difficult	to	
rotate	the	sample	precisely	on-axis	and	slightly	differ-
ent	spots	on	the	sample	are	probed	as	the	sample	is	
rotated.	Minor	variances	in	the	spectra	due	to	sample	
inhomogeneity	 can	 therefore	 not	 be	 excluded.	 The	
qualitative	match	with	experiments	strongly	supports	
the	 simulation	 results.	 Evidently,	 CBM-P	 aligns	with	
the	registry	of	the	cellulose	surface	structure.	



 

 
Figure	3.	Theoretical	results	of	the	alignment	and	confor-
mation	of	the	CBM-P	on	cellulose.	(A)	van	der	Waals	and	
electrostatic	 interfacial	 energy	as	 a	 function	of	 relative	
CBM-P	orientation.	(B)	The	most	stable	orientation	pre-
dicted	by	classical	MD	aligns	at	45°	to	cellulose	chains.	
(C)	A	relaxed	β-like	structure	is	predicted	to	be	the	most	
stable	surface-bound	structure	of	CBM-P,	as	it	allows	for	
energetically	favorable	alignment	of	the	CBM-P	backbone	
and	side	chains	with	the	surface.	A	Ramachandran	plot	of	
the	figure	below	and	in	(B)	highlights	the	β-sheet	charac-
ter	of	residues	in	surface-bound	CBM-P.	(D)	A	relaxed	β-
like	structure	aligned	at	52°	to	cellulose	chains	is	the	sec-
ond	most	densely	populated	cluster	from	PTMetaD-WTE	
simulations.	 Images	 in	 (A-D)	were	 generated	 in	 VMD1.	
(E)	 Theoretical	 SFG	 spectra	 calculated	 for	 the	 CBM-P	
pose	shown	in	(B,	C)	as	a	function	of	the	azimuthal	angle	
in	ssp,	ppp	and	sps	polarization.	The	spectra	are	in	good	
agreement	with	the	experimental	data.		

SFG	and	MD	draw	a	detailed	picture	of	CBM	binding	
to	 cellulose	 surfaces.	 Binding	 is	 driven	 by	 hydrogen	
bonding	 between	 protein	 side	 chains	 and	 backbone	
sites	with	 the	 polysaccharide	 surface.	 Evidently,	 the	
binding	 tyrosine	 side	 chains	align	 the	CBM	with	 the	
surface	 registry	of	 the	 cellulose	 glucose	units.	 Enzy-
matic	 breakdown	 of	 cellulose	 requires	 cellulase	 to	
move	across	the	surface	for	even	and	efficient	opera-
tion.	At	high	cellulase	surface	coverages,	random	mo-
tion	across	the	surface	would	likely	lead	to	collisions	
and	 steric	 hindrance.	 It	 is	 conceivable	 that	 binding	
aligned	with	the	macroscopic	registry	of	the	cellulose	

crystal	will	promote	aligned	motion,	which	would	al-
low	 unhindered,	 concerted	 surface	 motion	 of	 cellu-
lase,	even	at	high	surface	coverages.	Future	designs	of	
optimized	cellulase	mutants	for	tailored	green	energy	
applications	should	therefore	focus	not	only	on	opti-
mizing	 attachment	 and	 binding.	 Cellulase	 alignment	
and	 directed	motion	will	 likely	 be	 important	 design	
parameters	for	enzymes	engineered	for	biomass	con-
version.	
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