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SUPPLEMENTARY	METHODS		
	

Reagents and materials  
All	chemical	reagents	were	of	analytical	grade	and	used	with	no	additional	purification	unless	

otherwise	stated.	Acetonitrile	(HPLC	grade),	benzonitrile	(≥99%),	benzamide	(≥99%),	benzoic	acid	

(≥99%),	butanoic	acid	(≥99%),	nitrilase	(EC	3.5.5.1),	TRIS	HCl	and	water	(HPLC	grade)	were	purchased	

from	Sigma	Aldrich	Ltd.	(Dorset,	UK).	Potassium	dihydrogen	phosphate,	dipotassium	phosphate	and	

sodium	hydroxide	were	obtained	from	Fischer	Scientific	(Loughborough,	UK).		

	

Reaction conditions for in vitro  biotransformations. 
NHase	+	amidase.	Nitrile	hydratase	and	amidase	were	expressed	and	purified	as	described	in	the	

‘Protein	Expression	and	Purification’	section.	The	starting	reaction	mixture	contained	benzonitrile	

(final	concentration	1.25	x	10-2	M	with	2.5%	MeOH)	dissolved	in	potassium	phosphate	buffer	(2.5	x	

10-2	M,	pH	7.2).	The	reaction	was	initiated	upon	the	addition	of	NHase	(6.0	x	10-6	M)	and	amidase	(3	

x	10-6	M).		

	

Reaction conditions for in vivo biotransformations. 
NHase.	Nitrile	hydratase	was	expressed	as	stated	in	‘Protein	Expression	and	Purification’	section.	

Bacterial	culture	was	harvested	by	centrifugation	(4000	x	g,	4	OC	for	10	min),	followed	by	

resuspension	in	potassium	phosphate	buffer	(2.5	x	10-2	M,	pH	7.2)	in	1/40th	of	the	expression	volume	

(for	example,	400	mL	of	bacterial	expression	culture	was	resuspended	in	10	mL	buffer	=	40x	

concentration).	N.B.	bacterial	cells	were	in	a	resting	state	and	did	not	display	further	growth	(see	

Table	S3	for	OD600	measurements).	The	starting	reaction	mixture	contained	benzonitrile	(final	

concentration	1.25	x	10-2	M	with	2.5	%	MeOH)	dissolved	in	potassium	phosphate	buffer	(2.5	x	10-2	

M,	pH	7.2).	The	reaction	was	initiated	upon	the	addition	of	NHase	E.	coli	suspension	(500	µL).	

Amidase.	Amidase	was	expressed	as	stated	in	‘Protein	Expression	and	Purification’	section.	Bacterial	

culture	was	harvested	by	centrifugation	(4000	x	g,	4	OC	for	10	min),	followed	by	resuspension	in	

potassium	phosphate	buffer	(2.5	x	10-2	M,	pH	7.2)	in	1/40th	of	the	expression	volume.	The	starting	

reaction	mixture	contained	benzamide	(final	concentration	1.25	x	10-2	M)	dissolved	in	potassium	

phosphate	buffer	(2.5	x	10-2	M,	pH	7.2).	The	reaction	was	initiated	upon	the	addition	of	amidase	E.	

coli	suspension	(250	µL).	

NHase	+	amidase.	Nitrile	hydratase	and	amidase	were	expressed	as	stated	in	‘Protein	Expression	

and	Purification’	section.	Bacterial	cultures	were	harvested	by	centrifugation	(4000	x	g,	4	OC	for	10	



min),	followed	by	resuspension	in	potassium	phosphate	buffer	(2.5	x	10-2	M,	pH	7.2)	in	1/40th	of	the	

expression	volume.	The	starting	reaction	mixture	contained	benzonitrile	(final	concentration	1.25	x	

10-2	M	with	2.5	%	MeOH)	dissolved	in	potassium	phosphate	buffer	(2.5	x	10-2	M,	pH	7.2).	The	

reaction	was	initiated	by	the	addition	of	NHase	E.	coli	suspension	(375	µL)	and	amidase	E.	coli	

suspension	(25	µL).		

	

Reaction sample preparation and monitoring 
For	all	biotransformations	(purified	enzyme	and	E.	coli	whole-cell),	the	reaction	mixture	was	focused	

under	the	microscope	objective	within	a	quartz	cuvette	attached	to	the	flow-cell	set-up	(see	Figure	

S1).	At	various	time	points	after	enzyme	addition,	UVRR	and	HPLC	spectra	were	collected	throughout	

the	biotransformation	monitoring	period.	The	reaction	was	performed	on	a	10	mL	scale,	allowing	for	

a	large	enough	volume	to	fill	the	flow-cell	set-up	(~6	mL)	and	allow	for	~4	mL	of	residual	volume	to	

enable	HPLC	sample	collection	(reaction	reservoir,	see	Figure	S1).		

For	all	biotransformations,	at	specific	time	points,	20	μL	of	sample	was	removed	from	the	reaction	

mixture	and	immediately	quenched	and	diluted	with	180	μL	of	MeOH.	The	sample	was	then	

centrifuged	at	21,000	×	g	for	6	min.	100	μL	of	the	diluted	sample	was	then	transferred	to	a	HPLC	vial	

and	subjected	to	HPLC	analysis.	

INSTRUMENTATION	AND	DATA	PROCESSING	
HPLC	Analysis.	HPLC	separation	was	conducted	using	an	Agilent	Zorbax	Eclipse	Plus	HPLC	system	set-

up	for	reverse	phase	separation	consisting	of	a	diode	array	detector.	For	all	biotransformations,	the	

column	was	a	150	×	4.6	mm,	Phenomenex	Eclipse	Plus®	C18	with	a	3.5	µm	particle	size.	For	each	

injection,	the	run	time	was	12.0	min	pumped	at	a	flow	rate	of	1	mL	min-1	and	at	30	OC	column	

temperature.	The	mobile	phase	consisted	of	a	linear	gradient,	starting	conditions	of	5%	MeCN/H2O	

(plus	0.05	%	TFA)	held	for	2	min	before	increasing	to	75	%	MeCN/H2O	over	6	min.	Prior	to	washing	at	

95	%	MeCN/H2O	for	1.5	min	and	re-equilibration	to	initial	conditions	over	2.5	min	(total	run	time	

12	min).	5	µL	of	each	sample	was	introduced	using	an	auto-injector.	UV	absorbance	was	detected	at	

254	nm	throughout.	

	

UVRR	analysis.	UVRR	was	performed	using	a	Renishaw	Raman	1000	system	(Renishaw,	Wotton-

under-edge,	Gloucestershire,	UK).	Approximately	~0.2	mW	of	power	was	delivered	to	the	sampling	

point	using	a	Lexel	Model	95	ion	laser	emitting	at	244	nm.	The	reaction	mixture	(10	mL)	was	

continuously	stirred,	using	a	magnetic	stirrer	plate	and	magnetic	bar,	as	well	as	continuous	



circulation	around	the	flow-cell	set-up	using	a	peristaltic	pump	to	avoid	photodegradation.	Spectra	

were	collected	with	an	acquisition	time	of	20	s.	Only	spectra	with	no	demonstrable	photo-

degradation	and	signal	from	the	reaction	vessel	were	used	for	analysis;	the	effects	of	

photodegradation	has	been	previously	investigated1	and	in	the	present	study	no	observable	

photodegradation	products	were	observed.	

	

Data	Processing.	All	data	were	exported	from	the	respective	instrument	operating	software	and	

analysed	using	Matlab	R2015a	(The	Mathworks,	Natick,	MA,	USA).	

	

HPLC	data	analysis.	The	peaks	of	the	target	analytes	were	integrated	with	the	results	of	the	HPLC	

data	and	served	as	an	external	validation	data	set	to	independently	verify	the	accuracies	of	the	MCR-

ALS	models	in	prediction.	

	

UVRR	data	analysis.	The	work-flow	of	the	MCR-ALS	soft	modelling	is	provided	in	Figure	S2.	The	data	

were	exported	as	Galactic	.spc	files	and	then	imported	into	Matlab.	The	spectra	were	baseline	

corrected	and	then	normalized	to	unit	norm	(i.e.,	sum	of	squares	of	each	spectrum	equals	1).	MCR-

ALS	was	then	applied	to	obtain	the	resolved	concentration	profile	C	and	pure	spectra	S	matrices.	A	

linear	regression	model	was	built	for	each	reactant	using	the	HPLC	measurements	and	the	

corresponding	readings	in	C	at	the	same	time	points.	This	model	was	then	applied	to	all	the	time	

points	in	C	to	calculate	the	concentrations	of	the	reactant	on	all	the	monitored	time	pints.	

For	hard	modelling,	the	concentration	profiles	were	used	to	estimate	the	reaction	rate	constant	k	

using	the	corresponding	kinetic	model	as	shown	in	Figure	S6	and	S9.	The	concentrations	of	each	of	

the	reactant	of	any	time	point	during	the	reaction	can	then	be	determined	by	using	the	

concentration	of	the	starting	material	and	the	estimated	k.	



	
	

Figure	S1.	 Annotated	instrument	set-up,	including	flow-cell	apparatus,	to	monitor	biotransformations	using	
UV	resonance	Raman	spectroscopy.	The	x40	UVRR	objective	was	focussed	into	the	quartz	flow-cell	
containing	the	reaction	mixture.	100	%	power	on	the	sample	(~0.2	mW	at	sampling	point)	with	
UVRR	data	collection	using	a	20	s	acquisition	time	throughout	the	time	course.	Mixing	of	the	
reaction	sample	was	achieved	using	a	stirrer	bar	within	the	reaction	reservoir,	as	well	as	
continuous	flow	of	the	mixture	via	the	peristaltic	pump	(anti-clockwise	direction	of	flow,	plastic	
tubing	connects	the	quartz	flow-cell	to	the	reaction	reservoir).	Samples	for	HPLC	analysis	were	
removed	from	the	reaction	reservoir.	Note:	set-up	as	shown	above	contains	E.	coli	whole-cells,	
thus	the	reaction	mixture	is	opaque	in	appearance.	

	

	

Table	S1.	 Tentative	UVRR	band	assignments	of	benzonitrile,	benzamide	and	benzoic	acid	at	pH	7.2		

	

	
 

*Tentative	UVRR	band	assignments	using	literature	information2-7	
vs-very	strong,	s-strong,	m-medium,	w-weak,	vw-very	weak.	

	

Raman	Shift	(cm-1)	
	

Tentative	band	assignment*	

Benzonitrile	 Benzamide	 Benzoic	acid	 	
	 	 847	(w)	 C-H	ring	breathing	

1005	(m)	 1001	(w)	 1007	(m)	 C-C-C	trigonal	breathing	
	 1138	(vw)	 1141	(vw)	 NH

2
	rocking	mode	

1180	(s)	 1187	(w)	 1180	(w)	 C-H	in-plane	bend	
	 1413	(m)	 	 C-N	stretch	
	 	 1389	(m)	 C-H	ring	stretch	

1598	(vs)	 1602	(vs)	 1602	(vs)	 C-C	in-plane	stretch	
2234	(s)	 	 	 C≡N	stretch	

	



	
	

	
 

 
	

Figure	S2.	 Flow	diagram	summarising	data	pre-processing	and	MCR-ALS	process	used	for	predicting	
concentrations	of	each	analyte	from	the	reaction	mixture.	
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Figure	S3.	 MCR-ALS	deconvolved	spectrum	(dashed,	red	line)	of	the	individual	analytes	(A)	benzonitrile,		
(B)	benzamide	and	(C)	benzoic	acid	from	the	mixture	compared	with	their	known	UVRR	spectrum	
from	standards	(solid,	blue	line).	The	initial	reaction	mixture	includes	benzonitrile	(SM)	and	is	
initiated	upon	the	addition	of	NHase	and	amidase	as	purified	enzymes.		
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Figure	S4.	 MCR-ALS	prediction	from	UVRR	of	analyte	concentrations	versus	HPLC	measured	concentrations	
(mM):	(A)	benzonitrile,	(B)	benzamide	and	(C)	benzoic	acid.	With	R2	values	ranging	from	0.9076	to	
0.9895	and	indicates	that	results	are	in	very	good	agreement	with	one	another.		
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Figure	S5.	 Flow	diagram	summarising	the	MCR-ALS	and	HM	processes.	MCR-ALS	model	predicts	the	
concentration	profiles	of	each	analyte,	which	are	then	taken	forward	to	HM.		

	

	

	

	

Table	S2.	 Table	denoting	the	total	concentration	of	analytes	with	the	reaction	mixture	at	various	timepoints	
as	calculated	by	HPLC	(calibration	adjusted	concentrations).		

	

Time	(min)	 0	 2	 4	 6	 8	 10	 13	 17	 20	 23	 26	

Total	conc.	
(mM)	 11.27	 7.76	 7.47	 8.08	 7.99	 8.95	 9.25	 9.85	 10.63	 10.43	 10.85	

	

	

	



	
	

	

Figure	S6.	 Kinetic	model	used	within	the	MCR-ALS-HM	approach	to	calculate	the	concentrations	of	each	
analyte	at	any	time	point	during	the	reaction	where	A	is	benzonitrile,	B	is	Benzamide,	C	is	Benzoic	
acid	and	t	is	time.	We	assume	that	the	biotransformations	followed	a	first	order	reaction,	during	
which	A	had	converted	to	B,	and	B	had	subsequently	converted	to	C,	at	reaction	rate	constants	k1	
and	k2	respectively.				

	

	

	

	

	

OD600	measurements	
	

To	ensure	that	bacterial	cells	were	in	the	resting	state,	and	that	the	observed	in	vivo	enzyme	activity	

(substrate	conversion	to	product(s))	was	not	a	consequence	of	an	increase	in	bacterial	density,	

measurements	at	600	nm	(OD600)	were	taken	throughout	the	time	course	(Table	S3).	These	

controlled	experiments	(no	substrate)	enabled	identification	of	the	OD600	values	that	remained	

relatively	consistent	throughout.	Thus	we	could	be	confident	that	the	E.	coli	cells	were	in	a	resting	

state	and	no	further	growth	was	occurring.	OD600	measurements	were	performed	using	the	same	

reaction	conditions	used	as	the	UVRR	whole-cell	monitoring	experiments,	but	with	the	substrates	

omitted	(i.e.,	benzonitrile/benzamide).		
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Table	S3.	 Table	stating	the	OD600	values	at	various	time	points	throughout	the	reaction	monitoring	process.	
Samples	were	diluted	1:5	prior	to	OD600	analysis.			

		

E.	coli	whole-cells	
OD600	at	time	point	

0	min	 10	min	 20	min	 30	min	 60	min	

NHase	 0.668	 0.642	 0.585	 0.697	 0.609	

Amidase	 0.360	 0.360	 0.341	 0.377	 0.335	

NHase	+	Amidase	 0.537	 0.560	 0.513	 0.575	 0.505	
	

	

	

	

	

				 	

	

Figure	S7.	 MCR-ALS	deconvolved	spectrum	(dashed,	red	line)	of	the	individual	analytes	(A)	benzonitrile	and	
(B)	benzamide	from	the	mixture	compared	with	the	known	UVRR	spectrum	(solid,	blue	line).	The	
initial	reaction	mixture	includes	benzonitrile	(SM)	and	is	initiated	upon	the	addition	of	NHase-
containing	E.	coli	cells.		

	

	

	

A	 B	



		 	

	

Figure	S8.	 MCR-ALS	predicted	UVRR	concentration	versus	HPLC	measured	concentration	(mM)	of		
	(A)	benzonitrile	and	(B)	benzamide.	NHase	whole-cell	biotransformation	gave	R2	values	of	0.9514	
and	0.7286	for	benzonitrile	(SM)	and	benzamide	(P),	respectively.	

	

	

		

	

														 	

	

Figure	S9.	 Kinetic	model	used	by	MCR-ALS-HM	approach	to	calculate	the	concentrations	of	each	reactant	at	
any	time	during	the	one-step	biotransformations	where	A	is	benzonitrile	or	benzamide	(as	the	
product),	B	is	benzamide	(as	the	starting	material)	or	benzoic	acid	and	t	is	time.		We	assume	that	
reaction	followed	a	first	order	reaction	in	which	A	had	converted	to	B	at	a	reaction	rate	constant	k.			
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Figure	S10.	 MCR-ALS	deconvolved	spectrum	(dashed,	red	line)	of	the	individual	analytes	(A)	benzamide	and	
(B)	benzoic	acid	from	the	mixture	compared	with	their	known	UVRR	spectrum	(solid,	blue	line).	
Initial	reaction	mixture	includes	benzamide	(SM)	and	is	started	by	the	addition	of	amidase-
containing	E.	coli	cells.	

	

	

	

	

			 	
	

Figure	S11.	 MCR-ALS	predicted	UVRR	concentration	versus	HPLC	measured	concentration	(mM)	of		
(A)	benzamide	and	(B)	benzoic	acid.	Amidase	whole-cell	biotransformation	gave	R2	values	of	
0.9439	and	0.9862	for	benzamide	(SM)	and	benzoic	acid	(P),	respectively.	
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Figure	S12.	 (A)	UVRR	spectra	of	in	vivo	biotransformation	involving	benzonitrile	(SM)	to	benzamide	(I)	then	
benzoic	acid	(P)	using	NHase	and	amidase	from	within	whole-cells.	Colour	bar	represents	the	
changing	UVRR	response	with	time.	(B)	UVRR	response	of	standards:	benzamide	(red),	benzoic	
acid	(green)	and	E.	coli	BL21	(DE3)	cells	(grey)	in	potassium	phosphate	buffer	(2.5	x	10-2	M,	pH	7.2).	
Bacterial	peaks	at	1329	and	1481	cm-1	coincide	with	characteristic	benzamide	(1413	cm-1)	and	
benzoic	acid	(1389	cm-1)	peaks.		

	

	

PROTEIN	EXPRESSION	AND	PURIFICATION	
	

Cloning and Expression 
Nitrile	Hydratase.	Constructs	containing	the	genes	encoding	the	α-	and	β-	subunits	of	the	nitrile	

hydratase	(NHase)	from	Rhodoccus	equi	TG328-2	in	pET21a	and	the	associated	NHase	activator	in	

pET28a	were	generously	provided	by	the	Uwe	Bornscheuer	group	(Greifswald	University).8	The	

pET28a	construct	containing	the	activator	gene	was	transformed	into	E.	coli	BL21	(DE3)	using	

kanamycin	(50	µg/mL)	selection.	The	resulting	cells	were	then	transformed	with	the	pET21a	

construct	containing	both	the	α	-and	β-NHase	subunits	using	kanamycin	(50	µg/mL)	and	ampicillin	

(100	µg/mL)	for	selection.	E.	coli	BL21	(DE3)	cells	transformed	with	recombinant	NHase	(α-	and	β-

subunits)	+	activator	plasmids	were	initially	grown	overnight	at	37	OC	in	LB	medium	containing	

kanamycin	(50	µg/mL)	and	ampicillin	(100	µg/mL),	before	100-fold	dilution	in	2x	YT	medium	

containing	kanamycin	(50	µg/mL)	and	ampicillin	(100	µg/mL).	Cultures	were	subsequently	incubated	

at	37	OC	with	shaking	until	an	OD600
	=	0.8.	Incubation	was	continued	at	18	OC	with	shaking	until	an	



OD600	=	1.0,	prior	to	induction	with	IPTG	(1	x	10-4	M)	and	incubation	at	18	OC	with	shaking	for	a	

further	20	h.	After	this	time,	cells	were	harvested	by	centrifugation	at	4000	x	g,	4	OC	for	10	min.	

Pelleted	cells	were	stored	at	4	OC	until	purification	or	resuspension	in	potassium	phosphate	buffer	

(2.5	x	10-2	M,	pH	7.2)	for	in	vivo	reactions.	

	

Amidase.	A	synthetic	E.	coli	codon	optimised	gene	for	an	enantioselective	amidase	was	purchased	

from	Genewiz	(US)	using	the	nucleotide	sequence	as	previously	published	by	Trott9	from	

Rhodococcus	erythropolis	strain	MP50.	The	amidase	gene	was	sub-cloned	into	pET28a(+)	vector	

containing	N-terminal	His-tag	using	restriction	sites,	HindIII	and	NdeI.	The	amidase	encoding	gene	

was	amplified	using	E.	coli	DH5α	competent	cells,	following	the	QIAprep	Spin	Miniprep	Kit	Protocol.	

For	protein	expression,	the	pET28a(+)	containing	amidase	plasmid	was	transformed	into	BL21	(DE3)	

competent	cells,	using	kanamycin	(50	µg/mL)	for	selection.	E.	coli	BL21	(DE3)	cells	transformed	with	

recombinant	amidase	plasmid	were	initially	grown	overnight	at	37	OC	in	LB	medium	containing	

kanamycin	(50	µg/mL).	The	resultant	culture	was	diluted	100-fold	in	LB	with	kanamycin	(50	µg/mL)	

and	grown	at	37	OC	with	shaking	until	reaching	an	OD600	=	0.6.	IPTG	(1	x	10-4	M)	was	then	added	to	

the	culture	for	induction	and	grown	at	18	OC	with	shaking	for	20	h.	After	this	time,	cells	were	

harvested	by	centrifugation	at	4000	x	g,	4	OC	for	10	min.	Pelleted	cells	were	stored	at	4	OC	until	

purification	or	resuspension	in	potassium	phosphate	buffer	(2.5	x	10-2	M,	pH	7.2)	for	in	vivo	

reactions.	

	

Protein Purif ication 
Cell	pellets	harvested	from	the	E.	coli	protein	expression	were	resuspended	in	imidazole-containing	

loading	buffer	(NHase	buffer	containing	TRIS	HCl	buffer	(5	x	10-2	M),	NaCl	(1	x	10-1	M),	butanoic	acid	

(4	x	10-2	M)	and	imidazole	(1	x	10-2	M),	pH	7.5,	amidase	buffer	containing	phosphate	(5	x	10-2	M),	

NaCl	(5	x	10-1	M)	and	imidazole	(1	x	10-2	M),	pH	7.2).	Cells	were	disrupted	by	sonication	and	the	

lysate	was	clarified	by	centrifugation	(4	0C,	40	min,	10,000	x	g).	The	soluble	extract	was	loaded	onto	

Ni-NTA	column	(Qiagen)	and	the	column	washed	with	purification	buffer	containing	3	x	10-2	M	

imidazole	(NHase)	or	1	x	10-2	M	and	6	x	10-2	M	imidazole	(amidase).	Purified	NHase	and	amidase	

were	eluted	using	3	x	10-1	M	imidazole	concentration	with	their	respective	buffers.	Protein	samples	

were	subjected	to	buffer	exchange	with	either	TRIS	HCl	buffer	(1	x	10-1	M)	containing	butanoic	acid	

(4	x	10-2	M)	pH	7.5	for	NHase,	or	potassium	phosphate	buffer	(1	x	10-1	M,	pH	7.2)	for	amidase,	using	

spin	concentration	(Vivaspin	20	centricon,	10,000	MWCO)	before	subsequent	storage	at	-20	0C.		

The	final	protein	concentration	was	determined	using	Thermo	Scientific	NanoDrop	2000	

spectrophotometer.	SDS-PAGE	was	used	to	separate	proteins	according	to	their	size,	enabling	



protein	identification	and	gave	an	idea	of	purity.	SDS-PAGE	gels	for	each	protein	can	be	seen	in	

Figure	S13Figure	S14.	

	

	

	

	

	

	

	

	

	

	

	

Figure	S13.	 SDS-PAGE	(16	%)	of	NHase	protein	expression	using	Ni-NTA.	Both	the	α	and	β	subunits	can	be	
clearly	visualised.	

	

	

	

					 	
	

Figure	S14.	 SDS-PAGE	of	amidase	protein	expression	using	Ni-NTA.	
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