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Materials

All Chemicals used in this work, their supplier and purity are
given in Table S1.

Table S1. Chemicals used in this work including purity and supplier.

Component Purity Supplier
a-Chymotrypsin >85% Sigma Aldrich
N-Succinyl-L-phenylalanine-p-nitroanilide >98% Sigma Aldrich
urea >99.5% Acros Organics
Trimethylamine N-oxide >98% TCI
Dimethyl sulfoxide >99.9>% Sigma Aldrich

Estimation of a-CT pure-component PC-SAFT
parameters

Two of the PC-SAFT pure-component parameters (mfeg, a;)
and the association sites N*°¢ of the enzyme o-CT were
determined based on the amino acids sequence of the enzyme
according to [ref Sl 1]. The primary structure of a-CT is given in
Figure S1.
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Figure S1. Amino acid sequence (primary structure) of the enzyme
a-chymotrypsin (a-CT) in single-letter amino acid code.
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association sites N{/°°(Hydrogen bond donor: Hydrogen
bond acceptor) were determined based on the PC-SAFT
parameters of the single amino acids from literature [ref SI 2].
The resulting parameters are given in Table S2.

Table S2. Determined PC-SAFT pure-component parameters segment number
m;*, segment diameter o; and association scheme Nf°¢ (hydrogen bond
donor:hydrogen bond acceptor) of a-CT according to the amino acid sequence
(primary structure) given in Figure S1.

Single Amino seg HB HB
Let?er acid number i ailA] acceptor _ donor
G glycine 23 4.849 2.327 0 0

A alanine 22 5.464 2.522 0
L leucine 19 8.303 2.7 0 0
M methionine 2 16.025 2.149 1 0
F phenylalanine* 6 5.464 2.522 0 0
w tryptophan” 8 7.023 2.284 1 0
K lysine 14 11.672 2.377 1 0
Q glutamine” 10 3.024 3.478 1 0
E glutamic acid 5 3.024 3.478 0 1
S serine 28 7.023 2.284 0 0
P proline 9 6.981 2.548 0 0
\Y valine 23 7.485 2.588 0 0
| isoleucine® 10 8.303 2.7 0 0
C cysteine 10 7.739 2.384 1 0
Y tyrosine 4 8.139 2.279 0 0
H histidine 2 6.071 2.852 0 1
R arginine 4 9.908 2.657 2 0
N asparagine 14 2.999 3.366 1 0
D aspartic acid 9 2.999 3.366 0 1
T threonine 23 6.329 2.605 0 0
> 245 1610.324  2.627 67 17

* Parameters inherited from alanine
# Parameters inherited from serine
+ Parameters inherited from glutamic acid
° Parameters inherited from leucine

According to previous works on biomolecules, we only used
data of aqueous solutions to fit parameters. The dispersion-
energy parameter u;/kg, the association-energy parameter
€4iBi/ky and the association-volume parameter k4i5i were
afterwards fitted to one B22 data point (Table S5) and to
density data of a-CT/buffer systems which were free of co-
solvent. The result of this parameter fit is presented in
Figure S2 for aqueous densities. We decided not to use ternary
data for parameter fitting of the enzyme, according to our
previous work on biomolecules [SI-ref 2].
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The ternary data of a-CT, co-solvent and water was only used
to determine the binary interaction parameter between
enzyme and co- solvent.
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Figure S2. Densities p of aqueous solutions of a-CT at 25°C, 1 bar and
pH 8. Symbols: Experimental data, Table S3. Line: PC-SAFT.

Table S3. Experimental densities of o-CT+ water at 25°C, 1 bar and pH 8.

Mole fraction a-CT Density [kg m'3]

7.93E-05 1028.44
1.76E-04 1058.54
2.24E-04 1070.58
3.69E-04 1100.62
1.07E-03 1189.68
1.67E-03 1230.13
2.09E-03 1243.10
2.44E-03 1259.78

A list of all pure-component parameters used in this work is
given in Table S4.

Table S4. Overview of the PC-SAFT pure-component parameters used for
activity coefficient predictions in this work.

Journal Name

Determination of binary-interaction parameters
between a-CT / solvent and a-CT /co-solvent

The binary interaction parameters k;; (shown in Equation (9))
between o-CT and the respective solvent/co-solvent were
fitted to osmotic coefficients ¢ of o-CT solutions in the
presence of the respective co-solvent. Osmotic coefficients of
a-CT were obtained through the measurement of the second
osmotic virial coefficient B,, by static light scattering. For a
detailed description of the measurements of B,,, the reader is
referred to previous work, e.g. [ref SI 8]. B,, was used to
estimate ¢ in water based on Equation (1) and in the presence
of an additional co-solvent based on Equation (2).

$=1+B mol ] (1)
— cma o | ————
22 a=cr kgwater
mol ref
=148y mecr ||+ (67 =1) (@)
Iwater

In Equation (2) a correction term is required. As ¢ for a binary
mixture of water-co-solvent has to be accounted for, ¢7¢/ is
introduced. ¢"¢f is the osmotic coefficient of the
water-co-solvent (enzyme free) solution that can be modeled
with PC-SAFT or taken from literature data [ref SI 7]. B,,
values determined in this work for a-CT in buffer and under
the influence of the co-solvents DMSO and TMAO is listed in
Table S5.

Table S5. Determined second osmotic virial coefficients B,, of
a-CT in water (neat) and under the influence of the co-solvents
DMSO, TMAO and urea at 25 °C, 1 bar and pH 8.

mol kgwater
- Mep_ —_— —_—
Co-solvent co—solvent kgwater] 22 [ mol
neat - -615.75
DMSO 2.1 -481.25
TMAO 0.5 -226.10
urea 1 -156.25

.B.
seg Oi i K assoc ﬁ KAl !
Component m; Al ks[ | N K i
[r;a;‘?;] 1.204 [A] 35395 Y1 o457 0.0451
SPNA 6.744 348  340.15 11 32191  0.0098
[ref SI 4]
urea 4.242 245  368.23 11 3068.7  0.0010
[ref SI 5]
DMSO 2.922 328  355.69 11 0 0.0451
[ref SI 6]
TMAO 8.928 225 24544 11 0 0.0451
[ref SI 7]
C([-é:]T 1610.324 2.63 348.74 67:17 5713.8 1.0
[A] 0;=2.7927+10.11-exp(-0.01775.T) -1.417-exp(0.01146-T), [B] This work
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A list of all binary interaction parameters used in this work is
given in Table S6.
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Table S6. Overview of the PC-SAFT binary interaction parameters used

for activity coefficient predictions in this work.

Binary system kij [-]
water-SPNA™ -0.132
water-urea' -0.044
water-DMSO™ -0.065
water-TMAO™ -0.075
water-a-CT™ -0.067
a-CT-urea™ -0.35
a-CT-DMso™ -0.6
a-C-TMAQ™® -0.03

[A] ref SI 4 [B] This work

Thermodynamic model PC-SAFT

The activity coefficients of all reacting agents were calculated
based on the pure-component reference state indicated by the
subscript 0i, while the activity coefficient of the enzyme was
calculated based on the hypothetical ideal 1 molal aqueous
solution reference state indicate by the superscript *. The
activity coefficients were calculated with the respective
fugacity coefficients ¢; chemical
potential uj®°, the Boltzmann constant kg, the temperature T,

based on the residual

the number density p and the residual Helmholtz energy a™®®
as shown in Equations (3) to (6).

_ P
Yi = a (3)
«_ Pi
Yi = ? (4)
ares
a -
uie (kB : T)
) = — 1 — 5 7/
In(ep;) Ky T Inf 1+ p (5)
”res res v
L2 — —_
kB - T - kB - T + Z 1
ares
()
+ —_—
6xi (6)
TV Xki
N ﬁ)
-y 2(i7)
= 6x1
T,V,xk#

In Equation (6) Z denotes to the compressibility factor and x;
to the mole fraction of the component i. The residual
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Helmholtz energy a™@*, which is required for calculations of
res

ui® and @;, was predicted with the PC-SAFT equation of state.
a’es = ghc + qdisp 4 gassoc (7)

This work accounts for four contributions in the prediction of
a™®s, which are a"¢ (hard-chain forces), a®P (dispersion
interactions) and a®55°¢ (hydrogen bonding). PC-SAFT uses five
pure-component parameters for the description of uncharged
components capable of forming hydrogen bonds: The segment
number mfeg, the segment diameter g;, the dispersion-energy
parameter u;/kg, the association-energy parameter €4iBi/kg
and the association-volume parameter k4ifi, Pure-component
parameters of water, SPNA, TMAO, DMSO and urea were
taken from literature. The parameter fit for the enzyme a-CT
has been presented in the beginning of the SI.

For the prediction of mixture properties, proposed combining
rules of Berthelot and Lorenz (Equation (8) and (9)) and
Wolbach-Sandler (Equation (10) and (11)) have been applied to
the calculation of the mean segment diameter, mean
dispersion-energy parameter and mean association-energy
parameter in this work. Note that only one binary-interaction
parameter k;; was used in this work, as shown in Equation (9).

1
gij =5 (01 +)) (8)
1
cAB — 5 (€78 + €4i8) (10)
3
I
wAiBj — \[1cAiBi . 1 AB] . (#) (11)
Oij

The parameter fit performed to obtain the required PC-SAFT
parameters is based on a Levenberg-Marquardt algorithm
(damped least squares method), which was used to minimize
the objective function OF given in Equation (12), in which
y™od and y*P denote modeled and experimental values.

Ym NPy,

mod 2
OF = Z Z (1—(y—’2xp> )
m=1 k=1 Ym k

(12)
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Overview of experimental and predicted Kj; and

k.q: values 120}
An overview of all measured and predicted values of K,; and 100~
kcq¢ values in this work is given in Table S7. -
80}
Table S7. Overview over the measured and predicted kinetic constants under 2 |
combined co-solvent and pressure influence. 'T_'_ 60—
>
Co-solvent ! ! 1 1 40—
plar]  m= Ky [ e ke [ L
lkg 1 lkg 1 s s
mo ngwaler 'water- 'water- I I I ]
20
neat 1.76 +£0.12 - 0.023 +0.002 - 0.0 0.3 0.6 09 1.2
05m .7 1
THMAO 1.9310.18 2.00 0.026 + 0.002 0.023 m. Ik mmol' ——=
1 1murea 2.50 £ 0.20 2.41 0.018 + 0.001 0.019
DZ'-\/lls’g 2.58 +0.56 3.74 0.019 +0.003 0.017 Figure S3. Lineweaver-Burk plot used to determine K{?S and k22§ for the
Sﬁsné 6.21+0.99 578 0.018 + 0.003 0.015 hydrolysis of SPNA catalyzed by o-CT at 20 °C and pH 8. The reciprocal
reaction rate v'~! is plotted over the reciprocal initial molality of SPNA
neat 1.67 £0.07 1.62 0.026 +0.001 0.027
05m mgava for 1 bar (circles) and 1500 bar (squares). Lines represent the fit
THMAO 1.76 +0.07 1.72 0.027  0.001 0.026 ) ] o
lines used for the linearization.
500 1murea 2.33+0.10 2.09 0.021 + 0.001 0.022
oo 249£0.12 3.56 0.020 £ 0.001 0.020 _ _ _
2m The resulting K3” and k225 values are listed in Table S8.
DMSO 6.09+0.74 5.65 0.019 + 0.003 0.017
neat 1.48x0.04 1.48 0.030+0.001 0.031 Table S8. Overview of the experimentally determined K3” and k2% values for
05m
TMAO 1.57+£0.05 1.55 0.030 +0.001 0.030 the hydrolysis of SPNA catalysed by o-CT at 20 °C, pH 8 and the pressure
1000 1murea 2.080.10 1.86 0.024 +0.001 0.025 1 bar and 1500 bar.
21m
DMISO 2.27+0.20 3.38 0.022 +0.001 0.023 l -
mmo
o 6.23+0.58 6.01 00210002  0.019 p [bar] K k—] lgks H
Iwater N
1.35+0.04 - .035 + 0.001 -
c;‘:at 35+00 00352000 1 1.76£0.12 0.023 + 0.001
om
TMAO 1.44 +0.04 1.39 0.035 +0.001 0.035 1500 1.35+ 0.04 0.035 + 0.001
1500 1murea 1.81+0.06 1.57 0.028 + 0.001 0.028
21m
DMISO 2.45+0.14 3.65 0.027  0.001 0.026
4.2m . .
DMSO 6.17:+0.20 5.92 0.023 +0.001 0.022 In a next step a linear correlation of K’ and k225 over the
neat 1.20£0.09 124 0.042 £ 0.002 0.041 pressure p according to Equations 5 and 6 in the main text
oo 1.29+0.06 126 0039£0002  0.040 were used to determine KI'¢ and k2’ for the pressures 500,
2000 1 murea 1.63 + 0.006 1.42 0.034 + 0.001 0.032 1000 and 2000 bar. The respective plOtS of ln(K,{f,bS) and
obs . . .
o 2374047 3.62 0.031 +0.002 0.030 In(k22§) over p are given in Figure S4.
42m
DMSO 5.94 % 0.52 5.79 0.025 + 0.002 0.025

Determination and prediction of K}, and kZ,,

The predicted values of Klﬁre and kf;f are listed in Table S9.

Table S9. Overview of the predicted values of K} and kZ,; for hydrolysis of

SPNA catalyzed by o-CT at 20 °C and pH 8. Predictions are listed for the
pressure of 500 bar, 1000 bar and 2000 bar based on Equations 5 and 6 in the

In a first step Kf; and kZ,; were determined for 1 bar and
1500 bar under neat (co-solvent free) conditions at 20 °C and
pH 8. This was done based on the experimentally determined

main text and Figure S4.

obs obs f : [bar] pre M] KPre [1]
Ky’® and k27; values. The Lineweaver-Burk plot required for p M |k Gwater cat g
the determination of the kinetic constants is given in Figure S3. 500 161 0.027

1000 1.48 0.031
2000 1.24 0.041

4| J. Name., 2012, 00, 1-3

To determine the respective activity-based kinetic constants
K and kZ,,, activity coefficients of the substrate SPNA yspya
at mgpya = Kjy and the activity coefficient of the enzyme
Ye_cr at Mspya = 0.96 - mgpya (v = kqr) were determined
with PC-SAFT based on the parameters listed in Table S4 and
Table S6. An overview of the determined activity coefficients

This journal is © The Royal Society of Chemistry 20xx
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and the respective activity-based kinetic constants for the
pressures p = 1 bar, 500 bar, 1000 bar, 1500 bar and 2000 bar
is given in Table S10.

Note, that yspyas refers to the reference state “pure
component”, while y,_cr denotes the reference state “1 molal
hypothetically ideal solution”. For more information the reader
is referred to [ref Sl 9].

Table S10. Overview about the predicted activity coefficients ygpya for
mgpya = Ky and yg_cr for mgpys = 0.96 - mgpya(v = k¢oe) for the measured
values of K, and k.4, indicated by the superscript obs and the predicted values
indicated by the superscript pre. Additionally, the resulting activity-based
constants Ky and k&, are listed for the pressures 1 bar, 500 bar, 1000 bar,
1500 bar and 2000 bar.

KiPs Yspna 1 1
p [bar] mmnl] kowaer] KSR [] vew k[
kGwater mmol
0.023 +
1 1.76 +0.12 0.0013  0.0023 0.001 0.965 0.022
0.035 +
1500  1.35+0.04 0.0017  0.0023 0.001 0.938 0.032
Knpqre Yspna pre 1 kg [l]
p [bar] mmol] kgwaer]  KG[-1  Kea 5] vioer [ cat [
kGwater mmol
500 1.61 0.0011 0.0019  0.027 0.954 0.026
1000 1.48 0.0013 0.0019  0.031 0.946 0.029
2000 1.24 0.0025 0.0030  0.041 0.930 0.038
5 _ +396%
41— +252%
. L
- 3_
® T
. £ sl
‘ z
2
S Eef2r
R R N +36%
£ 2
—
p =1
x L
0

1 2000
plbar ——=

Figure S4. Observed Michaelis constant of the co-solvent reaction system
rationalized to the observed Michaelis constant of the neat reaction system and
the activity coefficient of the neat system rationalized to the activity coefficient of
the co-solvent system (shaded bars) for 1 mol/kgwater Urea (white bars) and
4.2 mol/kgwater DMSO (grey bars) at 1 bar and at 2000 bar. The solid line at
y=1 represents the ratio for the neat system.

This journal is © The Royal Society of Chemistry 20xx
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It was observed that pressure may strengthen or weaken co-
solvent effects. For a better illustration of pressure induced
changes in the co-solvents’ effects on reaction kinetics a plot
of the observed kinetic constants of the co-solvent reaction
system rationalized to the observed kinetic constants of the
neat reaction system is shown in Figure S4 and Figure S5.
Further, the activity coefficient of the neat system rationalized
to the activity coefficient of the co-solvent system is also
added to these figures.

1.0
_23% -19%
| P -5% 7
< -40%
-_\FEY o 20.5 -
T E S
R
g 2|
<
0.0
1 2000
Pl bar———m

Figure S5. Observed catalytic constant of the co-solvent reaction system
rationalized to the observed catalytic constant of the neat reaction system and
the activity coefficient of the neat system rationalized to the activity coefficient of
the co-solvent system (shaded bars) for 1 mol/kgwater Urea (white bars) and
4.2 mol/kgwaer DMSO (grey bars) at 1 bar and at 2000 bar. The solid line
at y=1 represents the ratio for the neat system.

The results show that co-solvent effects of urea are decreased
at high-pressure condition compared to the neat system from
41 % to 36 % with respect to the Michaelis constant as well as
from -23 % to -19 % with respect to the catalytic constant.
Further, the PC-SAFT predictions by means of the activity
coefficient agree well with these findings.

Pressure effects on the 4.2 mol/kgyater DMSO systems show a
contrary behaviour. Pressure strengthens the co-solvent effect
of DMSO on reaction kinetics. This is shown by a deviation of
the Michaelis constant compared to the neat system
increasing from 252 % at 1 bar to 396 % at 2000 bar. Also, the
effect of DMSO on the catalytic constant is strengthened by
pressure from -25 % at 1 bar to -40% at 2000 bar.

Predicted primary plots

The predicted primary plots of the a-CT reaction under the
influence of 0.5 mol/kgyater TMAO and 1 mol/kgyater Urea are
provided in Figure S6 and Figure S7.
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N Slref 9: C. Held and G. Sadowski, Annual review of chemical and
biomolecular engineering, 2016, 7, 395-414.
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—
l‘!’.. 0.02
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1
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Figure S6. Primary plot of initial normalised reaction rate v' at 0.5 mol/kguater
TMAO conditions plotted against the initial substrate molality mgpy, at different
pressures. Lines: PC-SAFT predictions, symbols: experimental data (circles:
1 bar, squares: 500 bar, triangles: 1000 bar, diamonds: 1500 bar, stars: 2000

bar).
T 0.04 -
L '”m’_”—_i
T, 002 P
__m /’y UL SR
L il .
%
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Figure S7. Primary plot of initial normalised reaction rate v’ at 1 mol/kgwater
urea conditions plotted against the initial substrate molality mgpy, at
different pressures. Lines: PC-SAFT predictions, symbols: experimental
data (circles: 1 bar, squares: 500 bar, triangles: 1000 bar, diamonds: 1500
bar, stars: 2000 bar).
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