bioRxiv preprint doi: https://doi.org/10.1101/2020.05.26.104851; this version posted May 27, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Experimentally-Determined Strengths of Atom-Atom (C, N, O) Interactions

Responsible for Protein Self-Assembly in Water: Applications to Folding and

Other Protein Processes

Xian Cheng,"? Irina A. Shkel,?® Kevin O’Connor,? and M. Thomas Record Jr*."23

Program in Biophysics' and Departments of Biochemistry? and Chemistry?

University of Wisconsin — Madison, Madison WI 53706

* mtrecord@wisc.edu




bioRxiv preprint doi: https://doi.org/10.1101/2020.05.26.104851; this version posted May 27, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary Information

Experimentally-Determined Strengths of Atom-Atom (C, N, O) Interactions
Responsible for Protein Self-Assembly in Water: Applications to Folding and

Other Protein Processes

Xian Cheng,'? Irina A. Shkel,>3 Kevin O’Connor? and M. Thomas Record Jr."23

Program in Biophysics' and Departments of Biochemistry? and Chemistry®

University of Wisconsin — Madison, Madison WI 53706

Materials and Methods

Chemicals

Formamide (>99.5%), N-methylformamide (>99%), and malonamide (>97%) were obtained from
Sigma. Propionamide (>98%) was from Alfa Aesar and acetyl-L-ala-methylamide (aama, >99%)
was from Bachem. All these amides were obtained in anhydrous form and used without further

purification. All were dissolved in deionized water obtained from a Barnstead E-pure system

(Thermo-Fischer Scientific).
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Structures of Amide Compounds and ASA Calculations

Molecular structures of NEP (N-ethyl pyrrolidone) and of short oligomers of PVP
(polyvinyl pyrrolidone) used for calculations of water-accessible surface areas (ASA) were
predicted from NIH Cactus(1) website (https://cactus.nci.nih.gov/translate/) as described
previously (2). Molecular structures of all other amide compounds investigated were analyzed
previously (2). In all cases, a unified atom model was used in which hydrogens are treated as
part of the C or N atom to which they are bonded. ASA information for NEP and PVP oligomers
was calculated using the program Surface Racer (2) with the Richards set of van der Waals
radii (3) and a 1.4 A probe radius for water. As previously (2), ASA values were obtained for
four coarse-grained atom types: amide sp?0, sp?N, sp?C and aliphatic sp3C. Alternative
sources of structural information (PubChem ((4) and Biological Magnetic Resonance Bank
(BMRB)(5)) and alternative ASA programs (VMD(6) and GetArea(7)) were compared with
Cactus and Surface Racer previously (8, 9), and no significant differences were found.

Determination of ASA of End and interior Residues of PVP from Molecular Models of
Short Oligomers

Water accessible surface areas (ASA) of the four types of unified atom (amide sp?0,
sp®N, sp?C; aliphatic sp®*C) of NEP and short PVP oligomers (number of residues N3 < 5) were
calculated using Surfracer program. Results are given in Table S8. To determine ASA
contributions from the two end residues (ASA,g ;) and the Ns-2 interior residues (ASA; ;) of a

PVP oligomer, ASA values for each type of atom (i) were fitted to Eq.S1:
ASAy, ;= ASAyp; + ASA;; (N3 —2),  i=sp>C, sp*C, sp*0, sp°N Eq. S1

Values of ASA,;; and ASA;; obtained from these fits are also reported in Table S8.
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Vapor Pressure Osmometry (VPO)

VPO is used to quantify thermodynamic interactions of small solutes which are soluble
and nonvolatile in water by measuring osmolality differences AOsm(m,, m3) between three
component (water, solute 2, and solute 3) and two component (water and solute 2, water and
solute 3) solutions. Details of the osmolality analysis were described previously (9).

AOsm(my, m3) = Osm (my, m3) — (Osm (my) + Osm (m3))

AOsm(m,,m3) = 'L;—T myms Eq.S2

Preferential interactions (u,5; values) of a series of urea and alkyl ureas with one another and
with other amide compounds were determined previously by VPO using Eq.S2 (9). Here u,3
values quantifying pairwise interactions in aqueous solution between five additional amide
compounds (formamide, N-methylformamide, propionamide, malonamide and aama) are
determined.
Analysis and Interpretation
One- and Two -Way Dissections of u,; Values for Amide-Amide Interactions
In this section we provide specific expressions applying Egs. 1-4 to the amides studied here.
A) Ma3 = Xia3;ASA;q) Eqg. 1

Each contribution in this sum is composed of an intrinsic interaction strength (one-way
alpha value) for the interaction of solute 3 with a unit area (1 A?) of accessible surface of one
type of unified atom of the biopolymer or other solute 2. For the interactions of amide
compounds investigated here, these atom types are amide sp?0O, sp?N and sp?C, and aliphatic
sp3C. Taking as a specific example the interaction of acetyl-L-ala-methylamide (aama,
component 3) with the various amide atoms of proprionamide (ppa, component 2), for

which p23= fypa aama = -43 £ 4 cal mol™ molal™ (Table S1):
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”ppa,aama =-43 £ 4 = aaama,spZOASAspZO(ppa) + aaama,spzNASAspzN(ppa) +
aaama,spZCASAspZC(ppa) + aaama,sp3CASAsp3C(ppa)
= 36.8 X gama,sp?o T 61.6 X gamasp?n T 4.3 A gamasp?c T 124 @ gama,sp3c Eq. S3

where the proprionamide ASA values in Eq. S3 (9) are in A2 and the units of the one-way alpha
values are cal mol"" molal™ A2

Ten other equations like Eq. S3 are written to interpret experimental p; 44:mq Values for
the interactions of aama with formamide, N-methylformamide, malonamide, urea, methylurea,
and the remainder of the set of amide compounds (component 2) investigated. Solving these

eleven equations in four unknowns (a,qma,sp?0: ®aama,sp?ns Xaama,sp?n: Xaamasp?c) dEt€rmines

best-fit values for the above four one-way aama alpha values (Table S2). Comparison of
predicted and observed u; 44mq Values for the full set of eleven aama-amide compound
interactions (Fig. 2B, Table S3) tests the hypotheses of additivity and proportionality of
contributions to ASA which are the basis of Eqs 1 and S3. Analogous sets of eleven equations
are formulated and solved to obtain sets of four one- way alpha values quantifying the
interactions of each other amide compound (formamide, N-methylformamide, malonamide,
proprionamide) with a unit area of amide sp?0, sp?N, sp?C and aliphatic sp3C atoms (Table S2).
Since u,3= 3, therefore

”aama,ppa = -43 t4 = appa,spZOASAspZO(aama) + appa,spzNASAspzN(aama) +

appa,spz (.‘ASAsp2 C(aama) + appa,sp3 CASAsp3 C(aama)

= 62.5«x +21.1«a +4.3a + 258« Eq. S4

ppasp?0 ppasp*N ppa;sp*C ppa,sp3C

Ten other equations like Eq. S4 are written to interpret experimental y, ,,,,, values for the

interactions of proprionamide with formamide, N-methylformamide, malonamide, urea,

methylurea, and the remainder of the set of amide compounds (component 2) investigated.
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Solving these eleven equations in four unknowns (a4 sp20, Xppa,sp?ns Xppa,sp?Ns Eppa,spic)

determines best-fit values for the above four one-way proprionamide alpha values (Table S2).

Continuing with the above example for the ppa-aama interaction,

a =2.88 +0.21 cal mol 'molal™*A~% = a7 sp2045A5p20 (@ama)

aama,sp?0
+ ®sp20,sp28ASAspan(aama) T Xsp20,sp2cASAsp2c(aama)
+ ®sp20,5p3cASAsp3c(aama)

= 62.5a5,705p20 + 21. 1@gp20 sp2n + 4-3Usp20,sp2c + 2585520 5p3c Eq. S5

Appaspro = 1.04£0.09 cal mol *molal *A™2 = @y,50,6p2045A5p20 (ppa) +

A5p20,5p2NASAsp2n(ppa) T Asp20,sp2cASAsp2cippa) T Xsp20,5p3cASAsp3cppa) =

36.8 aspr05p20 +61.6 Qg0 sp2n +4-3 Agp20 sp2c + 124 Aspr0,5p3c Eq. S6
where the units of the two-way alpha values are cal mol” molal™ A#. Nine other equations like
Egs. S5-6 are written to interpret experimental a; s, values for the interactions of formamide,
N-methylformamide, malonamide, urea, methylurea, and the remainder of the set of amide
compounds (component 2) with sp?0O atoms. Solving these eleven equations in four unknowns
(Asp20,5p20) Asp20,sp2N> Asp20,sp2¢ Xsp2o,sp3c) determines best-fit values for these four two-way
alpha values (Table 1). Comparison of predicted and observed .5 values for the full set of
eleven aama-amide compound interactions (Fig. 2B, Table S3) tests the hypotheses of additivity
and proportionality of contributions to ASA which are the basis of Eqs 2 and S3-6. An
analogous set of eleven equations is formulated and solved to obtain a set of four two- way
alpha values quantifying the interactions of a unit area of each other type of unified atom (amide
sp®N, sp?C and aliphatic sp>C) with a unit area of amide sp?0, sp®N, sp?C and aliphatic sp*C

atoms (Table 1).
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C) a;j = Aag;/AASAj3) Eq. 3

Here we illustrate the application of Eq. 3 to one of the four pairs of amides (methylurea
and ethylurea) analyzed in the text. These amides differ primarily in amount of sp*C ASA. (See
text for a discussion of all four amide pairs, based on the numerical analysis in Table S5.)

For methylurea (mu), the one-way a-value for the interaction with 1 A2 of amide sp?0
surface (0.78 cal mol" molal™ A?; (9) is interpreted by Eq. 2 as the sum of ASA-weighted
contributions from interactions of the methyl sp*C and amide sp?0, sp?N and sp?C atoms of
methylurea (mu) with amide sp?O atoms of other compounds:

Amusp20 = Xspac,sp20ASAspacimu) T Xsp20,5sp20A4SAsp20(mu)
+ Aspan sp20ASAspanimu) T Asp2csp20ASAsp2canu) Eq. S7
The corresponding equation for ethylurea (eu) is
Qeousp20 = Usp3c,sp20ASAspacien) T Xsp20,5p2045A5p20(ew)
+ Aspan,sp20ASAspancen) + Asp2c,sp20ASAspacieny EA- S8
Subtracting Eq. S7 from S8 yields a specific example of Aag ;:
Qeowsp20 = Amu,sp20 = Usp3c,sp204ASAsp3c + Aspro,5p204ASAgp20
+ A spon sp204ASAspan + Asprc,sp20dASAspac Eq. S9
Because 87% of the ASA difference between ethylurea and methylurea is from sp*C, to
a good approximation ey sp20 = Amusp20 = Asp3c,sp204ASAgp3c and
Asp3csp20 ~ (Xeusp20 = Tmusp20)AASAspsc Eq. S$10
which is a specific example of Eq. 3 in the text. Table S5 summarizes the results of this and
three other difference analyses to estimate two-way alpha values, and compares these
estimates with those in Table 1, obtained from global fitting. For the case of ay3¢ sp20 analyzed

above, the estimate from Eq. S10 is within 30% of the Table 1 value, as shown in Table S5.
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As in sections A-C above, indices i and j refer to the four types of unified atom present in the
amide compounds investigated (amide sp20, sp?N, sp?C; aliphatic sp®C). Hence, for each of

the one hundred and five pairs of amide compounds investigated:
B2s = g pzc(ASAg00)ASAgc(s) + ASAgyr ) ASAgy2o3))
+ 20 5p2n(ASAy2002)AS A gy s) + ASAgyzy ) ASAgyzo3))

+a (A54200)AS A g3y + ASA g2y ASAgyz03))

sp2 0,sp3C

sp2 O,sp

+ aspzN,szNASASPZN(Z)ASASPZN(3) + a ZCASASPZC(Z)ASASPZC(3)

spZC,sp

sp3C.sp3C
Here, as in sections A-C above, ASA;3) is the ASA of group i on solute 3 and ASAq) is the ASA
of group j on solute 2.
Predicting One-Way Alpha Values for Interactions of Amide Solutes with the Types of
Unified Atoms of Amide Compounds

As described in the main text, two-way alpha values can be used to predict one way
alpha values quantifying how any amide solute interacts with amide sp?0, sp?N, sp?C and
aliphatic sp®C unified atoms on any amide or polyamide molecule or surface (e.g. the surface
exposed in protein unfolding). As an example, one-way alpha values for interactions of all

twelve amide solutes investigated with unit areas of the four amide unified atoms may be

predicted from two-way alpha values (Table 1) and ASA information (9) using Egs. 2 (see Egs.
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S5-6 for examples), and compared with observed one-way alpha values determined from P23
values using Eq. 1 (see Egs. S3-4 for examples) and ASA information. Results of these two
methods to obtain one-way alpha values are shown in Table S6. Agreement within the
combined 1 SD uncertainties is observed for 83% of these solute-atom interactions, and all but
the interaction of N-methylformamide with sp?O agree within 2 SD.
Comparison of Two-way Alpha Values for Atom-Atom Interactions of Amides From
Different Treatments of sp?C

One-way alpha values for interactions of urea and alkylureas with amide and aromatic
sp?C were found to be similar (9). Two-way alpha values listed in Table 1 were determined by
analysis of 105 p23 values for amide interactions (85 amide compound-amide compound, 20
amide compound-aromatic compound) using Eq. 4, to obtain a combined two-way alpha value
for amide and aromatic sp?C. To justify this analysis, here we extend it by global fitting all p2s
values (105 total, including 20 for amide- aromatic hydrocarbon interactions) to Eq. S12 which

includes one global weighting factor (w¢, ) quantifying the relative strength of interactions of

amide sp?C as compared to aromatic sp?C. Clearly this is an oversimplification, since in
principle a different weighting factor might be needed for interactions of sp?C with each other
type of atom, but it provides a test of whether such corrections are significant. The revised

version of Eq. 4 for u,; is

i#sp?C j#sp?C j#sp2C
HUo3 = z z a'l-j ASAL ASA] + z acam’ar,j ASA](ASACar + WCamASACam)
J Jj Jj

4

+ am ar Camar WCamASAcam (ASAcqy + WeamASAc,,)  Eq.S12

In Eq. S12, the subscript Camar stands for combined amide and aromatic sp?C, Cam stands for
amide sp?C and C is aromatic sp®C.
Two-way alpha values summarized in Table 1 were obtained for the unweighted case

(we,,,= 1)- In Table S7 these values are compared with those obtained from a global analysis
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using Eq. $12 and floating w., . Two-way alpha values obtained from this analysis are the

same as in Table 1 within the uncertainty, although the percent difference in the interaction of

sp?0 with sp?0 is about 80%. In this fit, the weighting coefficient w. = 0.82, indicating that on
p p ghtng Cam g

average interactions of amide sp?C with the different atom types are about 82% as strong as for
aromatic sp?C.
Table S7 also compares two-way alpha values obtained from analyses of subsets of u,5

values with those in Table 1 and from the fit with w.__ weighting. Fitting only the 64 amide-

amide p,5 values obtained for amides with minimal amounts of amide sp®C to the variant of Eq.
4 with only six terms for interactions involving only sp?0O, sp®N and sp3C yields six two-way
alpha values which agree within the combined uncertainty with those of Table 1. Fitting only the
20 amide-aromatic u,5 values to another variant of Eq. 4 yields two-way alpha values for
interactions of sp?C with sp?0, sp®N, sp?C and sp*C. Two-way alpha values for sp?C-sp?C and
sp?C-sp®C agree with those in Table 1, while those for sp?C-sp?0, and sp?C-sp?N are both 20-
30% larger in magnitude than their counterparts in Table 1, consistent with the finding of a
weighting coefficient w = 0.82 for interactions involving amide sp®C.
Additional Tests of Effect of Size of Dataset on Two-way Alpha Values

Table S7, discussed above, compared the separate determinations of four two-way
alpha values from u,5 values for 20 amide-aromatic interactions and of six two-way alpha
values for 85 amide-amide interactions with the ten two-way alpha values obtained from global
analysis of the set of 105 u,; values for amide-aromatic and amide-amide interactions, treating
amide sp?C as the same as or differently from aromatic sp?C. Two-way alpha values obtained
from these various approaches agree in most cases within the combined uncertainty. In Table
S11 the effect of other reductions in the size of the u,; data set are examined. This table shows
there is little effect on two-way alpha values of removing all of the 14 to 26 u,; values that

quantify interactions of the more polar (urea, malonamide) and/or nonpolar (,3-diethylurea,
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aama) amides. The insensitivity of the two-way alpha values to these reductions in the set of
U3 values analyzed shows that even these subsets are large enough and diverse enough to
determine all ten two-way alpha values.

Predicting the Chemical Interactions of PVP and its Model Monomer NEP with Amide and

Hydrocarbon Atoms of Proteins

This section generalizes Eq. 6 for chemical (preferential interaction) contributions to u,3
values for interactions of PVP oligomers or polymers of any number of residues (Ns) with the
different hybridization states of O, N and C atoms of other solutes or proteins. For interactions of
larger PVP oligomers and polymers with large solutes, an excluded volume term also contributes
to 1,3 and the chemical term in Eq. 6 may be reduced by a shielding term  (10). Since any PVP
has two end residues and Ns-2 interior residues, the interaction of the average PVP residue with

a solute 2 is therefore

pi

U 2 2
N (1 B N_g) Yiai ASAiz) + (N_g) Yiagi ASA;(z) Eq. S13

N3

For N3 > 20, Eq. S13 reduces to Eq. 6 of the main text. In Eq. $13, ay; and «;; are one-way alpha
values that quantify the intrinsic strength of interactions of PVP end (E) and interior (I) residues
with the i-th type of atom on another solute or protein. For PEG, where the end residues (as
defined) are half the size of interior residues, we combined them (a,g ;) but for PVP it is more
appropriate to treat each end residue separately. In Eq. 6 of the text for u,; for high molecular

weight PVP (N3 >> 1)), no distinction is made between end and interior residues.

By analogy with Eq. 2, each one-way aj; and «;; in Eq. S13 is itself a sum of contributions

of interaction of the i-th type of protein atom with the j-th type of PVP atom (see Eq.3).

aE,L- = Z] aij ASAj(pr'E) and a,_i = Z] aij ASAj(PVP,I) Eq S14
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In Eq. S14, each two-way alpha value (a;;) quantifies the interaction of 1 A? atom type i of solute
2 with 1 A% of PVP atom type j, ASA;pyp £y and ASA;pyp py are areas (in A%) of atom type j on the

end and interior residues of PVP. One-way alpha values for NEP and for PVP end and interior
residues, calculated from two-way alpha values as in Egs. 2 and S14, are listed in Table S9 and

compared with the corresponding quantities for PEG.

As previously (10) , we interpret the interaction of PVP (component 3) with a protein
(component 2) as the sum of preferential interaction (abbreviated pi) and excluded volume (ev)

contributions,

Moz = X by + uS5 Eq. S15

In Eq. S15, the quantity y is the fractional accessibility of the average residue of PVP. For a PVP

oligomer one expects y =1, but for polymeric PVP one expects y « 1.(10)
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Figure S1. Comparison of One Way Alpha Values for Formamide, N-methyl Formamide,
Malonamide, Proprionamide and N-acetylalanine N-methylamide (aama) with Other
Amides Amide compounds are listed arbitrarily in order of increasing aliphatic sp*C + amide
sp?C ASA. Bar graphs compare interaction potentials (One-way alpha values; Table S1))
quantifying interactions of each amide compound with a unit area of a) amide sp?0, b) amide
sp®N, c¢) amide-context sp®C, and d) amide/aromatic sp?C at 23 °C. Favorable interactions have
negative a-values while unfavorable interactions have positive a-values. (aama: N-acetylalanine

N-methylamide) a-Values for urea and alkyl ureas were reported previously (9).
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Figure S2. Comparison of Predicted and Observed one-way alpha values (cal mol' m™ A?) for
Interactions of Urea and Alkylureas (urea, methylurea, ethylurea, 1,1-dimethylrea, 1,3-
dimethylurea, 1,1-diethylurea and/or 1,3-diethylurea) with amide and aromatic functional groups
(amide sp?0, amide sp?N, amide sp®C and combined aromatic and amide sp?C) at 23 °C;
Observed one-way ai- values of these ureas were determined in reference (9) and predictions of
one-way a-values use two-way alpha values of amide-amide interactions (Table 1) and the values
are also tabulated in Table S6 above. The line represents equality of predicted and observed

values.
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Figure S3. Comparison of Predicted and Observed Urea m-values of Unfolding Globular Proteins.
AASA Values for unfolding of these proteins are from reference (11). One-way alpha values of
urea with 7 protein functional groups are from reference (12). One-way alpha values of urea with
four unified atoms of amides were determined in reference (9); Two-way alpha values of atom-
atom interactions are determined in this work (aj-values in Table 1). Purple: Previously-reported
predictions of urea m-values using seven urea a-values (including hydroxyl O, carboxylate O and
cationic N in addition to above amide and hydrocarbon unified atoms); Green: Predicted m-values
were obtained from only four urea a-values (aromatic sp?C, aliphatic spC, amide sp?O and amide
sp®N; reference (9). Yellow: Predicted m-values use two-way alpha values (Table 1) using Eq.3.
Amide sp?C represents less than 1% of the AASA of unfolding and was not accounted for in these

comparisons.
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Supplemental Tables

Table S1. Interactions of Amides with Relatively Large sp?C and/or sp?0 Surface Area

Amide Compounds

Observed p23 value?

propionamide N-acetylalanine-N-methylamide -43.2+3.9
propionamide formamide -76.8+2.6
propionamide N-methylformamide -102.3+£1.9
malonamide N-acetylalanine-N-methylamide -8.6+22
malonamide formamide -54.1+24
malonamide N-methylformamide -64.5 £ 3.0
N-acetylalanine-N-methylamide formamide -53.0 £ 3.1
N-acetylalanine-N-methylamide N-methylformamide -80.3+£3.2
formamide N-methylformamide -64.0 £ 2.2

2Values of Yz3 = Y32 determined by VPO at 23°C. Units of y23 are cal mol™
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Table S2. One-way Alpha Values for Interactions of Formamide, Malonamide,

N-methylformamide, Propionamide and aama?® With Amide sp20, sp2N, sp?C and Aliphatic sp3C

Atoms
Amide sp?0 Amide sp?N Aliphatic sp3C Amide sp3C
formamide -0.13£0.08 -0.33+£0.03 -0.14 £ 0.01 -0.92 £ 0.08
malonamide 0.37 £ 0.07 -0.5+£0.02 -0.07 £ 0.01 -1.23 £ 0.07
N-methylformamide -0.02 £ 0.09 -0.41 +£0.03 -0.27 £ 0.01 -0.81 £0.09
propionamide 1.04 £ 0.09 -0.56 £ 0.04 -0.33 £ 0.01 -2.39+£0.1
aama® 2.88 £ 0.21 -1.26 £ 0.09 -0.45 £ 0.01 -2.97 £0.14

@ aama: N-acetylalanine-N-methylamide.

b One-way alpha values are obtained by fitting 11 experimental y23 values for each
compound listed (Tables S1, S3) to Eq.1. Uncertainties in alpha values are calculated as
previously described.(13)
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Table S3. Comparison of Observed 1,3 Values (cal mol' molal”; p2; = p3.) for Amide Interactions
at 23°C with Predictions of g3 and ps; from One-way Alpha Values®

Malonamide (Solute 3) Propionamide (Solute 3)

soltez 0PSOV onc i esof | Soiute2  OPSYE  onouvay alpha values of

= Solute 2P Solute 3¢ = Solute 2P Solute 3¢

urea -549+25 -544+3.8 -55.6 7 urea -36.8+2 -35.8+2 -40.7 10
mu -43.8+14 -43.8+6.8 -43.3*6 mu -62.3+1.7 -51.3+3.9 -54.6 + 8.2
eu -485+24 -46.6+4.9 -43.1 6.2 eu -67.6+1.7 -62.8+2.8 -63.6 + 8.3
1,1-dmu  -306+18 -332+53 -30.7%£5.7 | 1,1-dmu  -53.5+2.3 -47.3+3.1 -55.3+7.5
1,3-dmu  -27.3+24 -274+6.9 3115 1,3-dmu  -685%1.9 -63+4 -68.4+6.5
1,1-deu -346+13 -371x75 -30.7*5.7 | 1,1-deu -782x1.5 -75.6+4.4 -69.8+7.4
1,3-deu -21.7+12 -258%7.6 -30.7*53 | 1,3-deu -727+25 -79.7+4.5 -86.5 + 6.7
ppa -37.3*22 -376*119 -30.8+54 mad -37.3+2.2 -30.8*54 -37.6+11.9
aama -8.6%+22 -129+273 -104*73 aama -43.2+39 -39.8+15.7 -43.2%93
fad -541+24 -63.9+273 -653%8.2 fad -76.8+26 -46.2+15.7 -82.6*x11.4
mfad -64.5+3 -67.3+27.3 -529+7.2 mfad -102.3+1.9 -784+18.9 -96.3+9.7

Formamide (Solute 3) Methylformamide (Solute 3)

soltez 0PSOV onci o esof | Solute2  OPSYE  oncivay alpha values of

= Solute 2P Solute 3¢ = Solute 2P Solute 3¢
urea -629+22 -60.6+3.5 -56 + 23.4 urea -56.1+2.9 -57+29 -60.3 + 23.4
mu -488+3 -442+56 -52.1%+18.3 mu -53.7+1.7 -572+46 -65.7%+18.3
eu -39.2+1.1 -46.6+4 -55.2 + 18.2 eu -749+19 -67.3+3.3 -73.1%18.2
1,1-dmu -516+1.7 -484+43 -491%159 | 1,1-dmu -60.2+1.7 -62.5+3.6 -68 +15.9
1,3-dmu  -526+16 -435+55 -48.2%13.2 | 1,3-dmu -66.7+1.9 -745+4.6 -71+£13.2
1,1-deu  -514+17 -46.6+6.1 -53.3*153 | 1,1-deu -77.5%+23 -81.9+5 -80.2 +15.3
1,3-deu -489+13 -424+6.1 -54.4%*131 | 1,3-deu -81.6+25 -87.1+5 -85.9 + 13.1
mad -541*24 -653%*8.2 -63.9+27.3 mad -64.5+3 -529*72 -71.8+27.3
ppa -76.8+26 -826+11.4 -46.2*15.7 ppa -102.3+19 -96.3+9.7 -62.8*15.7
aama -53 3.1 -60.6 + 23 -54.5+18.9 aama -80.3+3.2 -71.4+179 -82.2+18.9
mfad -64 22 -63.7 £ 23 -63.1 £17.9 fad -64 +2.2 -63.1+£17.9 -62.5+23

aama (Solute 3) aama (Solute 3)

soltez 0PSOV e ies of  Soiute2  OPSYE  oncivay alpha values of

= Solute 2P Solute 3¢ = Solute 2P Solute 3¢
urea -524+59 -54+25 474 +234 13-deu -80.3%29 -799+7 -88.8 £ 13.1
mu -61.3+3.3 -619+59 -58.8%+18.3 mad -8.6 £2.2 -10.4+73 -129+273
eu -706+17 -769+44 -68.1%18.2 ppa -43.2+3.9 -43.2+%9.3 -39.8+15.7
1,1-dmu  -39.8+23 -41.3+47 -431%159 fad -53 +3.1 -545+18.9 -60.6+23
1,3-dmu  -609+26 -63.2+6.3 -70.2%13.2 mfad -80.3+3.2 -784+18.9 -71.4*17.9

1,1-deu  -78.3+ 3.1 -821+7 -64.6 + 15.3

Footnotes to Table S3 are on the next page
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@New p23 values (Table S1) and predictions from new one-way alpha values (Table S2) are in
bold font. Amide-amide interactions determined by VPO at 23°C (Table S1; reference (9); Amide-
aromatic interactions determined by solubility assay at 25°C (reference (13)). Uncertainties are
from fitting u23 data to Eq. 1 using Igor Pro (WaveMetrics, Lake Oswego, OR, USA).

b Calculated from Eq. 1 using one-way alpha values of solute 2 in Table S6 and this paper (Table
S2) and ASA information (9). One-way alpha values in Table S6 for urea and alkyl ureas differ
slightly from those in reference (9) because they are calculated using the combined set of amide
and aromatic W23 values. Propagated uncertainties were calculated as in ref (Knowles '15)

¢ Calculated from Eq. 1 using one-way alpha values of solute 3 in Table S2 and ASA information
(9) Propagated uncertainties were calculated as in reference (13).

Abbreviations: mu: methylurea; eu: ethylurea; dmu: dimethylurea; deu: diethylurea; mad:

malonamide; ppa: propionamide; aama: N-acetylalanine-N-methylamide; fad: formamide; mfad:
N-methylformamide.
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Table S4. Comparison of Observed 23 Values (cal mol! molal) for Amide Interactions with Predictions from Two-
Way Alpha Values (Table 1)

Solute 2
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea
urea

Solute 3
mu
eu
1,1-dmu
1,3-dmu
1,1-deu
1,3-deu
mad
ppa
nma
aama
fad
mfad
SDS
butane
CycloGlyGly
CycloAlaGly
CycloAlaAla
CycloGlyLeu
CycloValVval
AG2EE-AGEE
AG3EE-AGEE
AG4EE-AGEE
ALEE-AGEE
AAEE-AGEE
naphthalene
anthracene

Observed 232
-37.8+1.9
-43.8+2.3
-35.7+21
-30.2+1A1
-39.7+£1.2
-40.3+2.5
-549+25

-36.8 £ 2
-36.3+1.7
-52.4 +£59
-62.9+2.2
-56.1 £ 2.9
224 +£1.2
-11.8+1.2
A7T7 224
-64.7 £5.9
-64.7+5.9
-70.6 £5.9
-706£5.9
-341+29
57.7+47
-87.1+59

6.5+0.6

147 +1.2
-166 £ 5.9
-196 £ 5.9

Predicted p23P
-37.5+20.1
-39+ 19.8
-38.5+17.5
-32.9+14.3
-38.3+17
-359+14.7
-56.3+31.5
-35.8+17.4
-34.6£14.3
-56.5 + 23.7
-57.6 £24.8
-53 +19.1
-209+14
-119+7.9
-72.5+34.2
-66.2 + 30.3
-66.9 £ 30.5
-711.9+31.7
-64.7 £ 27
-23.1+£10.1
-48.2 +21.3
-72.2 +32
-1.3+5.1
45+4.2
-139 + 67
-171 + 82

Solute 2 Solute 3 Observed p23? Predicted p23°
mu eu -59.4+23 -62.4 +15.3
mu 1,1-dmu -46.8 £ 2.1 -57.8 £+ 13.7
mu 1,3-dmu -59.1+2.8 -68.2+11.4
mu 1,1-deu -78.3+1.9 -73.9+13.6
mu 1,3-deu -87.8 £3.3 -87.3+11.9
mu mad -43.8+1.4 -41.3 £ 23.8
mu ppa -62.3+1.7 -51.2+13.5
mu nma -49.7 £1.8 -50.2+11.4
mu aama -61.3+£3.3 -61.7 £ 18.8
mu fad -48.8 +3 -54.2 + 18.8
mu nma -53.7+1.7 -69.3+14.9
mu naphthalene -361 £ 15 -370.1 £51.3
mu anthracene -475 £ 43 -452.8 + 62.8
eu 1,1-dmu -69.2+27 -69.2 + 13.8
eu 1,3-dmu -83.1+29 -85.7+11.5
eu 1,1-deu -96.2+2.7 -92.1+13.7
eu 1,3-deu -102.7£1.9 -111.8 £ 12.1
eu mad -485+24 -40 £ 23.5
eu ppa -67.6 1.7 -60.8 + 13.6
eu nma -72.2+1.5 -59.9+11.6
eu aama -70.6 £1.7 -69.3 £ 19.1
eu fad -39.2+1.1 -57.5+18.6
eu mfad -749+19 -80.5+14.9
eu naphthalene -390 £ 15 -475 + 51
eu anthracene -588 + 40 -581 £ 63

S19


https://doi.org/10.1101/2020.05.26.104851
http://creativecommons.org/licenses/by-nc-nd/4.0/

1,1-dmu 1,3-dmu -61.6+1.9 -77 £10.6 1,1-deu mfad 7175123 -91.7 £ 13.7
1,1-dmu 1,1-deu ST7.7+£27 -79.4 £12.7 1,1-deu  naphthalene -748.6 + 13.9 -709 £ 48.5
1,1-dmu 1,3-deu -79.8+2.8 -100+11.4 1,1-deu  anthracene -913.5+56.5 -867.4 £ 59.3
1,1-dmu mad -30.6 £1.8 -27.8 £21.1 1,3-deu mad 21.7+£1.2 -23.8+17.9
1,1-dmu ppa -53.5+2.3 -51+12.4 1,3-deu ppa -712.7+25 -85.9 + 11
1,1-dmu nma 422 +1.7 -42 £10.9 1,3-deu nma 871122 -85.3 £ 10.2
1,1-dmu aama -39.8+2.3 -35.6 + 18 1,3-deu aama -80.3+£29 -82.2 £ 16.7
1,1-dmu fad 516+1.7 -53.7 £ 16.8 1,3-deu fad -489+1.3 -57.3+14.5
1,1-dmu mfad -60.2+1.7 -72.5+13.8 1,3-deu mfad -81.6+2.5 -108 £ 13
1,1-dmu  naphthalene -554 + 33 -555 + 48 1,3-deu  naphthalene -743 £ 16 -810 £ 45
1,1-dmu anthracene -697 + 33 -679 £ 59 1,3-deu anthracene -1071 £ 75 -991 + 55
1,3-dmu 1,1-deu -114 £ 3.6 -110 £ 11 mad ppa -37.3+2.2 -28.2+20.8
1,3-dmu 1,3-deu -125+3.5 -139+9.8 mad aama -8.6+2.2 -7.4 +28.8
1,3-dmu mad 27.3+24 -26.4 +£17.3 mad fad -541+24 -70.6 £29.4
1,3-dmu ppa -68.5+1.9 -66.7 £ 10.3 mad mfad -64.5+3 -55.5+ 23
1,3-dmu nma -66.2+2.8 -65.7 £ 9.3 ppa aama -43.2+3.9 -34.4 £17.3
1,3-dmu aama -60.9+26 -66.7 £ 15.2 ppa fad -76.8 £ 2.6 -49.7 + 16.4
1,3-dmu fad -526+1.6 -50.7 £ 13.8 ppa mfad -102+1.9 -64.8 £ 13.3
1,3-dmu mfad -66.7 £ 1.9 -85.5+11.6 aama fad -53 + 3.1 -67.2 £+ 23.3
1,3-dmu  naphthalene -569 + 9.4 -601 +40.4 aama mfad -80.3 +3.2 -711.5+ 20
1,3-dmu anthracene -639 + 24 -735+£49.4 fad mfad -64 + 2.2 -75.3 £20.8
1,1-deu 1,3-deu -146 £ 4.5 -146 £ 11.7 eeu naphthalene -471 124 -498 + 57
1,1-deu mad -346+£1.3 -25.3 £ 20.6 tmu naphthalene -918 + 25 -872 £ 45
1,1-deu ppa -78.2+1.5 -69.1 £ 12.3 dfad naphthalene -678 + 20 -695 + 55
1,1-deu nma -89+1.9 -63.2 + 11.1 ndma naphthalene -761 £ 38 -763 £ 46
1,1-deu aama -78.3 31 -56.5+18.3 mfad naphthalene -538 £ 25 -513 £ 58
1,1-deu fad -51.4+17 -56.7 £ 16.3 acet naphthalene -380 £+ 12 -405 £ 53

Footnotes to Table S4 are on next page
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2Amide-amide interactions determined by VPO at 23°C (Table S1; reference (9)); Amide-aromatic interactions determined by solubility
assay at 25°C (13). Uncertainties are from fitting p23 data to Eq. 1 using Igor Pro (WaveMetrics, Lake Oswego, OR, USA).

Calculated from Eq.3 using two-way alpha values from Table 1 and ASA information from reference (9). Uncertainties are calculated
from propagated uncertainties in two-way alpha values (Table 1).

Abbreviations: aa: acetamide; dfad: N, N-dimethylformamide; tmu: tetramethyl urea; eeu: ethyleneurea; ndma: N,N-dimethyl
acetamide. Other solute abbreviations are listed in Table S2
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Table S5. Comparison of Two-way Alpha Values Obtained by Fitting with Estimates from One-way Alpha Values for Amide
Pairs Differing Primarily in ASA of One Atom Type

Two-way Alpha Value (cal mol-! molal' A%)

Amide Pair? %AASA® sp*0 sp*N sp*C sp*C
Estimate Fitted Estimate Fitted Estimate Fitted Estimate Fitted
(Eq.3) (Table 1) (Eq. 3) (Table 1) (Eq. 3) (Table 1) (Eq. 3) (Table 1)
eu—mu (86% sp3C)° | 0.008 0.011 -0.003 -0.0038 -0.006 -0.010 -0.003 -0.0039
1,1-deu —1,1-dmu  (90% sp3C)? 0.010 0.011 -0.004 -0.0038 -0.006 -0.010 -0.004 -0.0039
1,3-deu — ppa (87% sp?N)e | -0.012 -0.011 0.001 0.0034 (0.058) 0.0018 -0.004 -0.0038
aama — 1,3-deu (63% sp?O) | 0.016 0.018 -0.009 -0.011 -0.020 -0.014 0.009 0.011

@ Abbreviations for amide compounds as in Table S3-4.

b AASA calculated as the sum of magnitudes of ASA differences for the different atom types.
¢ AASA = 42 A% (36 A? sp°C, -6 A? sp?N)
d AASA = 71 A2 (64 A? sp3C, -4 A2 sp?N, -3 A2 sp20)
e AASA =23 A2 (20 A2 sp2N, 2 A2 sp®C, 1 A2 sp20)

" AASA = 54 A2 (34 A2 sp?0, -13 A2 sp?N; 7 A2 sp*C)
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Table S6. Comparison of One-way Alpha Values (cal mol"' molal® A?2) Calculated

Predictions of One-way Alpha Values from Two-way Alpha Values

from p23 Values with

One-way Alpha Value (cal mol" m™ A?)
Solute ® Amide sp20 ® Amide sp2N ° Amide sp3CP® Aromatic/Amide sp2C °
?ﬁ‘)';“:f‘;ff Predicted ¢ Calculitseg from Predicted ¢ ?f‘()';“:f‘;ff Predicted ¢ ?f‘()';“:f‘;ff Predicted ¢
urea -0.53+0.03 -0.64+0.33 -0.1£0.02 -0.06 £ 0.17 -0.06 £ 0 -0.05+£0.05 -0.59 £ 0.01 -0.51 £ 0.37
mu 0.78 £ 0.08 0.61+£0.25 -0.51+£0.03 -0.44+0.14 -0.34 £ 0.01 -0.33+£0.04 -1.36 £0.08 -1.36+0.32
eu 1.08 £ 0.07 1.06 £ 0.25 -0.62 £ 0.02 -0.59+0.15 -0.46 £ 0.01 -0.45+£0.05 -1.6 £ 0.07 -1.74 £ 0.33
1,1-dmu 1.45+£0.07 1.63+£0.23 -0.69 + 0.03 -0.78 £ 0.13 -0.39 + 0.01 -0.43 £ 0.04 -2.03 £ 0.07 -2.03+0.3
1,3-dmu 1.74 £ 0.06 1.86 £ 0.19 -0.78 £ 0.03 -0.82 £ 0.11 -0.57 £ 0.01 -0.61 £ 0.04 -1.95+£0.04 -2.2+0.26
1,1-deu 2.31+£0.09 2.31+£0.23 -0.98 £ 0.03 -1+£0.13 -0.7 £ 0.01 -0.66 £ 0.04 -2.69+£0.1 -2.6 £0.31
1,3-deu 2.89+0.12 277 £0.21 -1.14 £ 0.04 -1.13+£0.12 -0.83 £ 0.02 -0.85+0.04 -297+013 -2.97+0.28
Amide sp20 © Amide sp2N € Amide sp3C*© Amide sp2C ©
Solute (f:alculateg Predicted ¢ Calculateg from Predicted ¢ Calculated Predicted ¢ Calculated Predicted ¢
rom 23 M23 from 23 © from 23 ©

fad -0.13+£0.08 -0.4+£0.32 -0.33+0.03 -0.24+0.18 -0.14 £ 0.01 -0.13 £ 0.06 -0.92+0.08 -1.03+0.42
mfad -0.02 £ 0.09 0.86 + 0.27 -0.41+£0.03 -0.62 +0.15 -0.27 £ 0.01 -0.4 +0.05 -0.81+0.09 -1.88+0.36
mad 0.37 £ 0.07 0.26+04 -0.5+0.02 -0.46 £ 0.21 -0.07 £ 0.01 -0.03 £ 0.06 -1.23+0.07 -1.28+0.45
ppa 1.04 £ 0.09 1.29 £ 0.22 -0.56 £ 0.04 -0.65+0.13 -0.33+£0.01 -0.36 £ 0.04 -2.391£0.1 -1.73£0.29
aama 2.88 £ 0.21 3.63+£0.35 -1.26 £ 0.09 -1.57 £ 0.17 -0.45+£0.01 -0.45 £ 0.06 -297£0.14 -3.53+04

aSee Table S3-4 for abbreviations.

b Calculated from 23 values for amide-amide and amide-aromatic interactions assuming no distinction between aromatic sp?C and
amide sp? C (see Table S7 reference (9)) .

¢ Calculated from Eq. 1.
4 Predicted from two-way alpha values and ASA information using Eq. 2 .

¢ Calculated from p2s values for amide-amide interactions only.
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Table S7. Comparison of Two-way Alpha Values for Atom-atom Interactions Using Different Treatments of
Amide and Aromatic sp?C

Two-way Alpha Values (millical mol* molal* A#) from Analysis of

atom i atom j 105 a 105 23 valuesP 64 amide-amide 20 amide-aromatic

M23 values . c d

(1 global weight) M23 values M23 values
sp?0 sp’C -13.9+3.8 -14 £ 3.8 ND -16.3+2.9
sp?0 sp>N -10.8+1.7 -8.1+1.7 -124+1.6 ND
sp?C spC -11.1+£3.3 -13.5+3.6 ND -106+£3
sp?C sp?C -10.3+0.5 -10.3+0.5 ND -99+0.3
sp3C spC -3.9+0.1 -3.6 £ 0.1 -3.7+0.1 ND
sp3C sp?N -3.8+0.2 -3.4+0.2 -3.5+0.2 ND
sp?C sp®N 1.8+1.3 1.8+1.3 ND 3.1+1.1
sp?N sp?N 34+06 22+0.6 39+0.7 ND
sp3C sp?0 10.8+0.5 95+05 89+05 ND
sp?0 sp?0 18.1+5.1 10.5+4.9 18.7+4.2 ND
weight of amide sp?C 1 0.82
: S :
relative to aromatic sp<C
ssresid® 48533 46898

aTwo-way alpha values from Table 1, from analysis of 105 23 values for amide-amide and amide-aromatic interactions by Eq. 4, combining
amide and aromatic sp?C.

b Two-way alpha values from analysis of 105 p23 values for amide-amide and amide-aromatic interactions by Eq. S12, in which interactions
of amide sp?C are assumed to differ from aromatic sp?>C by a common global weighing factor.

¢ Two-way alpha values from analysis of 64 p23 values for amide-amide interactions from Tables S3-4 by Eq. 4, including malonamide,
propionamide and aama (Table S1) but excluding compounds with large sp?C ASA (fad, mfad, aromatics) and combining small amounts of
amide sp?C ASA (less than 6 A?) with aliphatic sp°C ASA.

4 Two-way amide-aromatic alpha values obtained directly from naphthalene one-way alpha values using naphthalene ASA (273 A2) (9).

e Ssresid: Sum of squares of residuals for predicted - observed differences in the set of 3 values Y (ubs 4 te? — ygbservedy?
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Table S8. PVP Oligomer ASA Values in A% from Cactus Models; Comparison with PubChem

Number of oligomer Amide Amide Aliphatic Amide

residues N3 Source sp?0 sp°N sp®C sp?C Total
1 (NEP) @ Cactus 36.9 0.35 252 2.6 292
2@ 54.5 0.35 381 3.0 439

3a 81.5 0.35 479 34 564

42 88.9 0.35 578 3.8 671

5@ 97.5 0.35 674 3.4 775
Interior residue ® _ Cactus 15.6 0 104 0.2 120

(linear fitting)

End residues ° 56.3 0.35 369 3.0 428
1 (NEP) PubChem 39.0 0.52 250 2.8 292
2°¢ 54.6 0.35 381 3.0 439

a8 Molecular models created as described in Sl text. Chemical formula of interior PVP residue is CsHgNO, end residue CgH1oNO

® Determined with Eq. S1 as described in Sl
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Table S9. PVP One-Way End and Interior Residue Alpha Values; Comparison with NEP and PEG

Protein Atom NEP (Monomer) PVP Interior PEG Interior PVP End PEG End
Type (angpi) ? Residue (a;;) ® Residue (a;;)?® Residues (ag;)®  Residues (a,g;)?
Aliphatic sp3C 0.61+0.03 -0.24 £ 0.01 -0.12 £ 0.01 -0.86 £ 0.04 -0.003 + 0.02
Amide sp?0O 34+0.2 1.4+ 0.1 0.75 + 0.04 5.0+0.3 0.70£0.05
Amide sp°N -1.4+£0.1 -0.50 £ 0.03 -0.42 + 0.02 -2.0+ 01 -0.42 +£0.03
Amide sp?C -3.1+£0.2 -1.3+0.07 -0.77 £ 0.01 -46+0.3 -0.36 £ 0.09

a cal”’ mol! molal-! A-2

Table S$S10. Predicted Chemical Contributions to m-Values Quantifying Effects of NEP (PVP Model Monomer) and
PVP Polymer Residues on Protein and a-Helix Unfolding

Globular protein unfolding a-helix unfolding
NEP Monomer -200 + 402 1600 + 100°
PVP Interior residue -70 + 20P 690 + 60°
PVP End residue -270 + 70° 2400 + 200°

2 cal mol”' molal™ for interaction with 1000 A2 of protein AASA.

® cal mol"" molal™ residue™ for 1000 A2 of protein AASA.
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Table S11. Test of Dataset Size by Excluding p23 Values for Selected Polar (urea, mad) and
Nonpolar (1,3-deu, aama) Amides?

‘:Tc;?ne Two-way Alpha Values (millical mol' molal' A*)
i j Entire set Exclude urea Exclude 1,3-deu Exclude aama Exclude 1,3-deu and
of 105 pos3 (79 p23) (91 p2s) (94 y23) mad (81 pa23)

sp?0 sp?C -13.9+3.8 -13.4+3.9 -15.3+5.4 -14+£3.9 -15.3+3.3
sp?0  sp°N -10.8+1.7 -10.7+2.1 -12.5+6.5 -9.8+2.3 -11.4+1.8
sp?’C spC -10.3+0.5 -10.5+0.5 -10.1+£0.6 -10.3+0.5 -10.1+0.4
sp?C sp?C -11.1+3.3 -11.2+3.4 -10.35 -11.1+34 -10.3+3.1
sp3C  spC -3.9+0.1 -3.9+0.1 -4+0.4 -3.9+0.1 -4.1+0.1
sp3C  sp®N -3.8+£0.2 -3.7+0.2 -3.6+£0.8 -4.1+0.2 -3.8+0.2
sp?C  sp®N 1.8+1.3 25+14 22+1.38 1.8+1.3 22+1.2
sp?N  sp®N 34+0.6 3.2+0.9 4+2.8 3+0.9 3.810.6
sp3C  sp?0 10.8 £ 0.5 11+0.5 10.3+2.2 11.6+£0.7 11+0.6
sp?0 sp?0 18.1+5.1 16.9+5.4 23.2+17.2 15.5+6.7 19.8+5.3

a Abbreviations as in Tables S3-4.
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