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Supporting Information 1
FN3 has one Trp residue located at residue 22, one Phe at residue 48, and six Tyr at

residues 31, 32, 36, 68, 73, and 92.' Glu*’ is located just next to Phe*s.

Figure S1. Internal positions of (a) Trp?? (a blue arrow), Phe*® (a green arrow), (b) six

Tyr (red arrows) residues and (c) Glu*’ (a magenta arrow) of FN3 protein.

Figure S2. Solvent accessible surface area of Trp?? and Phe*® (red color). Trp?? is the
highly conserved residue in FN3 with small solvent accessible surface area (SASA; 1 %),

while Phe*® is located near the protein surface with a relatively high SASA (41 %).’
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Figure S3. The Raman spectrum of FN3 (200 mg/mL) at pH 6.0 (black line) and
calculated Raman spectra of Trp (red line), Phe (blue line) and Tyr (green line) at the

B3LYP/6-311++G(d, p) level of therory as references.

Raman shift / cm™ Functional group Assignment
1670 Amide backbone C=0 streching with hydrogen bonding interaction (Amide I)
1628 Tip Phenyl ring vibratioin
1628 Tyr In plane ring strech
1617 Phe In plane ring strech
1553 Trp Symmetric naphthalene type streching
1465 CH; CHj3 deformation
1455 CH:2 CH> deformation
1340 Tip In plane pyrrole ring vibration with a out of plane vibration
1260 Amide backbone CN stretching coupled with NH bending (Amide III)
1130 Tip NH;s" rocking with indole ring side chain stretching
1086 Trp Cp-C, and indole ring stretching
1035 Phe In plane CH bend of benzene ring
1014 Trp Benzene and pyrrole ring breathing out-of-phase
1004 Phe Ring breathing mode of benzene ring
936 Amide backbone a-helix backbone C-C,-N stretching
876 Tip Skeletal vibration with appreciable NH pyrrole bend
856 Tyr Symmetric in-plane ring breathing (YS5)
830 Tyr Fermi resonance band between Y5 and the first overtone of an out-of-plane mode
756 Trp Benzene and pyrrole ring breathing in-phase

Table S1. Spectral assignment of each Raman band in FN3 protein from Refs 4-11.



Figure S3 shows the Raman spectrum of FN3 (200 mg/mL) at pH 6.0 and calculated
Raman spectra of Trp, Phe and Tyr at the B3LYP/6-311++G(d, p) level of therory as
references, which has provided reliable theoretical data for various amino acids.”!*!*!?
Quntum mechanical calculations were carried out by means of Firefly package.'*'> The
spectral assignment of each Raman band in FN3 protein based on the previous
experimental studies of proteins and amino acids is summarized in Table S1.*'' The
spectral assignment of each Raman band coincides well with the calculated results,

indicating that the Raman bands are properly assigned from both the previous

experimental studies and calculated results.
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Figure S5. Protein concentration dependences of the bandwidth of (a) the Trp band at

1553 cm’!, (b) Phe band at 1004 cm™ and (c) Tyr doublet intensity ratio (Isse/Is30) of FN3

at pH 6.0 (red circles) and pH 3.0 (blue circles). Error bars are the standard deviation of

the fluctuations of the bandwidth and the band intensity ratio due to the shot noise.



To ascertain the concentration-dependent change of the secondary structure and the local
conformational changes in the Trp, Phe, and Tyr residues, which are induced by the
protein-protein interactions of the FN3 proteins, the measurement of FN3 concentration
dependence was performed using Raman spectroscopy over a wide concentration range
from 10 to 200 mg/mL. Figure S4 shows the amide I bands of FN3 (10, 80, and 200
mg/mL) at (a) pH 6.0 and (b) pH 3.0. The amide I bands of each concentration almost
overlapped. The results indicated that there is no significant change in the secondary
structure by the concentration-induced protein-protein interactions. Figure S5a and b
show the concentration dependence of the bandwidth of (a) the Trp band at 1553 cm™ and
(b) the Phe band at 1004 cm™ at pH 6.0 and pH 3.0. The bandwidth of Trp and Phe at both
pH conditions was almost constant during the concentration change, indicating that the
local conformation around Trp and Phe is not affected by the concentration change.
Especially, Trp??>, which is the only one Trp residue in FN3, is conserved at the
hydrophobic core. Thus, the environment around the hydrophobic core is almost
unaffected by the concentration change. Figure S5c shows the concentration dependence
of the Tyr doublet intensity ratio (Isse/Is30) of FN3 at pH 6.0 and pH 3.0. Siamwiza and
colleagues suggested that Tyr residues have a doublet band at approximately 830 and 850
cm’!, which is caused by a Fermi resonance effect between the in-plane fundamental mode
and the first overtone of a phenol ring out-of-plane mode located at approximately 413
cm !, Based on the results of pH and the solvent effects on the Fermi doublet of the p-
cresol and its derivatives as a model system, the Tyr doublet ratio (Isso/Is30) can be a
marker of the hydrogen-bonding environment.'® The Tyr doublet intensity ratios (Isse/Is30)
of FN3 at pH 6.0 and pH 3.0 remained almost constant over the concentration range,

indicating that the hydrogen-bonding environment around the Tyr residues of FN3 is not



affected by the concentration-induced protein-protein interactions. Since FN3 has six Tyr
residues both inside and on the surface of the protein, these results could indicate that the
hydration environment of the overall protein is not affected by the concentration change.

The collective protein concentration dependence of the amide I band, the Trp and Phe
bandwidth, and Tyr doublet intensity ratio remained almost unchanged at the different
concentrations, indicating that there is no specific change in both the overall and local
protein conformation and their hydration environment. In other words, specific protein-

protein interaction does not occur, even in the highly concentrated region.
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Figure S6. Trp bands and their Gaussian-Lorentz fitting results (purple line) of FN3 at
(a) pH 6.0 and (b) pH 3.0 with the NaCl concentration at 100 mM and 1.0 M. Phe bands
and their Gaussian-Lorentz fitting result (purple line) of FN3 at (¢) pH 6.0 with the NaCl
concentration at 100 mM and 1.0 M at (d) pH 3.0 with the NaCl concentration at 100 mM
and 500 mM.

Trp and Phe bands of FN3 at pH 6.0 and 3.0 and the Gaussian-Lorentz fitting results
(purple line) are shown in Figure S6. The bandwidths of Trp (7.7 cm™) and Phe (4.3 cm
1) at pH 6.0 with 1.0 M NaCl are broadening compared to the one of Trp (7.1 cm™) and
Phe (3.6 cm™) with 100 mM NaCl. On the other hand, the bandwidth of Trp (7.0 cm™) at
pH 3.0 with 100 mM NaCl is almost the same as the one (7.1 cm™') with 1.0 M NaCl and
the bandwidth of Phe (4.3 cm™) at pH 3.0 with 100 mM NaCl is larger than the one (3.8

cm™) with 500 mM NaCl.
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The original equation for ion—protein interaction using the relationship between the

cloud-point temperature of the protein and adding salt concentration is

g er
F=_Me T (S1)

—91/10/
Kg+[M]e kT

where F'is the fraction of bound sites, K is the surface dissociation constant, /M] is the
molar concentration of salt and y» is the potential at the protein surface.!” This equation
is theoritically derived based on the Gouy-Chapman-Stern theory.'® The neutralization of
surface chages by ion binding will reduce the electrostatic repulsion between protein
moelcules and induce the protein aggregation, resulting in the rise of the cloud-point
temperature. The extent of the interaction is related to the fraction of neutralization sites,
F. Therefore, ion binding effects on the cloud-point temperature, 7, through the addition
of salt can be modeled by a Langmuir-type biniding isotherm that includes an exponential

factor to account for electrostatic neutralization:

_ Bmax[M]e_b[M]
"~ Kq+[M]e~PM]

(S2)

Bmax, has the units of temperature and shows the maximum increase in the cloud-point
temperature when all of the positive charges on the protein surface are neutralized.!” The
constant, b, has units of reciprocal molarity and is an electrostatic interaction factor and
b[M] is the protein surface potential. However, the fitting result using the above eqution
is practically poor, because the actual relationship between electrolyte concentration and

surface potential is complex, thus, a liner term and a constat is phenomenologically

necessary to be added to the above equation, leading to the practically useful equation:

Bmax [M]e_b[M]

T = TO + Kd+[M]€_b[M]

+ c[M] (S3)

In the case of this current study, the bandwidth of Trp, w, is directly related to the fraction



of neutralized sites, F, because the Trp bandwidth is correlated to the protein
conformation around Trp.'” Therefore, F can be replaced with w as is the case of the

cloud-point temperature, 7, leading to the equation (1):

Wmax[M]e_b[M

1
w=w,+ Kot [M]e 0] + c[M] (1)

10
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Figure S7. (a) NaCl concentration dependence (100, 200, 500 and 1000 mM) of water
Raman bands at pH 3.0. (b) The MCR loadings of the concentration dependent change of
the spectra at pH 3.0 and their differential loading (colored-filled line) by subtracting the

1t loading from the 2" one.
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Figure S8. NaCl concentration dependences of the Tyr triplet bands of FN3 at (a) pH 6.0,
(b) pH 3.0 and (c) the intensity ratio (Isse/Is30) at pH 6.0 (red circles) and (b) pH 3.0 (blue
circles). Error bars are the standard deviation of the fluctuations of the band intensity ratio

due to the shot noise.

To obtain knowledge of the environment surrounding the protein, the effect of NaCl
concentration on the Tyr doublet ratio (Isse/Is30) of the six Tyr residues around the protein
was analyzed in detail. Figure S8 shows the NaCl concentration dependence of the Tyr
triplet bands of FN3 at (a) pH 6.0 and (b) pH 3.0 and (c) the intensity ratio (Isse/Is30) at

pH 6.0 and 3.0. The Tyr doublet ratio (Iss6/Is30) at pH 6.0 remained almost the same at the

12



different NaCl concentrations, indicating that the hydrogen-bonding environment around
the Tyr residues is not affected by the change in NaCl concentration. In contrast, the Tyr
doublet ratio at pH 3.0 was almost constant, whereas the ratio decreased at concentrations
over 700 mM. These results indicate that increasing NaCl concentration can change the
hydration environment of Tyr residues.

Residues of the overall FN3 protein can be more exposed to water molecules and
dissociated ions at pH 3.0 than at pH 6.0 owing to the loosened structure at pH 3.0. Thus,
the hydrogen-bonding environment of the Tyr residues may be affected more by the
addition of NaCl, resulting in the change of the Tyr doublet ratio. Since the hydrogen-
bonding environment around proteins is strongly correlated with protein structure,'”’ the
hydrogen-bonding environment of the Tyr residues at pH 3.0 may have affected the subtle
and gradual conformational change around Trp** and Phe*® (Figure 4) with increasing

NaCl concentrations.

13
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According to some previous studies, ANS binds to the external site of protein mainly
through ion pair formation, especially between Arg or Lys and the sulfonate group of
ANS.?'"* In addition to ion pair interactions, van der Waals interactions and hydrophobic
interactions also complementarily support the binding at the external site or the
hydrophobic region. Analysis of the crystal structures of the ANS binding sites of Arg and
Lys in ANS-protein complexes, as examples shown in Figure S9, reveals that the Arg side
chain is positioned to more effectively interact with both -NH and -SO3™ group of ANS
compared to the case of Lys side chain, indicating that Arg side chain compared to that of
Lys more effectively interacts with both the -NH and -SO3” group of ANS.?!%°

FN3 has 5 Arg residues (Arg®, Arg®’, Arg®, Arg’® and Arg®®) and 3 Lys residues (Lys>,
Lys® and Lys®®) at the external site of the protein. To obtain a further insight of the binding
sites of FN3, molecular docking analysis was carried out, using SwissDock at
http://www.swissdock.ch, which is a protein-small molecule docking web server.”®’
SwissDock estimates the preferable binding sites of proteins based on CHARMM?22 force
field calculating the van der Waals and electrostatic interaction energy between the ligand
and the target protein.’®”’ In addition, the solvent effect is taken into account using
FACTS (Fast Analytical Continuum Treatment of Solvation) implicit solvation model**,
which implicitly considers the solvent effect under the assumption of the continuum
electrostatics models that the protein is a uniform, low dielectric region, while the solvent
is a featureless high dielectric medium. Although the high computational cost is required
to obtain the accurate estimation of the solvation effects of individual water molecules by
explicitly and more precisely modelling the solvation effect,”” " the implicit solvation

model is cost-efficient and practically useful. Consequently, SwissDock achieves the high

14



success rate of the biding site prediction compared to other well-known protein docking
tools.”!

The ANS structure was optimized by calculating the most stable structure at the
B3LYP/6-311++G(d, p) level of therory. The ten possible ANS binding sites were
estimated by calculating the binding free energies using SwissDock, as shown in Figure
S10. Among ten possible sites, the most favorable site is the domain 8 with Arg?, while
other sites with Arg or Lys residues are 4 domains with Arg®, Arg®°, Arg’® and Lys>*. The
remaining sites (“others”) have no Arg or Lys residues and do not form the hydrogen
bonding to ANS according to the simulation, indicating that the bindings can be caused

by mainly through van der Waals interactions.

Figure S9. (a) ANS-Lys and (b) ANS-Arg complexes from crystal structures of SPE 16

(PDB: 1TXC)*! and antibiotic target MurA (PDB: 1EYN).”!*°

15
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Figure S12. Distance from Trp?. The red circle shows the 10 A distance from Trp?.

To experimentally characterize the binding sites of ANS at the protein surface based on
the detailed hydration environment around ANS, the excitation-emission spectra of ANS
fluorescence in FN3 solution (1.0 mg/mL) at pH 6.0 and 3.0 were acquired. MCR-ALS
analysis of the excitation-emission spectra at pH 6.0 and 3.0 was performed to resolve the
dataset. Based on the eigenvalue obtained using PCA, this dataset was resolved into two
components, as shown in Figure S11a and b. The first loading at pH 6.0 corresponds to
the resolved emission spectrum peaking at 470 nm. The second loading corresponds to
the resolved emission spectrum peaking at 457 nm (Figure Slla). The score of 1
corresponds to the resolved excitation spectrum with a broad band at 380 nm and a sharp
band at 300 nm. The score of 2 corresponds to the resolved excitation spectrum with a
broad band at 367 nm and a sharp band at 290 nm. The broad excitation bands peaking at
380 and 367 nm are the ANS excitation bands. The emission bands peaking at 470 and
457 nm are the ANS emission bands.”' Of note, the excitation spectra have sharp peaks
at 290 and 300 nm, which originate from Trp absorption bands.**** Trp excitation can
cause ANS fluorescence, indicating energy transfer from Trp?? to ANS, which can be
attached to Arg or Lys. Among the Arg and Lys residues, the neighboring residues within

the 10 A of Trp*? are Arg® and Lys>* (Figure S12), suggesting that the fluorescence energy

17



transfer from Trp?? occurs mainly through ANS binding to Arg® and Lys®*. Therefore, the
ANS fluorescence at the Arg® or Lys> can be selectively observed by the excitation near
290 nm through energy transfer.

The excitation-emission spectra of ANS fluorescence in the FN3 solution at pH 3.0 were
similarly analyzed as pH 6.0. The MCR loading (emission) and score (excitation) are
shown in Figure S11b. The first loading at pH 3.0 has a broad band at 479 nm, and the
second loading has a broad band at 478 nm, which can be similarly assigned to the ANS
fluorescence bands. The score 1 (excitation) spectrum has the broad band at 377 nm with
a sharp one at 300 nm, which can be also assigned to the ANS and Trp absorption bands,
as is the same at pH 6.0. Of note, the excitation 2 spectrum has a sharp band at 275 nm,
which can be assigned to the Tyr absorption band,*-** indicating that the energy transfer
can occur from Trp and also from Tyr to ANS. Since FN3 has six Tyr residues around the
overall protein (Figure S1b), ANS molecules not only specifically bind to the domain
with Arg® and Lys®* and but also non-specifically bind to the overall protein surface such
as the domains 2, 5, 7 and 9 (Figure S10), because the positive net charge of the overall
protein at pH 3.0 can easily allow the negatively charged ANS to access the protein
surface and promote ANS bindings to the overall protein compared to pH 6.0. In addition,
the peak position of ANS emission spectra at pH 3.0 (479 and 478 nm) is relatively red-
shifted compared to that at pH 6.0 (470 and 457 nm), indicating that the hydration
environment of ANS is more hydrophilic than pH 6.0.*> In other words, the ANS
molecules at pH 3.0 can be more exposed to the water molecules than those at pH 6.0,
supporting the above estimation of the ANS binding sites. In contrast, the blue-shifted
peak position of the ANS emission spectra at pH 6.0 indicates the hydrophobic

environment of ANS, suggesting that ANS can tightly bind to the binding site around Arg

18



and Lys. In this manner, the binding site of ANS to the protein surface of FN3 at pH 6.0
and 3.0 can be estimated from both the molecular docking analysis and the experimental
analysis of the ANS excitation-emission spectra. On the basis of these assignments, the
salt effect on ANS fluorescence was analyzed from the viewpoints of both the solvation

environment and the protein conformation.
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To obtain the conformational knowledge of the salt effect on FN3 from lower to higher
NaCl concentration, circular dichroism (CD) is one of the possible methods, although CD
has some concern of the negative effect due to the salting-out induced aggregation in the
higher salt concentration range, causing the background noise or the decrease of the
transmitted light hindered by the aggregation. To acquire the conformational knowledge
of the salt effect on FN3 solution from 100 mM to 4.0 M NaCl, CD measurements were
carried out. The detail experimental condition was previously described.*’

Figure S13 shows the NaCl concentration dependence of CD spectra of FN3 solution
(1.0 mg/mL) at (a) pH 6.0 and (b) 3.0 and (c) the differential spectrum at 100 mM NaCl.
As the NaCl concentration increases, the entire spectral intensity decreases, implying that
the decrease of the transmitted light intensity due to the salting-out induced by the
aggregation or the spectral change caused by the protein conformational change. Figure
S13c shows the differential CD spectrum calculated by the subtraction of the spectrum at
pH 3.0 from the one at pH 6.0, indicating the conformational difference which is also
observed by the Raman differential spectrum (Figure 2).

To clarify the main cause of the salt induced CD spectral change, principal component
analysis (PCA) was applied to the NaCl concentration dependent dataset. Figure S14
shows (a, c) the PCA loadings and (b, d) scores at pH 6.0 and 3.0, respectively, showing
that only the 1% component is the main one and the others are minor components caused
by the spectral noise. The eigenvalue of each dataset also shows that the 1% component is
the main factor. Therefore, the salt induced CD spectra decrease without spectral changes,
indicating that the salting-out effect can hardly affect the protein secondary structure or

can cause only the subtle structural changes, which cannot be observed by the CD
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measurement. In this manner, although the good SN ratio of CD measurements cannot be
secured due to the salting-out induced aggregation, the conformational knowledge can be

partially obtained.

2000 — (b)
'T'_g‘ 'T__g
£ £ o
"z "z
9 o
& &
=] =
= ~ -2000 —
D, 6000 = pH 6.0. 100 mM 1= = pH 3.0. 100 mM
h = pH 6.0, 500 mM —— pH 3.0, 500 mM
—— pH6.0.1.0M —— pH3.0.1.0M
8000 | — pH6.0.5.0 M -4000 — pH3.0,5.0M
T T T T T T T T T T
210 220 230 240 250 210 220 230 240 250
Wavelength / nm Wavelength / nm
2.0 A
E (c)
10 = pH 6.0, NaCl 100 mM
“ T —— pH 3.0, NaCl 100 mM
[ Differencial spectrum

Normalized [6] / deg cm  dmol

210 220 230 240 250
Wavelength / nm

Figure S13. The NaCl concentration dependence of CD spectra of FN3 solution (1.0

mg/mL) at (a) pH 6.0 and (b) 3.0 and (c) the differential spectrum at 100 mM NaCl.
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