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General Information: 

Materials: E. coli BL21(DE3) cells were purchased from Stratagene (La Jolla, CA, USA).  Milli-

Q filtered (18 MΩ) water was used for all solutions (Millipore; Billerica, MA, USA).  Bradford 

reagent assay kits were purchased from BioRAD (Hercules, CA, USA).  The unnatural amino acid 

p-cyanophenylalanine was purchased from PepTech (Bedford, MA, USA; Cat. # AL240-2). 

Fluorescein-5-maleimide (Fam) was purchased from TCI America (Portland, OR, USA; Cat. # 

F0810); carboxytetramethylrhodamine-5-azide (Raz) was ordered from Lumiprobe (Hallendale 

Beach, FL, USA; Cat # D7130) and AlexaFluor488 maleimide, C5 isomer, was purchased from 

ThermoFisher Scientific (Pittsburgh, PA, USA; Cat. # A10254). O-Propargyltyrosine (Ppy) was 

synthesized as previously described(1). Amicon Ultra centrifugal filter units (3 kDa MWCO) were 

purchased from EMD Millipore.  All other reagents and solvents were purchased from Fisher 

Scientific (Pittsburgh, PA, USA) or Sigma-Aldrich unless otherwise specified.  DNA sequencing 

was performed at the University of Pennsylvania DNA sequencing facility. 

Instruments: Matrix assisted laser desorption/ionization with time-of-flight detector (MALDI-

TOF) mass spectra were acquired on a Bruker Ultraflex III instrument (Billerica, MA, USA). UV-

Vis absorption spectra were acquired on a Hewlett-Packard 8452A diode array spectrophotometer 

(currently Agilent Technologies; Santa Clara, CA, USA).  Fluorescence spectra were collected on 

a Photon Technologies International (PTI) QuantaMaster40 fluorometer (currently Horiba 

Scientific, Edison, NJ, USA). Details regarding the fluorescence correlation spectroscopy (FCS) 

equipment are contained within the FCS Measurements section of the SI. Atomic force microscopy 

(AFM) measurements were made using a Keysight 5500 AFM instrument (Keysight Technologies; 

Santa Rosa, CA, USA) equipped with a closed-loop scanner. 
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Protein Synthesis 
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All of constructs and primers required for production of the Fam-Raz library have been previously 

reported. The construct containing the Y136TAG mutation, primers for all of Cys mutation primers 

have also been previously reported (2-4).  
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General Expression Protocol for αS-intein-H6 Fusion Proteins: A pTXB1 plasmid encoding 

for the αS-intein-H6 fusion protein was transformed into E. coli BL21-Gold (DE3) cells. The DNA 

GyrA intein from Mxe fusion construct has been previously reported (4). Transformed cells were 

selected based on ampicillin (Amp) (100 mg/L) resistance, encoded on the pTXB1 plasmid 

containing the protein of interest. Single colonies were selected and used to inoculate 5 mL primary 

cultures of LB media, and were grown at 37 °C, shaking at 250 rpm in the presence of 100 μg/mL 

Amp. A secondary culture of LB media containing 100 mg/L Amp was inoculated with a single 

saturated primary culture, and was grown at 37 °C while shaking at 250 rpm. After reaching an 

OD600 of 0.7-1.0, 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to the culture 

to induce expression. Following induction the culture continued to grow overnight at 18 °C 

overnight.  

Expression of αS-intein-H6 Proteins Containing Unnatural Amino Acids: The procedure for 

the expression of mutants containing Cnf or Ppy was identical to the general protocol above with 

the following noted exceptions. The pTXB1 plasmid coding for the protein of interest contained 

an amber stop codon (TAG) at the intended site for unnatural amino acid introduction was co-

transformed with a plasmid encoding a pDULE2-pFX plasmid containing an orthogonal aminoacyl 

synthetase/tRNA pair (4). pDULE2-pFX encodes streptomycin (Strep) resistance, and cells 

containing both plasmids were selected for based on Strep (100mg/L) resistance in addition to 

Amp resistance. Primary cultures were also grown in the presence of both Strep (100 μg/mL) and 

Amp (100 μg/mL). In place of LB, secondary cultures were grown in M9 minimal media 

containing 6 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl and 1 mL of 2 M MgSO4, 1 mL of 1mg/mL 

FeCl2 (in 1.0 M HCl), 1 mL of 15 mg/mL, 2 mL of 10% Yeast Extract, 12.5 mL 40% glucose (w/v) 

in 1L of autoclaved water, along with 100 mg/L Amp and 100 mg/L Strep. Lastly, once the 

secondary culture reached an OD600 of 0.7-1.0, 0.8 mM of the unnatural amino acid was added to 

culture prior to induction with IPTG. Expression was performed overnight at 18 °C. 

General Purification Protocol for Cnf-Trp containing αS-intein-H6 Fusion Proteins: Cells 

were harvested via centrifugation at 5000 rpm for 20 minutes at 4 °C with a GS3 rotor on a Sorvall 

RC-5 centrifuge. The supernatant was decanted away from the cell pellet, and the pellet was 

resuspended in 20 mL resuspension buffer containing 40 mM Tris, 5 mM EDTA, pH 8.3 and a 

protease inhibitor tablet (Roche cOmplete mini tabs, EDTA free). Cells were lysed by sonication 
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at an amplitude of 30 for 5 minutes with 1 second on 1 second off. Lysate was subsequently 

centrifuged at 14000 rpm for 20 minutes using an SS-34 rotor on a Sorvall RC-5 centrifuge. His 

tagged protein was isolated from the supernatant via nickel affinity. Ni-NTA resin (3 mL CV) was 

incubated with the supernatant on ice for 1 hour. Following incubation the mixture was loaded into 

a fritted column, and the lysate was drained. The resin was initially washed with 15 mL of 50 mM 

HEPES, pH 7.5 followed by 20 mL of 50 mM HEPES, 5 mM imidazole, pH 7.5, prior to elution 

of the protein of interest with 12 mL of 50 mM HEPES, 300 mM imidazole, pH 7.5. Cleavage of 

the intein was performed via addition of β-mecaptoethanol (βME) to a final concentration of 200 

mM and incubation at room temperature for 18 hours on a rotisserie. Following cleavage of the 

intein, removal of imidazole and βME was facilitated by dialysis into 20 mM tris base pH 8.0 at 4 

°C overnight. The undesired intein was removed by a second Ni column (3 mL CV). The flow 

though containing the protein of interest was collected after 1 hour incubation with the Ni resin on 

ice. 

General Labeling Protocol for Fam-Raz containing αS-intein-H6 Fusion Proteins: αS variants 

containing Cys and/or Ppy were expressed as described above and purified by Ni-NTA affinity. 

Following the second purification subsequent to intein cleavage, the desired protein was dialyzed 

into 20 mM Tris, pH 8.0 overnight at 4 °C. The protein was then labeled in this semi-crude state 

in one (donor-only or acceptor-only) or two (doubly-labeled) labeling steps as described below. 

Proteins lacking an unnatural amino acid (αS-Cys) were quantified by UV-Vis spectroscopy using 

ε280 = 5120 M-1 cm-1 with the exception of αS-Cys136, which was quantified using ε280 = 3840 M-1 

cm-1 (5). Protein variants containing Ppy were quantified using the BCA assay with bovine serum 

albumin (BSA) standards generated by two-fold serial dilution in water from 2 mg/mL to 0.125 

mg/mL. Labeling reactions of proteins containing Cys were carried out by addition of 

BondBreaker® TCEP solution to a final concentration of 1 mM and incubation at room 

temperature for 10-15 minutes. Following this time, fluorescein-5-maleimide (Fam) was added 

from a 25 mM stock in DMSO to a final concentration equal to five-fold excess relative to protein 

(typical dye concentration was ~500-800 µM). The labeling reaction was shielded from light by 

wrapping in aluminum foil and incubated at 37 °C. The labeling reaction was monitored by 

MALDI-TOF MS following 5-fold dilution of the reaction into water. Following complete 

disappearance of unlabeled protein as determined by MALDI, the labeled product was dialyzed 
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overnight at 4 °C in 20 mM Tris pH 8.0. Proteins containing Ppy were labeled via copper(I) 

catalyzed azide-alkyne cycloaddition as described below; doubly-labeled proteins were first 

labeled with Fam as described above and subsequently by Raz. Azide-alkyne labeling reactions 

were performed by preparation of copper(I)-tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) 

catalyst mixture by using 80 mM CuSO4 in water (1.25 µL/mL protein solution) to which was 

added 50 mM THPTA in water (30 µL/mL protein solution) and then 100 mM sodium ascorbate 

in water (30 µL/mL protein solution). This solution was incubated at room temperature for 10-15 

minutes prior to addition to the protein solution. Protein was labeled by addition of five equivalents 

of Raz from a 50 mM stock in DMSO (typical dye concentrations were ~300-500 µM), followed 

by addition of the Cu(I) catalyst mixture. Labeling reactions were then shielded from light and 

incubated at 37 °C and reaction progress monitored by MALDI-TOF MS following 5-fold dilution 

of the reaction in water. Upon completion of the reaction, the labeled product was dialyzed into 20 

mM Tris pH 8.0 overnight at 4 °C to remove excess dye.  

Purification Protocol for All αS Proteins: All proteins were then purified by anion-exchange 

chromatography on an ÄKTA FPLC system using HiTrap Q HP columns and elution between 20 

mM Tris pH 8.0 (buffer A) and 20 mM Tris, 1 M NaCl pH 8.0 (buffer B). Fractions containing the 

desired protein were identified by MALDI-TOF MS and were pooled. All proteins from the Fam-

Raz library as well as poorly expressing member of the Cnf-Trp library were concentrated using 

Amicon Ultra 3 kDa filters to a total volume of ≤ 1 mL. Further purification was then performed 

using a Varian HPLC system and a Vydac C4 TP reverse-phase semi-preparative column with a 

flow rate of 4 mL/min and gradient between 0.1% TFA in water (solvent A) and 0.1% TFA in 

acetonitrile (solvent B). Fractions containing the desired product were identified by MALDI-TOF 

MS and judged to be of high purity were combined and diluted a minimum of 5-fold by addition 

of 20 mM Tris, 100 mM NaCl pH 7.5 and subsequently concentrated via Amicon µLtra 3 kDa 

centrifugal filters to a total volume of ≤ 5 mL, diluted 3-5 fold and re-concentrated; the final 

dilution and concentration was repeated twice. All proteins were then assessed for purity and 

integrity of the fluorescent label by MALDI-TOF analysis of whole protein and tryptic fragments. 
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Protein Library Characterization 

���	�������������
�����
������
�	�������
���

 



 S8

 

 

���	��������������) �,*��(!��-%%�� '",#��'!��*)��('+,*-�,+���%(,+�+#(.�1���'!
���,()�% !,���1���'!����,()�
*$"#,���1���'!�	���-)) *�&$��% �% !,���1���'!�

��-)) *�&$��% �*$"#,���1���*)	���%(. *�&$��% �% !,���1���*)
��
�%(. *�&$��% �*$"#,���1���*)
	���(,,(&�% !,���'��1���*)�����(,,(&�*$"#,����'� ��#�)%(,�,# �&�,*$/����-�,�$+�
'(, ��.$,#�����

  



 S9

�

�

���	��������������) �,*��(!��-%%�� '",#��'!��*)��('+,*-�,+���%(,+�+#(.�1���*)����,()�% !,���1���*)�	���,()�
*$"#,���1���'!
���*)	���-)) *�&$��% �% !,���1���'!
���*)
	��-)) *�&$��% �*$"#,���1���'!
���*)����%(. *�&$��% �
% !,���1���'!
���*)����%(. *�&$��% �*$"#,���1���'!����*)	����(,,(&�% !,���'��1���'!����*)
����(,,(&�*$"#,����'�
 ��#�)%(,�,# �&�,*$/����-�,�$+�'(, ��.$,#�����

  



 S10

 

 

���	��������������) �,*��(!��-%%�� '",#��'!��*)��('+,*-�,+���%(,+� +#(.�1���'!����*)
	� �,()� % !,��� 1��
�'!����*)��� �,()� *$"#,��� 1���'!�	���*)	�� �-)) *�&$��% � % !,��� 1�� 1���'!�	���*)
�� �-)) *�&$��% � *$"#,��� 1��
�'!�	���*)
	��%(. *�&$��% �% !,���1���'!�	���*)����%(. *�&$��% �*$"#,���1���'!�	���*)�����(,,(&�% !,���'��1��
�'!�

��*)	����(,,(&�*$"#,����'� ��#�)%(,�,# �&�,*$/����-�,�$+�'(, ��.$,#�����

  



 S11

 

���	��������������(��+)��' ��,$$���&!+"��& ��)(��'&*+),�+*���$'+*�*"'-�0���& �

��)(
�� �+'(� $� +���0��
�& �

��)(����+'(�)#!"+���0���& �

��)(�	����'++'%����&����"�($'+�+"��%�+)#.����,�+�#*�&'+���-#+"�����

  



 S12

 

 

���	��������������+" .,��*#��,1+-&)��&$"-.-�*#��)#��,+��*)-.,/ .-���'*.-�-%*0��)#� *).�&)&)$�#,�$(").-�
*#�3���)#����.*+�'"#.���3���)#����.*+�,&$%.���3���)#	

��/++",�(&!!'"�'"#.���3���)#	����/++",�(&!!'"�,&$%.���)!�
�,+� *).�&)&)$�#,�$(").-�*#�3���,+
���'*0",�(&!!'"� '"#.���3���,+����'*0",�(&!!'"�,&$%.���3���,+�
���*..*(�
'"#.���)!�3���,+�����*..*(�,&$%.����)�"� %�+'*.�.%"�����(�--�*#�.%"�#,�$(").�*#�&).","-.�&-�&)!& �."!�0&.%���
0%&'"������(�--"-��,"�&)!& �."!�0&.%������

  



 S13

 

 

���	��������������+" .,��*#��,1+-&)��&$"-.-�*#��)#��,+��*)-.,/ .-���'*.-�-%*0��,+� *).�&)&)$�#,�$(").�
*#�3���,+	

��.*+�'"#.����)#��.*+�,&$%.���)!��,+��/++",�(&!!'"�'"#.�� *).�&)&)$�#,�$(").-�*#�3���)#����,+
����)#�
�/++",�(&!!'"�,&$%.���)!��,+��'*0",�(&!!'"�'"#.�� *).�&)&)$�#,�$(").-�*#�3���)#����,+�
���)#��'*0",�(&!!'"�
,&$%.���)!��,+���*..*(�'"#.�� *).�&)&)$�#,�$(").-�*#�3���)#����,+����)!��)#� *).�&)&)$�#,�$(").�*#�3���)#���
�,+�����*..*(�,&$%.����)�"� %�+'*.�.%"�����(�--�*#�.%"�#,�$(").�*#�&).","-.�&-�&)!& �."!�0&.%���0%&'"������
(�--"-��,"�&)!& �."!�0&.%������

  



 S14

 

 

���	��������������) �,*��(!��*/)+$'��$" +,+�(!��'!��*)��('+,*-�,+���%(,+�+#(.��*)��(',�$'$'"�!*�"& ',�
(!�1���'!
���*)��� �,()� % !,����'!� �,()�*$"#,���'���*)��-)) *�&$��% � % !,���(',�$'$'"� !*�"& ',+�(!�1���'!���
�*)	����'!��-)) *�&$��% �*$"#,���'���*)��%(. *�&$��% �% !,���(',�$'$'"�!*�"& ',+�(!�1���'!����*)
����'!��%(. *�
&$��% �*$"#,���'���*)���(,,(&�% !,���(',�$'$'"�!*�"& ',+�(!�1���'!����*)�	��'���'!��(',�$'$'"�!*�"& ',�(!�
1���'!����*)
����(,,(&�*$"#,����'� ��#�)%(,� ,# �����&�++�(!� ,# � !*�"& ',�(!� $', * +,� $+� $'�$��, ��.$,#���
.#$% ������&�++ +��* �$'�$��, ��.$,#������

  



 S15

 

 

���	��������������+" .,��*#��,1+-&)��&$"-.-�*#��)#��,+��*)-.,/ .-���'*.-�-%*0��,+� *).�&)&)$�#,�$(").�
*#�3���)#����,+����.*+�'"#.����)#��.*+�,&$%.���)!��,+��/++",�(&!!'"�'"#.�� *).�&)&)$�#,�$(").-�*#�3���)#	

�
�,+
����)#� �/++",�(&!!'"� ,&$%.�� �)!��,+� �'*0",�(&!!'"� '"#.��  *).�&)&)$� #,�$(").-�*#�3���)#	

��,+�����)#�
�'*0",� (&!!'"� ,&$%.�� �)!� �,+� ��*..*(� '"#.��  *).�&)&)$� #,�$(").-� *#� 3���)#	

��,+�
� �)!� �)#�  *).�&)&)$�
#,�$(").� *#� 3���)#	

��,+��� ��*..*(� ,&$%.��� �)� "� %� +'*.� .%"� ����(�--� *#� .%"� #,�$(").� *#� &).","-.� &-�
&)!& �."!�0&.%���0%&'"������(�--"-��,"�&)!& �."!�0&.%������

  



 S16

 

 

���	��������������+" .,��*#��,1+-&)��&$"-.-�*#��)#��,+��*)-.,/ .-���'*.-�-%*0��,+� *).�&)&)$�#,�$(").�
*#�3���)#	

��,+����.*+�'"#.����)#��.*+�,&$%.���)!��,+��/++",�(&!!'"�'"#.�� *).�&)&)$�#,�$(").-�*#�3���)#	

�
�,+�����)#� �/++",�(&!!'"� ,&$%.�� �)!��,+� �'*0",�(&!!'"� '"#.��  *).�&)&)$� #,�$(").-�*#�3���)#	����,+
����)#�
�'*0",� (&!!'"� ,&$%.�� �)!� �,+� ��*..*(� '"#.��  *).�&)&)$� #,�$(").-� *#� 3���)#	����,+��� �)!� �)#�  *).�&)&)$�
#,�$(").� *#� 3���)#	����,+��� ��*..*(� ,&$%.��� �)� "� %� +'*.� .%"� ����(�--� *#� .%"� #,�$(").� *#� &).","-.� &-�
&)!& �."!�0&.%���0%&'"������(�--"-��,"�&)!& �."!�0&.%������

  



 S17

 

�
�����������������+" .,��*#��,1+-&)��&$"-.-�*#��)#��,+��*)-.,/ .-���'*.-�-%*0��,+� *).�&)&)$�#,�$(").�
*#�4���)#�

��,+����'"#.���)!��)#��)!��,+� *).�&)&)$�#,�$(").�*#�4���)#�	���,+�

��.*+�,&$%.����)�"� %�+'*.�
.%"�����(�--�*#�.%"�#,�$(").�*#�&).","-.�&-�&)!& �."!�0&.%���0%&'"������(�--"-��,"�&)!& �."!�0&.%������

 

�	
���������������--"-�#,*(���(���2��&�,�,1�

 



 S18

 

 

���	���������������) �,*��(!��-%%�� '",#���&���0��('+,*-�,+���%(,+�+#(.�2����&����0����,()�% !,���2��
��&	����0��� �,()� *$"#,��� 2����&�	���0��� �-)) *�&$��% � % !,��� 2����&�	���0��� �-)) *�&$��% � *$"#,��� 2��
��&�
���0����%(. *�&$��% �% !,���2����&������0����%(. *�&$��% �*$"#,���2����&�	
���0�����(,,(&�% !,���'��
2����&�
����0�����(,,(&�*$"#,����'� ��#�)%(,�,# �&�,*$/����-�,�$+�'(, ��.$,#�����

  



 S19

 

���
	�� ���	� �
���� � ��#!�� ��� 
$�������#�� 
�����'� ���"#!$�#"�� ���#� "��%"� )��
������'���� %�#�� #���
��#!�&����$�#��"���#���%�#�����

�

All single Fam and Raz labeled constructs have been previously reported  (3, 4). 
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The αS-AF488130 construct has been previously reported (6). 
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FRET Data Collection and Analysis 

TMAO Assay: All labeled αS variants were dialyzed into 20 mM tris, 100 mM NaCl, pH 7.5. 

Buffers containing TMAO were also prepared with 20 mM tris, 100 mM NaCl, and the pH was 

adjusted to 7.5 following the addition of TMAO. Concentrations for the Cnf-Trp library was 

determined using the Sigma-Aldrich FluoroProfile Quantification Kit, while concentrations for 

Fam-Raz constructs were determined via UV-Vis absorbance. Steady-state measurements for the 

Cnf-Trp library and time correlated single photon counting (TCSPC) measurements of the Fam-

Raz library were performed at 1 μM, while steady-state measurements for the Fam-Raz library 

were performed at 100 nm. Prior to each measurement, labeled protein was mixed with TMAO 

containing buffer and briefly vortexed. Measurements were taken in triplicate at final 

concentrations of 0, 2 and 4 M TMAO at 20 °C. Steady-state measurements for the Cnf-Trp library 

were collected with an excitation of 240 nm over an emission range of 275 - 410 nm with excitation 

and emission slits set to 5 nm and 1 nm step size collecting for 0.75 seconds per step, exciting 

primary the Cnf fluorophore. Spectra were collected for direct excitation of Trp with an excitation 

of 280 nm over an emission range of 310 - 410 nm with excitation and emission slits set to 5 nm 

and 1 nm step size collecting for 0.75 seconds per step. Measurements of the Fam-Raz library were 

collected with an excitation of 486 nm over an emission range of 495 - 700 nm with excitation and 

emission slits set to 5 nm and 1 nm step size collecting for 0.25 seconds per step. Direct excitation 

of Raz was performed by exciting at 555 and measuring over an emission range of 565 - 700 nm 

with a 1 nm step size and a collection time of 0.25 seconds per step.  

 All TCSPC measurements of fluorescence lifetime decays were collected using a pulsed 

LED with a maximum emission at 486 nm. Fluorescence was collected at 515 nm with the slit 

widths adjusted for each measurement to keep the ACD value between 1 - 3 % of the SYNC value. 

The instrument response function (IRF) was collected for each slit width used for collection. For 

these experiments labeled αS was mixed with TMAO containing buffer to final protein 

concentrations of 2 μM and 0, 2 or 4 M TMAO. Additionally, formation of aggregates in buffer 

or TMAO were assayed by mixing single-labeled αS containing FAM and single-labeled αS 

containing Raz in equimolar concentrations with a final protein concentration of 2 μM in 0, 2 and 

4 M TMAO.  
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Fitting Steady-State Data: Following data collection, the single labeled spectra were used to 

quantify the degree of energy transfer.  First, the spectral overlap of the donor and acceptor were 

deconvoluted by fitting the double labeled spectrum with the linear sum of the individual donor 

and acceptor-labeled spectra. Fitting was performed by minimizing the total least squared 

difference using the Excel Solver feature to adjust the constants A and B: 

( ) ( ) ( )( )∑ →−−
λ

λλλ min2
ADDA BIAII  (Eq. 1) 

( ) ( ) ( )ADDA BIAII λλλ +=  (Eq. S1) 

Here, I(λ)DA, I(λ)D and I(λ)A are the wavelength dependent fluorescence intensities of the double-

labeled, single labeled protein containing the donor, and single-labeled protein containing the 

acceptor fluorophore, respectively.  Solutions to Eq. S1 were obtained by utilizing the Excel Solver 

functionality. This procedure was performed at each TMAO concentration, thus accounting for 

any changes in quantum yield or spectral shifting.  The linear contributions of the single-labeled 

construct containing the donor only, A, and the contribution from the single-labeled construct 

containing the acceptor only, B, were both used to independently calculate the EFRET through Eq. 

S2 and S3 and combined in a weighted average via Eq. S4: 

  ( )AED −= 1   (Eq. S2) 
 

( )
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A
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1−=   (Eq. S3) 
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  (Eq. S4) 

 
In Eqs. S2-S4, ED and EA are EFRET values calculated from the donor and acceptor weights 

respectively. Additionally, Eq. S3 requires ratio of the extinction coefficient for the acceptor, εA, 

to the donor, εD, which are detailed in Tables S3a and S3b and have been determined from the 

absorption spectrum of each fluorophores scaled using published extinction coefficients (Cnf 

ε240=13,921 M-1cm-1 (7), Trp ε278=5700 M-1cm-1 (7), FAM ε494=68,000 M-1cm-1 (8) and Raz 

ε555=87,000 M-1cm-1 as indicated by the manufacturer) . The EFRET values from the donor and 

acceptor were then used to compute a weighted average EFRET value by using the inverse of the 



 S25

experimental error to weight each EFRET value, where SD and SA represent the donor and acceptor 

propagated error respectively.  

 

( ) ( ) ( )( )2222
DADLIDIDIA IIBISISIBSAS

DDLA
×−×++××=  (Eq. S5) 

 

( ) ( ) ( )( )2222
ADDLIAIAIB IIAISISISSBS

ADLD
×−×++××=  (Eq. S6) 
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Lastly, SEFRET represents the propagated error of the calculated weighted average EFRET value. 

 Accurate calculation of R0 was required for calculation of interresidue distances from the 

determined EFRET. R0 was calculated using the equation: 

 
( )( ) ( )4226

0 12810ln9 nNJR AD πκ Φ=   (Eq. S8) 
 

Here, NA is Avogadro's number, κ2 is the dipole orientation factor, approximated at 2/3, ΦD is the 

quantum yield of the donor, J is the spectral overlap integral between the emission of the donor 

and the absorbance of the acceptor and n is the refractive index of the medium. The overlap integral 

of the donor fluorescence and acceptor absorbance spectra for each fluorophore pair was 

determined empirically from the absorbance and emission spectra of the free fluorophores in buffer 

through application of the integral: 

( ) ( )∫
∞

=
0

4 λλλελ dfJ AD   (Eq. S9) 

where fD(λ) is the normalized donor emission, εA(λ) is the molar extinction coefficient of the 

acceptor, at each wavelength (λ).  The normalized donor emission is given by: 

( ) ( )

( )∫
∞=

0

λλ

λλ
dF

Ff

D

D
D   (Eq. S10) 

where FD(λ) is the fluorescence emission spectrum of the donor dye. Following determination of 

R0 average distance values from the polymer scaled Förster equation (Eq. 2), using either Eq 3 or 
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Eq 4 to determine Pn(r,x)), along with the associated error and constraint weights for each 

constraining function, were determined in Wolfram Mathematica. 

( ) ( )( )∑ +=
r

nFRET RrxrPE 6
01,      (Eq. 2) 
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 Fluorescence measurements of labeled proteins have shown that the quantum yield is 

sensitive to the local environment, as well as TMAO concentration.  Therefore, changes in 

quantum yield must also be taken into account to effectively determine R0 via Eq. S8.  The quantum 

yield was calculated by fitting the emission spectrum of the free fluorophore in buffer, without 

TMAO, to the emission spectrum of each labeled analog at each concentration of TMAO, again 

using a linear least squared difference approach.   

( )∑ ×−
λ

2
DyeD ICI   (Eq. S11) 

The sum in Eq. S11 was minimized using the Excel solver function by adjusting the constant, C.  

Here, ID and IDye represent the sum of the fluorescence intensity over all wavelengths of the labeled 

protein and the free fluorophore, respectively.  The donor quantum yield is then defined as: 

0Φ×=Φ CD   (Eq. S12) 

where Φ0 is the quantum yield of the free fluorophore.  By using this empirically adjusted quantum 

yield in the calculation of R0, we effectively reduce inaccuracies in the determined 

interchromophore distance arising from changes in quantum yield.  Lastly, the distance of interest, 

R, is determined from the above variables as described in the main text.   

 Finally, error was propagated through the calculation of the interprobe distance. This was 

performed by determining the inverse function of Pn(r,x), here represented as F(EFRET), using 

Wolfram Mathematica as shown in Eq. S13.  
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( ) ( )xrPEF nFRET ,1−=   (Eq. S13) 

The error is then simply propagated following the determination of the partial derivative of       Pn
-

1(EFRET)  with respect to the EFRET variable as shown in Eq. S14. 

( )
FRET

FRET
EFRETDistance E

EF
SS

δ
δ

×=   (Eq. S14) 

Fitting Lifetime Data: Lifetime data were fit using PowerFit10 distributed by PTI. Each decay 

was fit to a single or double exponential decay where the time regime was selected to minimize 

the chi-squared values and the residuals. EFRET was determined from 1-(τDA/τD) where τDA and τD 

are the lifetimes for double-labeled and donor-only constructs respectively. For biexponential 

decays both the amplitude average and the intensity average lifetimes were used to calculate EFRET 

values for comparison to the EFRET values extracted from steady-state measurement.  

  



 S28

Steady-state Fluorescence Spectra and Fitting 
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FCS and AFM Characterization 

FCS Measurements: FCS measurements were done at 20°C on a lab-built instrument based on 

an Olympus IX71 microscope. A continuous emission 488 nm DPSS 50 mW laser (Spectra-

Physics, Santa Clara, CA) was adjusted to 4.5 µW power just prior to entering the microscope. 

Fluorescence was collected through the objective and separated from the excitation laser using a 

Z488rdc long pass dichroic and an HQ600/200m bandpass filter (Chroma, Bellows Falls, VT). 

Fluorescence was focused onto the aperture of a 50 µm optical fiber coupled to an avalanche 

photodiode (Perkin Elmer, Waltham, MA). 10 autocorrelation curves of 10 seconds each were 

taken using a digital correlator (Flex03Q-12, correlator.com, Bridgewater, NJ). Fitting was done 

using MATLAB (The MathWorks, Natick, MA). 

  Eight-well chambered coverglasses (Nunc, Rochester, NY) were cleaned by plasma 

treatment followed by incubation with polylysine-conjugated polyethylene glycol (PEG-PLL). 

PEG-PLL was prepared from a modified Pierce PEGylation protocol (Pierce, Rockford, IL). After 

overnight incubation with PEG-PLL, chambers were rinsed with Millipore water and stored until 

use for measurements. Measurements were done by first replacing the water with solutions of ~400 

µM wild type α-synuclein in each concentration of TMAO to prevent adsorption of labeled 

protein. 20 nM of Alexa Fluor 488 or labeled α-synuclein were added into a chamber, and each 

sample was mixed by pipetting immediately before measurement. The free dye measurements 

were used to obtain reference diffusion times.  

 The observed fluorescence fluctuations were autocorrelated and the raw autocorrelation 

data was fit to the equation: 
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N is the number of molecules in the focal volume, τ is the delay time, ταS is the time spent by the 

sample in the focal volume, and s represents the eccentricity of the confocal volume, and is fixed 

to 0.2. The diffusion time of the protein, ταS, is extracted from fit.  
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AFM Measurements: Three droplets of αS solution were incubated on the mica substrate for 5 

minutes. To remove the excess solution, the samples were blotted by Kimwipe, gently rinsed with 

2 mL Milli-Q water, and then dried using a weak nitrogen stream. During the sample preparation, 

the substrate was tilted 30-45° to prevent the solution from flowing backwards. The samples were 

imaged in tapping mode using a Keysight 5500 AFM instrument (Keysight Technologies) 

equipped with a closed-loop scanner. Rotated silicon probes with aluminum reflex coating 

(BudgetSensors, Tap-300G, resonance frequency ~300 kHz, tip radius <10 nm, force constant 40 

N/m) were used to record topographic, amplitude, and phase images with 512 x 512 pixel 

resolution. The AFM images were analyzed by Gwyddion package. A third-order polynomial was 

used to flatten the background for topographic images. The volumetric analyses of globular 

structures were performed using Gwyddion software. 
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Computational Modeling Procedures 

Semi-Empirical Probability Distribution: This simulation was run utilizing the same format as 

the 0 M TMAO unconstrained simulation where the score function at each step was replaced 

simply with a single repulsive van der Waals term. For the combined set of outputs, all segments 

which are spaced by the same number of residues in the primary sequence were fit to a normal 

distribution. From this an empirical relationship was constructed between the distance spanning 

any two parts of the protein and the average breadth, σ. 

PyRosetta Simulations: All simulations were performed in PyRosetta on the University of 

Pennsylvania School of Arts and Science General Purpose Cluster. The simulation format followed 

a basic simulated annealing procedure detailed in the general script attached. In short, the initial 

protein structure was randomized by sampling random backbone φ/ψ angles against a score 

function consisting solely of repulsive van der Waals energy terms while the protein was 

represented in the course-grained centroid model. Following randomization, constraints were 

applied with continued sampling of φ/ψ angles in centroid model while increasing the score 

function complexity from score0-score3 ending with the score3 function as well as long and short 

range hydrogen bonding terms (hbond_srbb and hbond_lrbb). Lastly, the protein representation 

was switched into full-atom and backbone torsion angles were sampled along with side-chain χ 

angles while the 'beta' score function was applied with the addition of constraints. Acceptance for 

a set of moves was determined as usual in a Monte Carlo simulation by comparing the sum of the 

score energy and constraint energy of the previous structure to the newly generated structure. The 

lowest energy structure generated from each of these steps was retained and used as the starting 

structure for the next simulation step. The final output structure as determined from the sum of the 

total 'beta' score function energy and the constraint energy.  

 Several different methods were employed in an attempt to capture the influence of TMAO 

on the protein structure in addition to applying constraints. Simulations were performed where the 

solvation term (fa_sol) was removed from the score function since solvation effects from TMAO 

introduction could not be accounted for directly. Moreover, fragment insertions was employed 

alongside φ/ψ angle sampling in an effort to incorporate the possible formation of significant 

secondary structure. Fragment libraries were prepared from the primary sequence of wild-type αS 

using Robetta, a protein prediction server which uses Rosetta software and was developed and 



 S71

supported by the Rosetta Commons and the Baker Lab (9). Modifications to the base method for 

each simulation for the 2 M TMAO data set are detailed with the reported results. 

 In order to produce a simulation which accurately represented the FRET data, each distance 

constraint was implemented with a "knowledge" weighting factor, γ. This knowledge weighting 

factor, γ, is inversely proportional to the standard deviation in the calculated distance, based on a 

given version of the polymer-scaled Förster equation.  
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 Constraints were applied using one of two functions based on the probability distribution 

functions used to interpret the FRET data. The Gaussian chain (Eq. 3) and normal distribution (Eq. 

4) functions were transformed into Eq. S18 and S19 respectively to generate potential energy 

functions termed the Gaussian chain constraint and the harmonic constraint functions respectively. 
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The additional term, a, in both equations represents the “thermodynamic” weighting factor of the 

constraints with respect to the Rosetta score function. The optimal thermodynamic weighting 

factor was determined empirically by running trial simulations with a set to values from 0.25-5. 

The breadth, σ for the harmonic restraints (Eq. S19) was determined from a relationship between 

the average distance and the normal distribution breadth derived from the simulated structures 

used to generate the semi-empirical constraints. The optimal weight (a) was determined to be 1, 
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since at that value constraints were satisfied but the resulting ensembles were not overconstrained 

so as to yield physically unreasonable conformations. For each interpretation of the data, both 

constraint functions were applied to determine the efficacy of the constraining method and the data 

interpretation. Simulations assessing the constraint weight and the method of constraining 

generated 120 outputs, where the lowest 100 structures were used in analysis due to the lack of 

differences in energy in the outputs. Final simulations of the Gaussian chain interpreted and 

Gaussian chain constrained data produced 1020 structures where the lowest 1000 were used for 

interpretation.  

Simulation Output Analysis: HydroPro was used to calculate the diffusion coefficients and radii 

of gyration. For analysis of 2 M simulated structures in HydroPro, the input viscosity was 

multiplied by the ratio of the 0 M:2 M diffusion times of AlexaFluor488. This effectively 

accounted for the increase in viscosity in 2 M versus 0 M TMAO. Following determination in 

HydroPro, the diffusion coefficient was converted for comparison with the diffusion coefficient 

determined from FCS using a previously published conversion equation detailed in Eq. S20, while 

the diffusion coefficient was determined from the measured diffusion time via Eq. S21 (10). 

08.1
582.0+

= oPrHydro
Calibrated

D
D   (Eq. S20) 

P

AF
AFP DD

τ
τ 488

488=   (Eq. S21) 

In these equations, DP, DAF488, DHydroPro and DCalibrated are the diffusion coefficients of the protein of 

interest, AlexaFluor488, as determined from literature, from HydroPro and the experimentally 

calibrated diffusion coefficient for comparison to DP respectively. Additionally, τAF488 and τP are 

the experimentally derived diffusion times of AlexaFluor488 and the protein of interest 

respectively.  

 All distances required for Flory scaling plots, heat maps and comparisons to experimental 

FRET data were extracted from C-alpha to C-alpha distances for each residue using Python or 

BioPython and all calculations were performed using NumPy. For EFRET determination, distance 

values from each member of a given ensemble were transformed into EFRET values using the 

classical Förster equation prior to averaging to capture the explicit distance probability distribution 
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of the ensemble. The same method was used to calculate comparisons to paramagnetic relaxation 

enhancement data, where distances were extracted from C-alpha to amide proton distance. 

Distances converted into intensity ratios as described by Piana et. al. and the intensity ratios were 

averaged to calculate the final values (11). 

Impact of the Thermodynamic Constraint Weight: Assessment of the thermodynamic 

constraint weight effects were assessed prior to application of the knowledge constraint weight. 

This was done in order to assess the maximum impact of the constraint set. Knowledge constraints 

applied to the full simulation were scaled to a maximum value determined by the thermodynamic 

constraint as shown in Eq. S18 and Eq. S19, which is why determination of the maximum impact 

of the constraint set was crucial. Experimentally constrained simulations were run as described 

below with the omission of side chain rotamer packing using constraints where the distances were 

determined by using the Gaussian chain version of the polymer scaled Förster equation and were 

applied using the Gaussian chain derived constraining function.  
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Constraints for Utilized each Constraining Method: 

0 M Gaussian-Chain Distance - Gaussian Chain Constraint 
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0 M Semi-Empirical Distance - Harmonic Constraint 
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0 M Gaussian Chain Distance - Harmonic Constraint 
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0 M Semi-Empirical Distance - Gaussian Chain Constraint 
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2 M Gaussian Chain Distance - Gaussian Chain Constraint 
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2 M Semi-Empirical Distance - Harmonic Constraint 
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2 M Gaussian Chain Distance - Harmonic Constraint 
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2 M Semi-Empirical Distance - Gaussian Chain Constraint 
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Assessment of the Constraint Functional Form and Sampling Method: Simulations were 

performed utilizing distances from the Gaussian chain (Eq. 3) and semi-empirical (Eq. 4) FRET 

distribution analyses in conjunction with either the Gaussian chain (Eq. S18) or harmonic (Eq. 

S19) constraints. This was done to assure that no bias was introduced by selecting a particular 

constraining method. No significant differences in the resulting ensembles were observed between 

simulations run with different constraint data or constraining functions when comparing the results 

in Flory-scaling plots (Fig. S54), or plots of computed EFRET values (Fig. S55-S56), diffusion 

coefficients (Fig. S57), or “heat maps” of global structural analyses (Fig. S58-S59). 
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Analysis of Simulated Structure Ensembles 
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Comparison of 0 M GC-GC Model to Literature Experiments and Simulations: 
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