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Materials and Methods

Synthesis and Structures of BC1 Analogs
BC1 and HT1, as well as their cysteine- and lysine-containing analogs, were synthesized using Fmoc/t-bu solid phase peptide synthesis (SPPS) procedures as previously reported. [1] The methyl ester of BC1 was prepared by reacting BC1 with 10 equivalents of 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU), 10 equivalents of 1-hydroxy-7-azabenzotriazole (HOAt) and 0.2 equivalents of 4-dimethylaminopyridine (DMAP) in methanol for 2 hours at room temperature. The resulting ester was then purified by RP-HPLC (see below). Linear variants of HT1 were synthesized using SPPS by attaching Fmoc-Gly-OH to the Rink amide, by first removing the 9-fluorenylmethoxycarbonyl (Fmoc) protecting group using a 20% solution of piperidine in dimethylformamide (DMF, 2 x 8 min). The resin was subsequently washed three times in DMF (3 x 5 min) prior to coupling the amino functionality of the resin to Fmoc-Gly-OH using 5 molar equivalents (relative to resin) of Fmoc-amino acid, 5 equivalents of (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP), 5 equivalents of hydroxybenzotriazole (HOBt) and 13 equivalents of diisopropylethylamine (DIEA) in DMF for 30 minutes at room temperature. The extent of coupling was monitored using the ninhydrin test, and couplings were repeated as necessary until no blue beads were observed. The resin was washed thoroughly with DMF (3 x 5 min) following all coupling and deprotection steps. Elongation of the linear chain continued until all amino acids of the HT1-linear sequence had been coupled. The N-terminus of Lin-Neut was acetylated by treating the Fmoc-deprotected, resin-bound peptide with a solution of 1:3:3 acetic anhydride:DIEA:DMF for 30 minutes. The side-chain protected peptide was subsequently washed in DMF, dichloromethane (DCM) and methanol prior to global deprotection and cleavage from the Rink resin in trifluoroacetic acid (TFA) solution. A cocktail consisting of 94:2.5:2.5:1 TFA:ethanedithiol (EDT):water:triisopropylsilane (TIS) was used in order to effectively scavenge reactive species liberated during side-chain deprotection. The cleavage reaction proceeded for 2 hours at room temperature. The resin was subsequently filtered using glass wool and washed several times with TFA. The TFA cocktail was concentrated in vacuo and the crude was re-dissolved in 50:50 water:acetonitrile (ACN) prior to purification by RP-HPLC. Peptides were purified on a Varian ProStar HPLC by gradient purification using a water/ACN solvent system containing 0.1% TFA. Preparative scale Vydac C8 columns were used for purification, and all peptides were purified to >95% as judged by analytical scale re-injections of purified products.

Following the synthesis and purification of these analogs, reactive cysteine-containing peptides were treated with 1.5 equivalents of BODIPY-FL maleimide (Life Technologies) and 0.1 equivalents of DIEA in DMF for 1 hour at room temperature. The resulting peptide:BODIPY-FL conjugate was subsequently purified by RP-HPLC. Peptides that were labeled with BODIPY-FL at the glutamate carboxyl position were treated with 1.5 equivalents of BODIPY-FL hydrazide, 2.5 equivalents of PyBOP, 2.5 equivalents of HOBt and 5 equivalents of DIEA in DMF for 1 hour at room temperature prior to purification of the labeled peptide by RP-HPLC. Peptides to be labeled at reactive amino positions were treated with 2.0 equivalents of BODIPY-FL C5 succinimidyl ester or fluorescein isothiocyanate (FITC) and 5 equivalents of DIEA in DMF for 12 hours at room temperature prior to HPLC purification. All peptide-fluorophore conjugates were purified to >95% purity as judged by analytical scale reinjections.


Multidimensional NMR Experiments

BC1 was synthesized as described previously using Fmoc/t-bu solid phase peptide synthesis with an orthogonal protecting group strategy. The sample was purified to >95% purity by RP-HPLC using a water/acetonitrile/0.1% TFA solvent system. Lyophilized BC1 was dissolved in 500 µL 9:1 H2O:d6-DMSO to yield a 0.76 mM solution. DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was added to a final concentration of 100µM to provide an internal reference standard, and the sample was titrated to a pH of 6.0 using aqueous NaOH. 

All experiments were conducted at 15o C. 2D TOCSY, NOESY, ROESY and 1H-13C HSQC experiments were conducted on a Bruker Avance 600 MHz spectrometer (Tufts University Department of Developmental, Molecular, and Chemical Biology, Boston, MA), and additional NOESY experiments were conducted on Bruker Avance 800 MHz spectrometer with a 5 mm TCI cryoprobe with z-axis pulsed magnetic field gradients (Brandeis University, Waltham, MA). For all 2D experiments, suppression of the water resonance was achieved using gradient suppression with selective irradiation at the o1 frequency of 2821 Hz (600 MHz spectrometer) or 3778 Hz (800 MHz spectrometer). TOCSY spectra were acquired with a spectral width of 7716 Hz in each dimension, a 1.3 s recycle delay and acquisition times of 266 ms and 33 ms along F2 and F1, respectively. A mixing time of 40 ms was used. Signal averaging of 36 scans resulted in a total acquisition time of 19 hours. 1H-13C HSQC spectra were collected with a spectral width of 7788 Hz along the F2 dimension and 11318 Hz along F1. A recycle delay of 1.3 s was used between successive scans, and acquisition times of 132 ms and 13 ms along F2 and F1, respectively. A total time of 8 hours was required for spectral collection due to signal averaging of 160 scans. NOESY spectra collected on the 600 MHz spectrometer were acquired with a spectral width of 7716 Hz, a recycle delay of 1.3 s and acquisition times of 133 ms and 26 ms along F2 and F1, respectively, with mixing applied for 500 ms. ROESY spectra were acquired with a spectral width of 7716 Hz, a recycle delay of 1.3 s and acquisition times of 266 ms and 26 ms along F2 and F1, respectively, with mixing applied for 500 ms. NOESY spectra acquired on the 800 MHz spectrometer were collected with a spectral width of 8012 Hz, a recycle delay of 2 s and acquisition times of 130 ms and 16 ms along F2 and F1, respectively, with mixing applied for 500 ms. In each experiment, a total of 128 scans were averaged, resulting in a total collection time of 24 hours.

All spectra were processed using the Topsin software package (Bruker). Processed spectra were imported into the CCPNMR program, which was used for making peak assignments and generating NOE-derived distance restraints. Molecular dynamics simulated annealing was performed in the CNSSolve software suite. 90 non-redundant distance restraints were used in simulated annealing from 10 random initial structures. Simulated annealing was executed using a high temperature annealing stage of 1,000 steps, followed by two slow-cool annealing stages, each of 2,000 steps. These were followed by a 10 cycles of a 200 step energy minimization phase. The resulting 10 lowest-energy structures were visualized using PyMOL. Calculated distance restraints are given in Supplementary Table S2 below. Molecular structures were visualized using PyMOL. All coordinate files are available upon request.



Analyzing the anti-proliferative effects of BC1 and BC1 variants
MDA-MB-453 cells were seeded in a 96-well tissue culture-treated microtiter plate at 104 cells/ml and treated with the indicated concentrations of peptides in complete (FBS-supplemented Leibovitz L-15) media. Control cells were incubated with complete media only. Incubations lasted for 4 days, with one media change after 48 hours. Cells were subsequently washed twice in PBS and treated with Cell Titer-glo reagent (Promega) to measure viability. Results are shown normalized to the viability of untreated control cells.

Fluorometric Analysis of Cell Penetration
MDA-MB-453 cells were seeded in a black, tissue culture-treated 96-well plate at 104 cells per well and washed twice with PBS to remove media. Cells were then incubated with PBS containing dye-labeled peptide at various concentrations for 1 hr at 37 deg C. Following the incubation, cells were washed twice with PBS and subsequently lysed in PBS containing 1% Triton X-100 for 30 min at room temperature. Fluorescence intensity was then measured at 535 nm using a Tecan Infinite F200 Pro plate reader.

Confocal Fluorescence Microscopy
MDA-MB-453 cells were seeded in a black, tissue culture-treated 24 well glass-bottom (#1.5 cover glass) titer plate at 105 cells per well and are grown to approximately 95% confluence in FBS-supplemented Leibovitz L15 media (ATCC). Cells were washed twice with PBS and were incubated with 10 µM dye-labeled peptide in PBS for 1 hr at 37o C or 4o C. Following the incubation, cells were washed twice with and resuspended in PBS prior to imaging by confocal microscopy using a 63x water immersion lens (Leica Microsystems TCS SP2). For dynamin-inhibition experiments, cells were pre-incubated with 80 µM dynasore (Sigma-Aldrich) for 30 min at 37o C followed by the addition of dye-labeled peptide to a final concentration of 10 µM. Cells were subsequently incubated with peptide in the presence of dynasore for 1 hr at 370 C prior to washing with PBS and imaging by confocal microscopy. 



Molecular dynamics simulations of BC1 in explicit water

The molecular dynamics (MD) simulation was performed using the Gromacs 4.6.1 suite of programs [2] in conjunction with the OPLS/AA force field [3] and TIP4P water model [4].  The NMR structure was used as the starting structure for the MD simulation.  To maintain the NMR structure, all the heavy atoms in the peptide were restrained by a harmonic potential during the entire study. Following energy minimization in vacuum, the peptide was solvated with a cubic box containing 2289 water molecules. The dimension of the water box was chosen such that the minimum distance between any atom of the peptide and the box walls is 1.0 nm. One Na+ ion was also added to neutralize the system. The resulting system was further optimized by steepest descent algorithm to remove unphysical contacts.  Before the production simulation, the solvated and minimized structure was heated gradually in an isobaric-isothermal (NPT) ensemble to the target temperature of 300K within 500 ps to adjust the volume of the system. 

The production simulation was run in the NPT ensemble at a temperature of 300K and a pressure of 1 bar. The temperature was maintained using the v-rescale thermostat [5] with a coupling time constant of 0.1 ps. The pressure was regulated using an isotropic Parrinello-Rahman barostat [6] with a coupling time of 2.0 ps and a compressibility of 4.5×10−5 bar−1. All bonds were constrained with the LINCS algorithm [7]. A 2 fs time step with the leap-frog algorithm was used to evolve the dynamics of the system. The non-bonded interactions (Lennard-Jones and electrostatic) were truncated at 0.9 nm. Long-range electrostatic interactions beyond the cut-off distance were calculated using the Particle Mesh Ewald summation method [8] with a Fourier spacing of 0.15 nm and an interpolation order of 4. A long-range analytic dispersion correction was applied to both the energy and pressure to account for the truncation of Lennard-Jones interactions [9]. The production run was performed for 102 ns with a data collection frequency of 10 ps. Only the last 100 ns simulations were used for further analysis.



Supplementary Results

Anti-proliferative effects of BC1 and analogs

BC1 and its analogs are inhibitors of the SH2 domain of Grb2, an intracellular adaptor protein that potentiates cell growth and proliferation via the Ras/Raf/MAPK pathway. Grb2 is over-expressed in human epithelial breast cancer cells, and the inhibition of the Grb2-SH2 domain in whole cancer cells has been shown to halt cell division. The MDA-MB-453 breast cancer line is a model system for probing the effects of Grb2-SH2 inhibitors in vitro.[10] The anti-proliferative effects of BC1 and its monocyclic precursors, as well as its methyl ester (Supplementary Figure S2), were tested over the course of a 4-day experiment, but no definite anti-proliferative effects were observed at concentrations between up to 30 M.

[image: ]
Supplementary Figure S1. Anti-proliferative effects of BC1 and analogs as measured in MDA-MB-453 mammalian breast cancer cell line. Viability is expressed as a fraction of control (untreated) cells following incubation with the indicated concentrations of peptide.
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Supplementary Figure S2. Structures of BC1, HT1 and Lin analogs. R1, R2 and R3 represent the adducts of carboxyl, thiol and amino functionalities, respectively, with suitable reactive BODIPY-FL dyes.  R4 denotes a fluorescein adduct. Cys-TAT (CGRKKRRQRRR) was labeled with BODIPY-maleimide (R2) to yield a fluorescently-labeled TAT peptide.
Serum stabilities of BC1, HT1, and linear HT1
In order to be certain of the structural integrity of the bicyclic, cyclic and linear scaffolds to be analyzed in cellular uptake assays, we determined the stability of these peptides in buffered human serum. These peptides do not come into direct contact with serum during the cellular uptake experiments, as cells were washed with PBS prior to and following incubation with fluorescently-labeled peptides. Still, we explicitly tested the stability of these scaffolds to judge their rates of degradation over the time course of the incubation.  Stability in buffered human serum was analyzed as previously described [1]. Briefly, peptides were incubated in 90% human type AB serum (Sigma-Aldrich), 10% PBS for 1 hour at 37⁰ C at a concentration of 0.9 mg/mL. Following 1 hour, the reactions were quenched by the addition of ice-cold methanol. Precipitated serum proteins were pelleted by centrifugation and the supernatant was analyzed by HPLC.
[image: ]
Supplementary Figure S3. Serum stability of BC1, HT1 and linear analog. Peptides were incubated with human serum buffered at pH = 7.2 for 1 hour at 37⁰ C and the percentage of each peptide remaining was quantitated by analytical HPLC. Error bars represent standard deviations from three independent trials. Asterisks indicate data that is reproduced from prior published work [1]. 




Cellular uptake of alternatively-labeled BC1 analogs

In order to control for the effects of fluorophore identity and position on the peptide, a series of BC1-fluorophore conjugates were synthesized by attaching fluorescein and BODIPY-FL dye at alternative sites (Supplementary Figure S2). Similar fluorescence patterns were observed for cells treated with each of these peptides, supporting that peptide internalization is not solely dependent on the location or the structural properties of the fluorophore. 

[image: ]
Supplementary Figure S4. Uptake of alternatively-labeled BC1 analogs by MDA-MB-453 cells as judged by fluorescence microscopy. Images above are Z-stacked images with background light subtraction taken on a fluorescence microscope at 20x objective magnification (Olympus).


Confocal Fluorescence Micrograph Analysis
In order to quantitate the fluorescence patterns observed by confocal microscopy, the resulting micrographs were quantitated with respect to total, background-corrected cell fluorescence (Figure 3A).  We also performed plot profile analysis (Supplementary Figure S5-S7). Background subtraction of individual cells within images from each condition tested resulted in a clear correlation between structural rigidification and cellular uptake at 370 C in the presence and absence of dynasore, as judged by corrected total cellular fluorescence (Figure 3A). For profile analysis, individual representative cells were selected from each micrograph of MDA-MB-453 cells incubated with peptide at 370 C in the presence and absence of dynasore. Using the ImageJ software package, linear rays were constructed that extended through the center of each cell, and gray value distributions were calculated along these lines. All bicyclic and cyclic peptides exhibit fluorescence intensity maxima in between the endpoints of the linear paths, with overall intensities well above background, indicating some endosomal escape was occurring.  By contrast, the linear variants display little fluorescence in these regions (Supplementary Figure S5-S7).  These data further support the conclusion that unstructured, linear peptides may be able to bind the exterior of the cell, but are not internalized, while BC1 and its cyclic and bicyclic variants are capable of being internalized.
[image: ]
Supplementary Figure S5. Fluorescence intensity distributions across individual cells within confocal fluorescence microscopy images of cells incubated with 10 M dye-labeled peptide at 370 C. Linear FI distributions were computed along a ray extending through the center of each cell using the ImageJ software suite.[11] The fluorescence profiles of 5 randomly selected cells are overlayed for each peptide.



[image: ]
Supplementary Figure S6. Fluorescence intensity distributions across individual cells within confocal fluorescence microscopy images of cells incubated with peptide at 370 C in the presence of 80 M dynasore. Linear FI distributions were computed along a ray extending through the center of a cell using the ImageJ software suite. The fluorescence profiles of 5 randomly selected cells are overlayed for each peptide.

Treatment of cells with dynasore resulted in the observation of increased punctate fluorescence for Tat-Bdy, and the observation of increased fluorescence localized to the cell surface for most of the bicyclic and cyclic scaffolds (Figure 2). Direct comparison of the fluorescence distribution profiles of cells treated with dye-labeled peptide in the presence and absence of dynasore helps to highlight these differences (Supplementary Figure S7). The FI profiles of BC1-Neut and HT1-Neut exhibit local maxima near the endpoints of the cell upon treatment with dynasore, while the highest fluorescence intensity values of cells not treated with dynasore occur in the interior of a linear path across the cell. This same trend is observed for BC3-Neut, while comparison of the FI profiles of Tat-Bdy reveals a largely similar distribution in the presence and absence of the dynamin inhibitor. Together, these data provide evidence for an energy-dependent, endocytic mechanism of internalization for the cyclic and bicyclic scaffolds. 
[image: ]
Supplementary Figure S7. Comparison of representative fluorescence intensity distributions of individual cells from confocal fluorescence micrographs recorded from cells incubated with 10 M dye-labeled peptide in the absence (blue) and presence (green) of dynasore.



[bookmark: _GoBack][image: ]The results of the background-subtracted total cell fluorescence analysis (Figure 3A) reflect the trends observed from direct fluorometric analysis of cell lysates (Figure 3B).  Along with the fluorescence distribution profiles shown above, these data collectively provide several lines of evidence that support the conclusion that the cyclic and bicyclic scaffolds are internalized by cells. For completeness, the direct fluorometry data presented in Figure 3B is reproduced in Supplementary Figure S8 below, but with a narrower y-axis in order to more clearly show fluorescence intensity at lower peptide concentrations.

Supplementary Figure S8. Quantification of cellular uptake by direct fluorometric analysis of cell lysates following incubation with the indicated concentration of dye-labeled peptide at 370 C for 1 hour. These are the same data shown in Figure 3B, plotted on a narrower y-axis in order to more clearly show fluorescence intensity values associated with lower peptide concentrations. 



NMR Structural Model of BC1

Supplementary Table S1.  1H chemical shifts for BC1 in 90% H2O:10% d6-DMSO.
	BC1
	NH
	HA
	HB
	HG
	HD
	HE
	HZ

	Glu1
	8.02
	4.09
	1.85/1.95
	2.23/2.17
	
	
	

	Leu2
	8.09
	4.31
	1.38/1.41
	1.31
	0.77/0.82
	
	

	Tyr3
	8.24
	4.91
	2.88/3.08
	
	7.18
	6.85
	

	Pro4
	
	4.34
	2.02/2.30
	1.91
	3.75
	
	

	Asn5
	8.89
	4.51
	2.87/2.94
	
	
	
	

	Asp6
	7.95
	4.82
	2.59/2.69
	
	
	
	

	Gly7
	8.37
	3.77/4.12
	
	
	
	
	

	Met8
	8.63
	4.68
	2.06/1.99
	2.51
	
	2.25
	

	Lys9
	8.41
	4.46
	1.82/1.70
	1.31/1.69
	1.04/1.51
	2.85/3.33
	7.52

	Gly10
	8.4
	3.71/4.31
	
	
	
	
	

	Ala11
	8.75
	4.30
	1.40
	
	
	
	



Secondary chemical shifts are defined as the typical value for that chemical shift in a random coil peptide, minus the observed chemical shift.  Large secondary chemical shifts for NH and Hα protons are indicative of a well-ordered backbone structure. Some of the largest NH secondary chemical shifts were observed for the Glu1 and Ala11 residues, suggesting that the local structure at this site is particularly rigid and atypical. Molecular dynamics simulations of BC1 in explicit solvent revealed that these NH protons are part of a high-occupancy water-binding pocket, which would explain the observed secondary chemical shifts. The diastereotopic Hα protons of Gly10 exhibit secondary chemical shifts of opposite sign, indicating that these atoms experience very distinct electronic environments. Molecular dynamics simulations showed the backbone NH of Gly10 contributes to an adjacent water-binding site, consistent with the high degree of order of this region. Taken together, these large secondary chemical shifts provide direct evidence for well-defined structure, and support the hypothesis that the peptide backbone forms distinct water-binding pockets.


[image: ]


Supplementary Figure S9. Secondary chemical shifts of NH and Hα protons in BC1. The secondary chemical shift was defined as the difference between the chemical shift of a specific proton in BC1 and the chemical shift of the same proton in the context of a random coil peptide, RC – BC1. Temperature-adjusted, sequence-corrected random coil chemical shifts were calculated using the method of Kjaergaard, et. al.[12]. *Pro NH secondary chemical shift calculated as 0.0 ppm.



Supplementary Table S2. NOE-derived distance constraints for BC1. A total of 73 distance constraints were generated from the 2D NOESY experiment performed on the 600 MHz spectrometer, and 17 unique, additional constraints were generated from the same experiment performed on the 800 MHz spectrometer. Resonance nomenclature is as follows: Residue number, residue name, proton designation, followed by “a” or “b” for diastereotopic methylene protons or magnetically inequivalent aromatic protons. Ambiguous protons are denoted with an asterisk. Residues are numbered 1 through 11 in the order Glu-Leu-Tyr-Pro-Asp-Gly-Met-Lys-Gly-Ala. 
	Restraint
	Resonances
	Value (Ang)
	Upper Limit
	Lower Limit
	Difference
	Mean Violation
	Fraction of structures violated

	1
	6AspH-7GlyH
	3.020
	3.624
	2.416
	1.208
	0.051
	1

	2
	2LeuHda*-3TyrHa
	3.631
	4.357
	2.905
	1.452
	0.062
	1

	3
	8MetHa-10GlyH
	2.761
	3.313
	2.209
	1.104
	0.071
	1

	4
	2LeuHa-2LeuHba
	3.297
	3.957
	2.638
	1.319
	0.096
	1

	5
	1GluH-2LeuHa
	2.907
	3.489
	2.326
	1.163
	0.221
	1

	6
	10GlyHab-11AlaH
	2.704
	3.245
	2.163
	1.082
	0.232
	1

	7
	4ProHa-4ProHbb
	3.291
	3.949
	2.633
	1.316
	0.266
	1

	8
	4ProHa-5AsnH
	2.559
	3.071
	2.047
	1.024
	0.281
	1

	9
	4ProHga-5AsnH
	3.652
	4.382
	2.922
	1.461
	0.051
	0.967

	10
	2LeuHdb*-3TyrHa
	3.918
	4.702
	3.134
	1.567
	0.071
	0.967

	11
	1GluH-10GlyHab
	3.411
	4.093
	2.729
	1.364
	0.877
	0.967

	12
	3TyrHbb-3TyrHa
	3.202
	3.842
	2.561
	1.281
	0.071
	0.9

	13
	10GlyHaa-11AlaH
	2.931
	3.518
	2.345
	1.173
	0.105
	0.867

	14
	6AspHba-9LysHz*
	2.917
	3.501
	2.334
	1.167
	0.060
	0.767

	15
	9LysHdb-9LysHea
	3.225
	3.870
	2.580
	1.290
	0.264
	0.733

	16
	3TyrHe*-9LysHgb
	3.787
	4.544
	3.029
	1.515
	0.012
	0.633

	17
	8MetH-7GlyHab
	2.755
	3.306
	2.204
	1.102
	0.020
	0.567

	18
	4ProHba-4ProHda
	2.870
	3.444
	2.296
	1.148
	0.030
	0.5

	19
	3TyrHd*-1GluHba
	3.410
	4.093
	2.728
	1.364
	0.009
	0.467

	20
	9LysHda-9LysHgb
	3.576
	4.291
	2.860
	1.430
	0.083
	0.467

	21
	9LysHz*-9LysHga
	3.306
	3.967
	2.645
	1.322
	0.055
	0.367

	22
	9LysHz*-9LysHda
	3.289
	3.947
	2.631
	1.316
	0.035
	0.3

	23
	6AspHbb-9LysHz*
	2.876
	3.451
	2.301
	1.150
	0.059
	0.3

	24
	9LysH-9LysHga
	3.194
	3.833
	2.555
	1.278
	0.023
	0.267

	25
	5AsnH-5AsnHbb
	3.686
	4.424
	2.949
	1.475
	0.095
	0.267

	26
	9LysHz*-9LysHeb
	3.234
	3.881
	2.587
	1.294
	0.100
	0.267

	27
	3TyrHa-3TyrHd*
	2.981
	3.577
	2.384
	1.192
	0.020
	0.233

	28
	11AlaHa-1GluHba
	3.980
	4.776
	3.184
	1.592
	0.015
	0.133

	29
	9LysHba-9LysH
	3.223
	3.868
	2.579
	1.289
	0.130
	0.133

	30
	6AspHbb-7GlyH
	3.318
	3.982
	2.655
	1.327
	0.004
	0.1

	31
	3TyrHe*-1GluHba
	3.179
	3.815
	2.543
	1.272
	0.010
	0.1

	32
	5AsnHa-5AsnHba
	3.285
	3.942
	2.628
	1.314
	0.040
	0.1

	33
	3TyrHd*-9LysHgb
	3.871
	4.645
	3.097
	1.548
	0.005
	0.067

	34
	8MetH-7GlyH
	3.449
	4.139
	2.759
	1.380
	0.008
	0.067

	35
	8MetHba-8MetH
	2.907
	3.488
	2.326
	1.163
	0.008
	0.067

	36
	2LeuHg-3TyrHd*
	3.417
	4.100
	2.734
	1.367
	0.015
	0.067

	37
	6AspH-5AsnH
	3.050
	3.660
	2.440
	1.220
	0.021
	0.067

	38
	2LeuHdb*-3TyrHe*
	4.422
	5.306
	3.537
	1.769
	0.060
	0.067

	39
	3TyrHba-3TyrH
	3.109
	3.730
	2.487
	1.243
	0.106
	0.067

	40
	3TyrHe*-1GluHbb
	3.627
	4.352
	2.901
	1.451
	0.004
	0.033

	41
	3TyrHd*-1GluHbb
	4.706
	5.647
	3.765
	1.882
	0.007
	0.033

	42
	2LeuH-2LeuHg
	3.074
	3.689
	2.460
	1.230
	0.045
	0.033

	43
	2LeuHa-3TyrH
	2.633
	3.159
	2.106
	1.053
	0.233
	0.033

	44
	6AspH-6AspHba
	3.223
	3.868
	2.579
	1.289
	None
	None

	45
	10GlyH-10GlyHaa
	2.714
	3.257
	2.171
	1.086
	None
	None

	46
	9LysHz*-9LysHdb
	3.606
	4.327
	2.885
	1.442
	None
	None

	47
	8MetH-7GlyHaa
	3.048
	3.658
	2.439
	1.219
	None
	None

	48
	3TyrHe*-2LeuHg
	3.963
	4.755
	3.170
	1.585
	None
	None

	49
	3TyrHba-3TyrHa
	3.576
	4.292
	2.861
	1.431
	None
	None

	50
	6AspH-6AspHbb
	3.106
	3.727
	2.485
	1.242
	None
	None

	51
	5AsnH-5AsnHba
	3.427
	4.112
	2.741
	1.371
	None
	None

	52
	3TyrHa-3TyrH
	3.220
	3.864
	2.576
	1.288
	None
	None

	53
	3TyrHa-4ProHda
	2.562
	3.074
	2.049
	1.025
	None
	None

	54
	3TyrHba-4ProHda
	3.830
	4.595
	3.064
	1.532
	None
	None

	55
	11AlaHa-11AlaH
	3.202
	3.843
	2.562
	1.281
	None
	None

	56
	9LysHba-9LysHga
	3.169
	3.803
	2.535
	1.268
	None
	None

	57
	1GluH-11AlaHb*
	3.277
	3.932
	2.621
	1.311
	None
	None

	58
	5AsnHa-5AsnHbb
	3.177
	3.813
	2.542
	1.271
	None
	None

	59
	9LysHea-9LysHga
	3.534
	4.241
	2.827
	1.414
	None
	None

	60
	8MetHa-8MetH
	3.055
	3.665
	2.444
	1.222
	None
	None

	61
	4ProHga-4ProHda
	3.594
	4.313
	2.876
	1.438
	None
	None

	62
	3TyrHbb-4ProHda
	3.480
	4.176
	2.784
	1.392
	None
	None

	63
	9LysHda-9LysHea
	3.310
	3.972
	2.648
	1.324
	None
	None

	64
	3TyrHba-4ProHda
	3.918
	4.702
	3.134
	1.567
	None
	None

	65
	7GlyHab-7GlyH
	2.909
	3.490
	2.327
	1.163
	None
	None

	66
	9LysHz*-9LysHea
	2.870
	3.445
	2.296
	1.148
	None
	None

	67
	3TyrHbb-4ProHda
	3.463
	4.156
	2.770
	1.385
	None
	None

	68
	3TyrHbb-3TyrHd*
	2.793
	3.352
	2.235
	1.117
	None
	None

	69
	1GluH-11AlaH
	2.935
	3.522
	2.348
	1.174
	None
	None

	70
	6AspH-5AsnH
	3.098
	3.718
	2.478
	1.239
	None
	None

	71
	2LeuH-2LeuHa
	2.529
	3.034
	2.023
	1.011
	None
	None

	72
	7GlyHaa-7GlyH
	2.888
	3.466
	2.310
	1.155
	None
	None

	73
	2LeuHdb*-3TyrHd*
	5.053
	6.063
	4.042
	2.021
	None
	None

	74
	5AsnHa-6AspH
	3.250
	3.899
	2.600
	1.300
	None
	None

	75
	1GluH-1GluHba
	3.431
	4.118
	2.745
	1.373
	None
	None

	76
	9LysHeb-9LysHga
	3.477
	4.173
	2.782
	1.391
	None
	None

	77
	9LysHdb-9LysHga
	2.802
	3.362
	2.242
	1.121
	None
	None

	78
	3TyrHba-3TyrHd*
	2.717
	3.260
	2.173
	1.087
	None
	None

	79
	6AspHa-7GlyH
	3.077
	3.693
	2.462
	1.231
	None
	None

	80
	2LeuHa-2LeuHdb*
	3.501
	4.201
	2.800
	1.400
	None
	None

	81
	4ProHbb-4ProHda
	3.638
	4.366
	2.910
	1.455
	None
	None

	82
	1GluH-1GluHbb
	3.200
	3.840
	2.560
	1.280
	None
	None

	83
	9LysH-9LysHa
	2.667
	3.200
	2.133
	1.067
	None
	None

	84
	1GluH-11AlaH
	3.054
	3.665
	2.443
	1.222
	None
	None

	85
	2LeuHa-2LeuHda*
	3.432
	4.119
	2.746
	1.373
	None
	None

	86
	3TyrHd*-3TyrH
	3.375
	4.050
	2.700
	1.350
	None
	None

	87
	11AlaHb*-11AlaH
	2.851
	3.422
	2.281
	1.141
	None
	None

	88
	4ProHbb-5AsnH
	3.833
	4.599
	3.066
	1.533
	None
	None

	89
	5AsnHa-5AsnH
	2.676
	3.211
	2.141
	1.070
	None
	None

	90
	9LysHba-9LysHda
	3.524
	4.229
	2.819
	1.410
	None
	None



[image: ]

Supplementary Figure S10. Select medium- and long-range NOE’s observed in BC1. Spectra were recorded for 24 hours at 15⁰ C on a 600 MHz and 800 MHz Bruker Avance spectrometer (see above for experimental details). 


Supplementary Table S3. NMR structural data and refinement statistics.
	
	BC1
	

	Experimental restraints
	
	

	   Total distance restraints from NOEs
   Dihedral restraints
NOE classes
	90
0

	

	   Intra-residue
	49
	

	   Sequential 
   Medium-range
   Long-range 
	27
7
7
	

	Total no. of experimental restraints
	90
	

	Restraint violations
	
	

	   > 0.5 Aͦ
	0
	

	   > 0.3 Aͦ
   > 0.1 Aͦ
   ≤ 0.1 Aͦ
	15
62
703
	

	Rms deviations from ideal stereochemistry
	
	

	   Bonds (Å)
	0.0065  0.00032
	

	   Angles (deg)
	0.6286  0.0186
	

	   Impropers (deg)
	0.4464  0.0356
	

	Ramachandran analysis of structures
	
	

	   Residues in most favored regions
	17.8%
	

	   Residues in additionally allowed regions
   Residues in generously allowed regions
	33.9%
27.8%
	

	   Residues in disallowed regions
	20.6%
	

	Coordinate precision (Å)
	
	

	   Backbone
	0.316  0.1673
	

	   All heavy atoms
	0.785  0.2341
	



In addition to observing using NOE cross peaks to derive inter-proton distance constraints, NOESY and ROESY spectra also provided direct evidence of the presence of discrete, bound water molecules at the surface of BC1. The occurrence of individual water molecules that persist at the surface of biomolecules has been observed in the case of large, globular proteins [13], but is rare for smaller peptides. We further analyzed the results of NOESY and ROESY experiments by looking for cross-peaks between BC1 protons and the water resonance at 4.87 ppm. Distinct peptide-water cross-peaks in NOESY and ROESY spectra arise from a transfer of magnetization between peptide protons and solvent protons due to one of two phenomena:  (1) rapid chemical exchange between labile peptide protons and bulk solvent, or (2) a direct NOE between a peptide proton and the proton of a long-lasting water molecule. In general, NOESY experiments are unable to distinguish between a direct NOE and an exchange-mediated magnetization transfer for a solute proton that is subject to chemical exchange. ROESY spectra, however, are capable of differentiating between a direct NOE and a chemical exchange-mediated relay of magnetization: chemical exchange gives rise to ROESY cross-peaks of the same sign (+) as the diagonal cross-peaks, while peaks that arise from a direct NOE are of the opposite sign (-) [13,14]. Analysis of the NOESY and ROESY spectra of BC1 revealed cross peaks between water protons and peptide protons that are implicated in water-binding sites on the peptide surface. Regions of the NOESY and ROESY spectra containing these cross-peaks are shown in Supplementary Figure S11 (next page).
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Supplementary Figure S11. NOESY and ROESY experiments provide direct evidence of discrete, bound water molecules at the surface of BC1. Top: Aromatic and amide proton region (6.5 – 8.5 ppm) and aliphatic proton region (1 – 3.5 ppm) of NOESY spectrum of BC1. The solvent line (4.87 ppm) is highlighted in black. Cross-peaks corresponding to aliphatic and aromatic protons provide direct evidence of distinct, spatially proximal water molecules that persist at the peptide surface. Middle: Relevant regions of the ROESY spectrum of BC1. Since these cross peaks are of opposite sign (negative, shown in red) relative to diagonal cross-peaks (positive, shown in blue), these peaks are the direct result of NOE transfer of magnetization between peptide protons and distinct solvent protons. Bottom: Section of ROESY spectrum showing the difference between negative cross-peaks along the water line (4.87 ppm) and positive cross-peaks along the diagonal.
Fluorescence Polarization Competitive Binding Assays
In order to validate the proposed structural model for BC1-Grb2 binding, bicyclic variants of BC1 were synthesized with small alterations to the putative phosphotyrosine-mimicking region. Specifically, Glu1 was substituted with Asp, and in a second peptide, Tyr3 was substituted with Phe. We used a previously described fluorescence polarization assay to monitor the ability of these peptides to displace a fluorescently-labeled, phosphotyrosine-containing peptide from purified, recombinant Grb-SH2 domain [1]. These variants exhibited little affinity for the Grb2-SH2 domain in this assay, providing evidence for the importance of the chemical functionality and the relative orientations of Glu1 and Tyr3 within BC1.  This supports the proposed binding model (Figure 4D). 

[image: ]

Supplementary Figure S12. Variants of BC1 to test the importance of the Glu1-Tyr3 interaction in mimicking pTyr. Left: Structure of BC1. Residues that bind the Grb2-SH2 domain in the proposed structural model are shown in blue. Middle: Variant of BC1 that substitutes Glu1 with Asp. Right: Variant of BC1 that substitutes Tyr3 with Phe.

[image: ]
Supplementary Figure S13. Fluorescence polarization competitive binding assay data for BC1 variants containing substitutions at key residues within the putative phosphotyrosine-mimicking motif. Competition assay was carried out as previously described [1].

Molecular Dynamics Simulations
To evaluate the solvent-peptide interactions, we calculated the density of water molecules within 3 Å of the peptide. Three bound water molecules are identified and located in the shallow pockets formed by the peptide backbone atoms (water W1, W2, and W3 in Supplementary Figure S14). All these bound water molecules are partially buried and are accessible to the solvent. The residence times are ~1400 ps, ~60 ps, and ~60 ps for water W1, W2 and W3 respectively. One measure of the bound water stability is the occupancy of the binding pocket.  In this study, the occupancy of a pocket was calculated based on the minimal distances of the solvent molecules to the center of the pocket.  The center of each pocket was defined based on the oxygen atom of the water that occupies the pocket in a typical conformation with all three binding pockets hydrated (Supplementary Figure S14). A pocket was considered occupied if the minimal distance was smaller than 1.2 Å. The occupancies for W1, W2 and W3 were 0.99, 0.70 and 0.34 respectively. The free energy differences (occupied relative to empty) calculated from the equation –kT ln(occup/(1-occup)) were -2.74 kcal/mol for W1, -0.51 kcal/mol for W2 and 0.40 kcal/mol for W3. 

[image: ]

Supplementary Figure S14. NMR structure of the BC1 peptide and the three bound water molecules identified from the MD simulation. Fractional hydrogen-bond occupancies are shown in red.

For insight into the interaction patterns between the bound water molecules and the peptide, a hydrogen-bond analysis was performed. We used the geometric definition of a hydrogen bond:  donor-acceptor distance is less than 3.5 Å and the angle between the donor-hydrogen vector and acceptor-hydrogen vector is between 150° and 180°. W1 typically formed two hydrogen bonds with the Glu1 and Tyr3 amide protons, and the fractions of the simulation during which these two hydrogen bonds exist are 0.78 and 0.47 respectively. Although W2 formed only one hydrogen bond to the Tyr3 carbonyl oxygen with a relatively small fractional time of 0.40, W2 at this position was stabilized by hydrogen bonding with W1.  The fractional time for the hydrogen bond between W1 and W2 was 0.82. In its binding pocket, W3 could make hydrogen bonds with several partners. However, the fractional times for all these hydrogen bonds were small. This observation is consistent with the lower occupancy and positive free energy difference for W3. For completeness, fractional hydrogen bond residence times for all polar atoms in BC1 with explicit water molecules are outlined in Supplementary Figure S15 below.

[image: ]

Supplementary Figure S15. Fractional time for hydrogen bonds to water molecules for all the polar atoms in BC1.


Additional Information
Supplementary Table S4. Calculated and observed molecular weights for peptides and derivatives. 
[M-F] species are commonly observed for BODIPY-labeled biomolecules. [15,16]
	Peptide
	Calculated MW
	Observed m/z
	Species

	BC1
	1158.8
	1157.3
	[M-H]

	BC1-OMe
	1172.8
	1173.2
	[M+H]

	HT1
	1195.4
	1194.7
	[M-H]

	BC1-Neg
	1544.4
	1524.1
	[M-F]

	BC1-Neut
	1446.4
	1427.6
	[M-F]

	HT1-Neut
	1483.5
	1463.8
	[M-F]

	Lin-Neut
	1557.4
	1538.5
	[M-F]

	Lin-Neg
	1514.5
	1512.2
	[M-H]

	BC3-Neut
	1464.3
	1444.7
	[M-F]

	BC1-FLU
	1544.6
	1546.2
	[M+H]

	BC1-Ala-C-Bdy
	1604.6
	1602.0
	[M-H]

	BC1-Gly-C-Bdy
	1618.6
	1616.5
	[M-H]

	TAT-Bdy
	2078.1
	2077.3
	[M-H]
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