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SUPPORTING INFORMATION

1. Molecular Dynamics Parameters

The center of mass of the protein (Xy) was constrained to a point (Xp) by subjecting each
protein atom (i) to a force Fm,; = —kun(Xwm — Xo)mi/M, where m; is the atomic mass, M is the
total mass of the protein, and &y = 10" kcal-mol™-A™. To hold the water molecules in a
sphere with radius R around X, force Frj = —kzD; was applied to each water O atom j for
which D; > R, where D; = | Dj |, Dj = X — Xy, X; is the position of j, and kz = 25
kcal-mol™-A. The total angular momentum of the water (Lw) was held to zero by
subjecting each water atom j (including hydrogens) to a force Fy j = —k;m;LwXvj, where v; is
the velocity of atom j, k; = 5%10 kcal-mol™-(Da-A*-fs™') >,

Tables S1 and S2 give the parameters used for stretching and bending of the bonds of 3-
methylindole and tryptophan in the ground and excited singlet ('L,) states.



Table S1. Bond-stretching Parameters.

S2

Bond Ground State "L,
atom i atom j by ® 7,© by® 7#©
CG CD1 1.344 474.7 1.428 375.9
CG CD2 1.451 356.6 1.400 403.8
CD1 NE1 1.377 430.5 1.354 455.1
NE1 CE2 1.391 413.9 1.416 391.2
CE2 CZ2 1.400 403.8 1.377 430.5
CE2 CD2 1.382 424.4 1.414 389.2
Cz2 CH2 1.399 404.9 1.502 325.9
CH2 CZ3 1.386 419.7 1.364 447.1
CZ3 CE3 1.397 407.1 1.423 380.5
CE3 CD2 1.412 391.2 1.462 348.6
NEI HE 0.980 @ 434,09 1.000 434.0
Ccz2 HZ1 1.000 @ 340.0 @ 0.980 340.0
CE3 HE2 1.000 @ 340.0 @ 0.980 340.0

* Atom designations are shown in the structure to
the right. Indole atom 3 is CG.

® Ideal bond length (A).

© Force constant (kcal-mol™-A™).
4 Enzymix default value for bonds of this type.
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Table S2. Bond-bending parameters.

Angle @ Ground 'L,
atom i atom j atom k 6, ® 0,
CB CG CDl 128.0 130.0
CB CG CD2 126.5 127.3
CD1 CG CD2 105.5 102.6
CG CD1 NE1 111.5 111.0
CD1 NE1 CE2 107.4 111.8
NE1 CE2 Cz2 129.0 132.7
NE1 CE2 CD2 107.8 104.7
Cz2 CE2 CD2 123.2 123.3
CG CD2 CE3 131.2 131.3
CG CD2 CE2 107.7 111.6
CE2 CD2 CE3 121.1 117.2
CZ3 CE3 CD2 114.6 122.8
CH2 CZ3 CE3 124.8 120.5
Cz2 CH2 CZ3 119.7 119.6
CE2 Cz2 CH2 116.4 118.8

* Atoms are designated as in Table S1.
® Ideal bond angle (degrees). A force constant of 85 kcal-mol -radian™ was used for all
these angles.
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2. Contributions of Induced Dipoles to Reorganization Energies

Figure S1 shows distributions of the reorganization energies associated with induced
dipoles, as calculated by eq. (22) for excitations of the hairpin peptide with Trp in position 1
and protonated His in position 8 (Ac-WVTIpGKHIFTG-NH,). The left-most curve (red, peak
at 30 cm™' off scale vertically) is the reorganization energy of the first excited singlet T—m*
state of Trpl. The other curves are the reorganization energies for electron transfer from the
indole ring of Trpl to the protonated imidazole ring of His8 (black) and amides al (magenta),
a2 (blue), a9 (cyan), and a8 (green), where the number following “a” indicates the residue that
provides the amine group for the amide. The histograms include data from twenty 0.5-ns

trajectories in the lowest excited singlet m—m* state, and are normalized to constant area.
Trajectories were propagated in steps of 1 fs, and AE? and AE, ~were evaluated every 500

steps. The quantum charges were scaled by a factor of 0.8 before they were used in the MD

forcefield (see Figure S4 below).
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3. Calculated Properties of Liquid Water

Dipole moment. Figure S2 shows the distribution of dipole moments calculated for
liquid water as described in the text. The mean dipole moment (|Liotal]) Was 2.95 debye (D),
including 2.34 D from the permanent charges of the atoms (|{Lperm|). As noted in the text, the
permanent charges in the ENZYMIX force field implicitly incorporate some polarization
because they are parameterized for molecules in solution. The atomic polarizabilities of H and
O were adjusted to bring the mean |0l into accord with the experimental value (2.95 + 0.2
D)' and ab initio MD calculations by Silvestrelli and Parrinello.” The latter calculations gave
the same mean but a broader distribution, possibly because the computational model was
smaller (12 MD configurations of 64 water molecules), and thus presumably more sensitive to

edge effects. The distribution of |W | shown in Fig. S1 is fit well by a Gaussian,
exp[-(|umta1|-‘u0)2/262 ] with (o = 2.94 and o= 0.194 D. Calculations by Bernardo et al.,’

Burnham and Xantheas, Ren and Ponder’ and Jensen et al.® have given mean dipole moments

between 2.55 and 2.81 D.
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Radial distribution functions. To evaluate the O-O and O-H radial distribution
functions (goo and gon), we averaged over the distributions around each of the ~261 water
molecules with an O atom within 12 A of the center of each ensemble, not including the
molecule that was held at the center. The O-O distribution (g,,, Figure S34) peaks at 2.73 A, in
reasonable accord with the distances between 2.73 and 2.83 A obtained in current analyses of
X-ray and neutron diffraction data.”” The peaks at 1.74 and 3.23 A in goy (Figure S3B) match
the peaks in the distributions derived from diffraction data to within +£0.05 A.
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Bond length and angle. The O-H bond length, H-O-H bond angle and molecular dipole
moment were averaged over the 1000 ensembles saved during the simulation and over the
~746 molecules with an O atom within 17 A of the center of each ensemble (again not
counting the molecule at the center), leaving the shell between 17 and 21 A to buffer edge
effects. The mean bond length was 1.015 A, in agreement with the experimental value of 1.01
A reported by Soper & Benmore,’ but somewhat greater than the 0.97 A measured by Ichikawa

1" and Silvestrelli and Parrinello’s” ab initio-MD value of 0.991 A. The mean bond angle

eta
of 106.0° matched both the measured angle'® and the value obtained by ab initio MD
calculations.’

Diffusion coefficient. The translational diffusion coefficient of water was obtained by
identifying the water molecules within 8 A of the center of each ensemble (skipping the central
molecule again), and tracking their positions at 0.5-ps intervals for the 25-ps period represented
by the next 50 ensembles. The mean-square displacement (MSD) at each delay time was
averaged over all the possible ensembles (950 ensembles for the maximum delay of 25 ps, 999
for 0.5 ps). The period of 25 ps was short enough so that none of the molecules that were
tracked approached the surface of the 21-A sphere. Neglecting the expected nonlinearity at
times below 0.5 ps, the MSD increased linearly with a slope (s) of 1.477 + 0.001 A*/ps, giving
a diffusion coefficient (s/6) of 0.246 A2/ps or 2.46x10> cm?/s. The experimental value for

water at 300 K is 2.30x10 cm?/s.! 112
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4. Calculated Fluorescence Properties of 3-Methylindole in Water

Figure S4 shows calculated emission peak (4 and C) and full width at half-maximum
amplitude (FWHM, B and D) of 3-methylindole (3MI), when the atomic charges or classical
potentials were scaled by variable factors. Simulations of 3MI in a 16-A sphere of water were
propagated as described in the text. In panels 4 and C, the quantum charges of the 3MI atoms
were multiplied by the factor indicated on the abscissa before they were used in the MD
forcefield. In panels B and D, the classical potentials from the solvent atoms were multiplied

by the indicated factor before they were added to the diagonal terms of the Fock Hamiltonian.
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5. NMR Structures of the His8 Hairpin Peptide

An ensemble of 17 of the 20 accepted NMR structures of the B-hairpin peptide Ac-
WVTIpGKHIFTG-NH; is shown in Figure S5. The Mean global root-mean-square deviations
(RMSDs) of the backbone atoms and all heavy atoms were 0.69 + 0.34 and 1.25 + 0.45 A,
respectively. Table S3 gives the atomic coordinates of the structure we used for MD

simulations and for generating initial structures of other peptides of the hairpin series.

Figure S5.
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Table S3.

FILENAME="HP8 1.pdb"
Accepted structure 1 of 20 structures.
Molecular dynamics scheme : torsion; torsion; cartesian; minimize.
High temperature dynamics
temp: 50000; steps: 1000; time(ps): 15.
lst cooling stage
temp: 50000->0; steps: 1000; time(ps): 15; temp step: 250.
2nd cooling stage
temp: 2000->0; steps: 3000; time(ps): 15; temp step: 25.
Total of 2000 steps of minimization.
VDW scale factors 0.1; 0.1->1; 1->4; 1.
154 NOEs in 1 class(es) with scale factors of 150; 150; 150; 75.
averaging function: sum.
3-bond j-couplings.
l-bond j-couplings.
carbon chemical shifts.
proton chemical shifts.
diffusion anisotropy restraints.
susceptability anisotropy restraints.
dihedral restraints.
planarity restraints.
NCS restraints not used.

bond, angles, improp, vdw(<l.6), dihed
0 1 0 0 6

[eNeNeNolNolNolNolNo]

RMSD

noe, cdih, coup, oneb, carb-a, carb-b,
violations : 0 0 0 0 0 -—-—--
RMSD : 0.063 0.000 0.000 0.000 0.000 0.000
0.2/2 viol.:

violations :
RMSD : 0.000 0.000
.2/.1 viol.:

overall = 50.7669

bon = 7.45625
ang = 24.3984
imp = 4.21964
vdw = -31.3351
harm =0
noe = 46.0277
coup =0
oneb =0
carb =0
prot =0
dani =0
sani =0
cdih =0
ncs =0



REMARK ===========sssssssssssssssssssssssssssssssssssss========
ATOM 1 N TRP 1 2.082 0.895 5.836 1.00 O
ATOM 2 HN TRP 1 2.185 0.498 6.721 1.00 O
ATOM 3 CA TRP 1 1.281 0.182 4.857 1.00 O
ATOM 4 HA TRP 1 1.914 -0.054 4.018 1.00 O
ATOM 5 CB TRP 1 0.765 -1.117 5.466 1.00 O
ATOM 6 HB1 TRP 1 0.059 -1.555 4.802 1.00 O
ATOM 7 HB2 TRP 1 0.282 -0.909 6.406 1.00 O
ATOM 8 CG TRP 1 1.841 -2.117 5.703 1.00 O
ATOM 9 CDl1 TRP 1 2.400 -2.454 6.891 1.00 O
ATOM 10 HD1 TRP 1 2.114 -2.019 7.831 1.00 O
ATOM 11 CD2 TRP 1 2.481 -2.909 4.712 1.00 O
ATOM 12 NE1 TRP 1 3.369 -3.412 6.701 1.00 O
ATOM 13 HEl TRP 1 3.918 -3.816 7.405 1.00 O
ATOM 14 CE2 TRP 1 3.434 -3.709 5.363 1.00 O
ATOM 15 CE3 TRP 1 2.336 -=3.013 3.335 1.00 O
ATOM 16 HE3 TRP 1 1.602 -2.420 2.800 1.00 O
ATOM 17 Cz2 TRP 1 4.244 -4.607 4.672 1.00 O
ATOM 18 HZ2 TRP 1 4.977 =5.221 5.172 1.00 O
ATOM 19 CZz3 TRP 1 3.128 -3.898 2.651 1.00 O
ATOM 20 HZ3 TRP 1 3.017 -3.986 1.587 1.00 O
ATOM 21 CH2 TRP 1 4.077 -4.689 3.315 1.00 O
ATOM 22 HH2 TRP 1 4.679 -=5.372 2.734 1.00 O
ATOM 23 C TRP 1 0.113 1.024 4.360 1.00 O
ATOM 24 O TRP 1 -0.669 1.557 5.150 1.00 O
ATOM 25 CT TRP 1 3.480 2.681 6.688 1.00 O
ATOM 26 HAl TRP 1 2.830 3.327 7.265 1.00 O
ATOM 27 HA2 TRP 1 4.286 3.258 6.271 1.00 O
ATOM 28 HA3 TRP 1 3.882 1.893 7.312 1.00 O
ATOM 29 CX TRP 1 2.679 2.059 5.565 1.00 O
ATOM 30 OX TRP 1 2.599 2.614 4.467 1.00 O
ATOM 31 N VAL 2 0.004 1.122 3.039 1.00 O
ATOM 32 HN VAL 2 0.653 0.665 2.477 1.00 O
ATOM 33 CA VAL 2 -1.061 1.877 2.404 1.00 O
ATOM 34 HA VAL 2 -1.768 2.141 3.169 1.00 O
ATOM 35 CB VAL 2 -0.544 3.178 1.748 1.00 O
ATOM 36 HB VAL 2 -1.379 3.647 1.247 1.00 O
ATOM 37 CG1 VAL 2 -0.018 4.148 2.803 1.00 O
ATOM 38 HG11l VAL 2 1.044 4.289 2.664 1.00 O
ATOM 39 HG12 VAL 2 -0.200 3.747 3.789 1.00 O
ATOM 40 HG13 VAL 2 -0.522 5.098 2.702 1.00 O
ATOM 41 CG2 VAL 2 0.534 2.884 0.707 1.00 O
ATOM 42 HG21 VAL 2 0.229 3.281 -0.250 1.00 O
ATOM 43 HG22 VAL 2 0.680 1.818 0.625 1.00 O
ATOM 44 HG23 VAL 2 1.462 3.349 1.008 1.00 O
ATOM 45 C VAL 2 -1.769 1.026 1.354 1.00 O
ATOM 46 O VAL 2 -1.125 0.317 0.578 1.00 O
ATOM 47 N THR 3 -3.098 1.095 1.338 1.00 O
ATOM 48 HN THR 3 -3.555 1.676 1.983 1.00 O
ATOM 49 CA THR 3 -3.896 0.328 0.388 1.00 O
ATOM 50 HA THR 3 -3.218 -0.318 -0.172 1.00 O
ATOM 51 CB THR 3 -4.931 -0.534 1.146 1.00 O
ATOM 52 HB THR 3 =-5.7717 0.089 1.452 1.00 O
ATOM 53 O0G1l THR 3 -4.355 =-1.095 2.316 1.00 O
ATOM 54 HG1 THR 3 -3.514 -1.504 2.097 1.00 O
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-5.477
-6.215
-5.933
-4.671
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-4.225
-3.531
-4.822
-5.761
-3.920
-2.982
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6. RMSD and RMSF Plots from Simulations of Peptides in the Ground State

Panel A4 of Figure S6 shows the root-mean-square deviations (RMSDs) of the Co. carbons
from their initial positions during ground-state simulations of the hairpin peptide Ac-
WVTIpGKAIFTG-NH,. Panels B and C show the same for the analogs with His replacing
Ala8 (B) or Phel0 (C). D and E show the RMSDs for peptides with Tyr replacing Ala8 or
Phel0; F and G, for peptides with Glu, Gln, Asp or Asn at position 8. The peptides containing
His or Tyr were simulated with the side chains of these residues in both their neutral (H or Y,
black curves) and ionized (H+ or Y—, blue and red, respectively) forms. The MD trajectories

were propagated in 1-fs steps at 300 K, and the RMSD was calculated at 1-ps intervals.
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Figure S6.



Panels A-C of Figure S7 show the Cae RMSDs from ground-state trajectories of the
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TrpCagel6b peptide DAFAQWLADaGPASaRPPPS (4, black curve), and its variants

with Ala replacing Asp9 (4, cyan), citrulline (Cit) replacing Argl6 (B, black), Leu

replacing Asp9 (B, cyan), Ala replacing Asp9 and norvaline (Nva) replacing Argl6 (C,

black), or Leu replacing Asp9 and Ile replacing Argl6 (C, cyan). Panels D-F show the

Ca RMSDs from trajectories of TrpCagel0b peptide, DAFAQWLKDGGPASGRPPPS,

with norvaline (Nva) replacing Argl6 (4, black curve), Glu replacing Asp9 (4, cyan),

ASer20 (B, black), ornithing (Orn) replacing Argl6 (B, cyan), Arg replacing Asp9 and

Glu replacing Argl6 (C, black), or Ala replacing LysS8 (C, cyan).
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Figure S8 shows representative plots of the root-mean-square fluctuations (RMSFs) of

the Ca carbons about their mean positions in the same simulations as Figures S6 and S7.

3 L A .
Hairpin —— Trp-cage 16b Trp-cage 16b
oL - —— Ala8Glu 4 F Arg16Cit 4 F Asp9Ala/Arg16Nva
- —— Ala8GIn —— Asp9Ala —— Asp9Leu/Arg16lle
w 2+ Alagasn A — —— Asp9Leu B 1 m =
(é) —— Ala8Asp Trp-cage 10b
I B 1 T 1 | —— Asp9Glu ]
—— Lys8Ala
S 1+ -
(@)
__\/ i L d
OIIIIIIIIIIII IIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIII
2 4 6 8 10 12 5 10 15 20 5 10 15 20
Residue Residue Residue

Figure S8.

7. Calculated n—n* and CT Energies of Additional Peptides

Figure S9 shows the calculated energies of the first two excited singlet n—m* states and
lowest four CT states of the hairpin peptide with Trp at position 1 and either serine (4),
cyclohexylalanine (B) or e-N-acetyllysine (C) relacing Ala at position 8. The results are similar

to those obtained with the Ala8 peptide.
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Figure S10 shows the energy distributions for excited singlet m—m* states and CT states of
the Argl6Nva variant of the Trp-cagel0b peptide (4), and the Asp8Ala and
Asp9Leu/Argl6lle variants of TrpCagel6b peptide (B and C, respectively). The results are
similar to those obtained with the other Trp-cage peptides (Figure 8).
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8. Predicted Fluorescence Yields

Figure S11 shows the correlation of the measured fluorescence yields with the yields
predicted by using eq. (24) with ¢ = 0.2475. The results are for the same 26 peptides used in
Figure 10 of the text, and the symbols are the same as in that figure (circles, hairpin peptides;
squares, Trp-cage 16b peptides; and triangles, Trp-cage 10b peptides). Other details are
given in the legend to Figure 10. The straight line is a linear least-squares fit to the data (R* =
0.836, Pearson correlation coefficient = 0.914, y-intercept = 0.0050 £+ 0.0132, slope = 0.9411
+ 0.0851. Note that eq. (24) does not consider the magnitude of the electron-transfer matrix

element. Equations (25) — (27) give better overall agreement with experiment, particularly for
the peptides with low fluorescence yields (see Figure 10). Plots of \V|2 & / (\V|2 +h&)/ 27r) and
prc, the two fluctuating functions that enter into eq. (25) are shown in Fig. S12. Table S4

gives the detailed results of both treatments, along with the measured fluorescence yields and

their errors.
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Table S4

Peptide ®; obs * ®;calec® ®gecalc®

Hairpin ¢ 0.25 + 0.02 0.2475  0.2475
Ala8Nak 0.25+0.01 0.2475  0.2475
Ala8Cha 0.27+0.01 0.2475  0.2475
Ala8Ser 0.22 £0.01 0.2475  0.2475
Ala8Asn 0.28 £0.03 0.2313  0.1817
Ala8GlIn 0.23£0.02 0.2096  0.1427
Ala8Asp 0.0649 £0.0065  0.0176  0.0240
Ala8Glu 0.1124 £0.0113 0.1095  0.0436
Ala8His 0.2351 +£0.0122 0.2471  0.2461
Ala8His+ 0.0860 £0.0063  0.0265  0.0332
Ala8Tyr 0.1332 +0.0027 0.2144  0.1530
Ala8Tyr- 0.0162 + 0.0061 0.0003  0.0354
Phel0His 0.2145 +0.0091 0.2394  0.2241
Phel0His+ 0.0454 +£0.0054 0.1116  0.0662
PhelOTyr 0.1726 +0.0042 0.2149 0.1514
Phel0Tyr- 0.0212 £0.0082  0.0003  0.0536
Trp1Phe/Phel0Trp 0.068 £ 0.005 0.0519  0.0298

Trp-cage 16b © 0.009 £0.001 0.0293  0.0384
Asp9Leu 0.019 £0.002 0.0726  0.0475
Asp9Ala/Argl6Nva 0.014 £0.001 0.0835  0.0497
Argl6Cit 0.016 £0.003 0.0162  0.0363

Asp9Leu/Argl6lle 0.014 + 0.004 0.0547  0.0438
Trp-cage 10b

Asp9Arg / Argl6Glu  0.040 + 0.002 0.1438  0.0727

Asp9Glu 0.043 + 0.005 0.0604  0.0457

ASer20 0.024 + 0.001 0.0363  0.0393

Lys8Ala 0.017 +0.003 0.0223  0.0375
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* Observed fluorescence yield. The values for hairpin peptides with Asp, Glu, His or
Tyr at position 8 or 10 are the asymptotes of the titration curves shown in Figure 2 of the
main text.

® Fluorescence yield calculated using eq. (24) with ¢ = 0.2475.

¢ Fluorescence yield calculated using egs. (25) — (27) with the parameter values given
in the text.

4 Hairpin peptide Ac-WVTIpGKAIFTG-NH, with substitutions as indicated (Nak =
N-acetyllysine, Cha = cyclohexylalanine). lonized forms of His and Tyr are denoted by +
and -.

¢ Trp-cage peptide 16b (DAFAQWLADaGPASaRPPPS) with substitutions as
indicated (Nva = norvaline).

" Trp-cage peptide 10b (DAFAQWLKDGGPASGRPPPS) with substitutions or deletions

as indicated.
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