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Abstract

The quantum yield of tryptophan (Trp) fluorescence was measured in 30 designed miniproteins
(17 B-hairpins and 13 Trp-cage peptides), each containing a single Trp residue. Measurements
were made in D,0 and H,O to distinguish between fluorescence quenching mechanisms involving
electron and proton transfer in the hairpin peptides, and at two temperatures to check for effects of
partial unfolding of the Trp-cage peptides. The extent of folding of all the peptides also was
measured by NMR. The fluorescence yields ranged from 0.01 in some of the Trp-cage peptides to
0.27 in some hairpins. Fluorescence quenching was found to occur by electron transfer from the
excited indole ring of the Trp to a backbone amide group or the protonated side chain of a nearby
histidine, glutamate, aspartate, tyrosine or cysteine residue. lonized tyrosine side chains quenched
strongly by resonance energy transfer or electron transfer fothe excited indole ring. Hybrid
classical/quantum mechanical molecular dynamics simulations were performed by a method that
optimized induced electric dipoles separately for the ground and excited states in multiple rt—*
and charge-transfer (CT) excitations. Twenty 0.5-ns trajectories in the tryptophan's lowest excited
singlet t—mt* state were run for each peptide, beginning by projections from trajectories in the
ground state. Fluorescence quenching was correlated with the availability of a CT or exciton state
that was strongly coupled to the —rt* state and that matched or fell below the r—mt* state in
energy. The fluorescence yields predicted by summing the calculated rates of charge and energy
transfer are in good accord with the measured yields.
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Introduction

Tryptophan fluorescence is widely used to probe changes in protein structure because of its
sensitivity to interactions of the excited indole ring with the surroundings. The quantum
yield of fluorescence from proteins containing a single Trp residue ranges from less than
0.01 in a mutant of the disulfide oxidoreductase DsbA to 0.31 in ribonuclease T1 and apo-
azurin.! Unraveling the factors that underlie this variation has remained a challenge because
the quantum yield reflects competition of fluorescence with several different processes, each
with its own complex dependence on the surroundings.

Barkley and coworkers have examined quenching of the fluorescence of 3-methylindole
(3MI) by amino acid derivatives in solution.2 They found that the free amino group of
glycine, the side-chain amino group of N-acetyllysine, and the phenolic side chain of N-
acetyltyrosine quenched 3MI fluorescence by transfer of a proton to the excited indole ring.
This process results in H-D exchange on three carbons of the indole ring, and is slowed by a
factor of 2 to 4 if the solvent H,0 is replaced by D,0.2 2¢ Derivatives with a thiol (N-
acetylcysteine) or amide group (N-acetylglutamine and N-acetylasparagine), a peptide bond
(N-acetylglycinamide) or a protonated imidazole (N-acetylhistidine at pH 5.3) or carboxylic
acid group (acetic acid at pH 4.7) quench the fluorescence of 3MI by a different mechanism
that involves electron transfer from the excited indole to the quencher.2® 2¢ This quenching
is not sensitive to deuteration of the solvent, but correlates with the electron affinity of the
quencher and with the rate of reaction with hydrated electrons. Fluorescence quenching in
indole derivatives by electron transfer to a peptide bond, carboxylic acid or protonated
histidine also was described in early work of Cowgill,® Shinitzky and Goldman,* Steiner and
Kirby,> and Ricci and Nesta.6 More recently, Qiu et al.” have observed fast fluorescence
quenching in mutants of myoglobin and other proteins with a single Trp residue introduced
near a GIn, Glu or Cys residue or a cystine disulfide group. Molecular-dynamics simulations
suggested that the quenching in these proteins depends on structural fluctuations that bring
an electron acceptor close to the benzene ring of the excited indole. Fluorescence quenching
by a protonated His residue has been studied in barnase,® and used to assay the folding of
helical peptides® and a subdomain of the protein villin.10

Callis and coworkers'¢ 11 have emphasized quenching by electron transfer from the indole
ring to amide groups in the protein backbone. They used hybrid quantum mechanical-
molecular mechanics (QM-MM) simulations to calculate the energy and coupling matrix
elements for this process in a series of 17 proteins. Low fluorescence yields were correlated
with charge-transfer (CT) states close in energy to the indole's lowest excited state. One of
the peptide bonds formed by the Trp residue itself usually appeared to be the most favorable
electron acceptor, but electron transfer to a His or the side-chain amide of an Asn residue
was calculated to be more favorable in two cases. There was no apparent correlation
between the fluorescence yield and the calculated electronic coupling factor for charge
transfer, indicating that this factor probably is less critical than the energetics of the reaction
in most cases.112

Although the correlation between experimental and calculated quantum yields suggests that
their basic thesis is sound, Callis er a/1% 11 found that optimizing the agreement required an
ad hoc shift of the calculated CT energies relative to the energy of the excited state. The
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necessary shift depended on the electron acceptor. Even with this adjustment, there were
multiple cases in which the predicted yield was considerably higher or lower than observed.
Such discrepancies could reflect structural differences between the computational model and
the protein that was studied experimentally, limited sampling of conformational space
during the MD trajectories, simplifications in the treatment of quantum mechanical or
dielectric effects or in relating energy differences to rates of electron transfer, or neglect of
resonance energy transfer or other quenching mechanisms such as proton transfer. For
example, some of the experimental data represented mutant proteins in which other Trp
residues had been replaced by Phe to obtain a single fluorophore, possibly resulting in
differences from the crystal structure that was used for the simulations. Capturing these
structural changes during short MD simulations could be difficult. Calculations of
electrostatic energies are challenging even for proteins with unambiguous structures,
because of the complex dielectric effects of the surrounding protein and solvent.12

To address some of these issues, we have studied three series of designed peptides
containing a single Trp whose surroundings can be changed systematically. The peptides
lend themselves well both to experimental studies and to QM-MM simulations that include
explicit induced dipoles and extend over the nanosecond time scale of fluorescence. The
prototype of the first series is the B-hairpin peptide Ac-WVTIpGKKIWTG-NH,,13 where
“p” denotes D-proline and “Ac-" and “-NH,” denote acetyl and amide caps. NMR and
amide H/D-exchange experiments have shown this peptide to be 99% folded at 280 K and
96% folded at 320 K.13 Replacing one of the two Trp residues (Trp10) by Phe gave a hairpin
that was almost as stable (~88% folded at 320 K and ~93% at 280 K), and further
substitution of Ala for Lys8 also left the stability essentially unchanged.32 Figure 1A shows
an NMR structure of the analog with His at position 8 (Ac-WVTIpGKHIFTG-NH,), in
which the sidechains of His8 and Phel0 flank the indole ring of Trpl1. Substitutions at
positions 8 and 10 thus can be used to explore how the fluorescence of Trpl depends on the
presence of an acceptor or donor for electrons or protons, or on shifts in the energy of
electron transfer to the backbone. It also is possible to leave Trp10 in place and substitute
Phe for Trpl instead, although the resulting peptide (Ac-FVTIpGKKIWTG-NH)y) is
somewhat less well folded.132

The second and third series of peptides are based on the a-helical “Trp-cage” peptides
DAYAQWLADaGPASaRPPPS (Trp-cage 16b, where “a” denotes D-alanine) and
DAYAQWLKDGGPASGRPPPS (the Ser13Ala variant of Trp-cage 10b).14 TrpCage 16B is
almost completely folded at room temperature, having a melting temperature of 356 K.
Replacing Tyr3 by Phe to simplify the fluorescence gave DAFAQWLADaGPASaRPPPS
(Figure 1B) and DAFAQWLKDGGPASGRPPPS, with little effect on the stability. The
ionizable residues Asp9 and Argl6 of the Trp-cage peptides can be modified in ways that
might be expected to change the electric fields in the vicinity of Trp6. Lysine 8 of Trp-cage
10b also can be modified, although its side chain probably is too far from the Trp to have
much effect.

Peptide Preparation and Structures

Peptides were synthesized using 9-fluorenylmethoxycarbonyl-protected amino acids on an
ABI 433A peptide synthesizer, acetylated on the resin with 4.3% triethylamine and 3%
acetic anhydride in dimethylformamide, released by shaking the resin with trifluoroacetic
acid with 2.5% water and 2.5% triisopropylsilane, and purified by reverse-phase HPLC.13
Sequences were confirmed by NOESY connectivities, and purity by positive-ion mass
spectrometry with a Bruker Esquire ion trap spectrometer. NOE, NOESY and CD (circular
dichroism) spectra were obtained and analyzed as previously described.13-14

J Phys Chem B. Author manuscript; available in PMC 2014 February 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

McMillan et al.

Page 4

Fluorescence Measurements

Lyophilized peptides were dissolved in 10 mM potassium phosphate buffer to final
concentrations of ~3 to 20 M. Absorption spectra were measured with a Shimadzu
UV-1601 spectrophotometer and fluorescence with a Perkin-Elmer LS-50 B fluorimeter.
Emission spectra were corrected for the wavelength dependence of the instrument using
tyrosine, tryptophan and fluorescein standards.1> All measurements were made at 295 K
except for those on the Phe10His, Phel0Leu and Phel0Trp/Trp1Phe hairpins, which were
found by NMR to be less stable than the other peptides at room temperature and so were
measured at 285 K. Most of the Trp-cage peptides were measured at both temperatures.
Fluorescence emission spectra were recorded from 300 to 450 nm with excitation at 280 nm
for all peptides except those containing tyrosine. For measurements of the fluorescence yield
at neutral pH, the Tyr8 and Tyr10 hairpin peptides were excited at 295 nm, where absorption
by tyrosine was negligible. For pH titrations of their fluorescence, the Tyr8 and Tyr10
peptides were excited at the isosbestic point for the tyrosine residue and its anion (281 + 5
nm for Tyr8 and 285 + 4 nm for Tyr10), so as to keep the fraction of the light absorbed by
tryptophan (82.3% at 281 nm and 87.4% at 285 nm, based on the relative absorbances of
standard Trp and Tyr solutions) essentially constant.

Absolute quantum yields were calculated as

Fpep Asua
Gpep=Psid—————> (L
beb ! F std Apep @

where ¢, Fand A are the quantum yield, integrated emission intensity, and tryptophan
absorbance at the excitation wavelength, and subscripts pep and std denote the peptide and a
standard compound with a known fluorescence yield. The value reported is the mean of the
yields calculated using tryptophan and tyrosine as standards (¢sy= 0.13 and 0.14,
respectively)16 and averaged over at least three samples of each peptide and three
independent measurements on each sample.

Solvent isotope effects were expressed as the ratio ky(H,0)/k,(D,0), where k,(H20) and
k4(D,0) denote rate constants for fluorescence quenching in H,O and D,0, respectively.
The quenching rate constant is related to the fluorescence yield by

ky=ky (Yp = 1ipo),  (2)

where Kris the radiative rate constant and ¢y is the fluorescence yield in the absence of the
quenching process described by k. We assume that Aris the same for all the peptides and is
independent of the solvent. The isotope effect then is

kq(H2O)kg(D20)=[ 1p(H20) — 1po(H,O) U 1p(D20) — 1ipo(D20)].  (3)

To evaluate isotope effects on the pH-dependent quenching by residues with ionizable side
chains, we took ¢ to be the quantum yield in the pH region where the side chains are fully
deprotonated (pH > 6.0 for Asp and Glu, pH > 9.0 for His and pH > 10.0 for Orn). For Tyr
and Cys, we used ¢p = 0.2475, the mean ¢ for the eight hairpin peptides with N-acetylTrp
at position 1 and non-quenching residues at positions 8 and 10 (either Ala, Asn, GIn, e-N-
acetyl-Lys, Lys, cyclohexyl-Ala, or Ser at position 8, and Phe or Leu at 10). (See below.)
Absolute values of k; were obtained by setting k¢= 6.11x107 s~1, which was calculated
from the yield and lifetime of fluorescence from Trp in solution.16P

J Phys Chem B. Author manuscript; available in PMC 2014 February 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McMillan et al.

Page 5

QM-MM simulations

Molecular-dynamics (MD) simulations were carried out with a program (ENZY Q) that used
a modified version of the classical ENZYMIX force field12P: 17 and the Beeman8 algorithm
to update all the coordinates, velocities and interatomic forces. Atomic charges also were
treated classically, except for a portion of the system where the charges were evaluated
quantum mechanically using QCFF-PI,19 a semi-empirical Hartree-Fock program for
electrons. The full system consisted of a peptide surrounded by 1060 to 1070 flexible, 3-
point water molecules.2% The quantum subsystem for the hairpin peptides typically included
the side chain and backbone atoms of the Trp residue, 8 to 10 backbone atoms of the
adjacent residues (e.g., the N-terminal acetyl cap and the C, O, CA and HA atoms of Val2 in
the case of a peptide with Trp at position 1), the side chain and backbone atoms of a
potentially quenching residue (e.g., His8), the contiguous backbone atoms of the 21 residues
on either side of this residue, the C and O atoms of Ile9, and the N, H, CA and HA atoms of
Phel0. The quantum subsystems for the Trp-cage peptides consisted of the side chain and
backbone atoms of Trp6, and the C, O and N atoms of the amide groups on the amino sides
of prolines 17, 18 and 19. (Enlarging the Trp-cage quantum systems to include the H, CA
and HA atoms of the amides had only minor effects on the calculated energies.)

Long-range electrostatic energies and forces were treated by using a multipole expansion of
the atomic charges for groups of atoms separated by more than a specified distance.2! We
used the multipole treatment for peptide groups that were more than 12 A apart, and for
interactions of water molecules separated by more than 20 A. Trajectories were propagated
in 1-fs steps, and the multipole expansion and the pair list for interactions of non-bonded
atoms were updated every 40 steps. As described in more detail in the Supplementary
Information, quadratic pseudopotentials were used to constrain the water molecules in the
model to a sphere with the proper density, keep the center of mass of the peptide at the
center of the sphere, and hold the net angular momentum of the water at zero.

Fields from the charges and induced dipoles of all the atoms were evaluated at each step of
the simulation. The summed contributions of fields from non-quantum atoms to the
potentials at the wt atoms were sent to QCFF-PI for incorporation in the diagonal terms of
the Fock matrix. QCFF-PI constructed the Fock matrix, solved the self-consistent field
equations, diagonalized the configuration-interaction (CI) matrix for a specified number of
configurations (typically ~100 single excitations for a rt system that included the side chains
and amide groups of the Trp and a His or Tyr residue), and returned the charges of the
quantum subsystem in a specified electronic state. These charges then were used in the
computation of forces and induced dipoles in the next MD step. The quantum charges
included both the “core” charges of nuclei and sigma electrons, which were calculated by
the method of Del Re?2 and held constant during the simulation, and fluctuating charges
from the 1t electrons. QCFF-PI also computed the excitation energies, oscillator strengths
and changes in permanent dipole moment for a specified set of r-t* and CT states.
Although a quantum treatment using a larger basis and including doubly-excited
configurations might give more accurate energies, the simplicity and speed of QCFF-PI
made longer MD trajectories practicable and allowed tight coupling of the quantum and
classical parts of the program. One limitation is that the program has not been parameterized
for sulfur atoms or ionized carboxylate groups; however, amides and protonated carboxylic
acid groups can be treated straightforwardly by using the parameters for amino, carbonyl
and hydroxyl groups.

QCFF-PI uses a basis of only p-type wavefunctions and does not consider resonance
integrals between atoms separated by more than two bonds, or that have orthogonal p,
orientations. The CI matrix therefore lacks elements that couple local m—mt* excitations to
electron transfer between non-conjugated groups of w atoms, such as transfer to a backbone
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amide from a side-chain indole, imidazole or phenol ring, or transfer from one amide group
to another. To add these matrix elements, we assigned each of the ground-state
wavefunctions to a group of conjugated atoms such that

Z:(Cn,i)2 =1, 4)

na

where ¢, ;is the coefficient for the p, orbital of atom #7in wavefunction y;and the sum runs
over the t atoms of group a. Configuration-interaction matrix elements for mixing a singlet

ni—rt* excitation localized mainly on group a (yn — wp) with charge transfer from group a
to group b (wi — ) or vice versa(yj — ) then were written

il,j2
U= Cn,iZZCm,J'Z,Bn,m (5)

ma  neb

and

L2
Uil,iZ =- chn,ilcm,jlﬁn,m, (6)

nea meb

where B,  is a semiempirical atomic resonance integral for p electrons of atoms 7and m.
The resonance integrals were analyzed by resolving them into o and = components with the
forms

Bo=[-338.5exp(—1.95r, ) — 2.244exp(-0.7r, ,)][ 1 — exp(—0.6rn,m2)] ©)

and

Br=[34.72exp(—1.957, 1,1)+0.04823exp(—0.7r,.)I[ 1 — exp(—0.6rn,mz)], 8)

where 1, p, is the interatomic distance in A, and energies are in eV. Equations (7) and (8) are
the same as eqs. (17a) and (17b) of Alden et a/?3 except for the factor [1-exp(-0.6/;,,2)],
which we added to truncate the integrals at short distances where the treatment would be
unreliable. The terms in exp(-0.77;, ;) express the mean distance dependence of nonadiabatic
electron transfer in proteins with a variety of prosthetic groups.2 They do not consider
individual coupling pathways through o- or hydrogen-bonds, and thus could miss effects of
interference between parallel pathways.2°

After the CI matrix had been diagonalized, the matrix elements calculated by egs. (5) — (8)
also were used to obtain overall coupling factors for charge separation. For this purpose, we
considered only the wavefunctions between HOMO-2 and LUMO+2 of the electron donor
and acceptor, which provide the dominant configurations in the low-energy m—mt* and CT
eigenstates. The coupling factor for formation of CT state jfrom m—mn* state /was written

o P L2
Vl,j_zzzcil,iZCil,jZUil,iZ ©)

il 2 2

if the electron donor was excited in state /7, or
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. i L2
VI,/_ZZZCiI,QCjI,iZUil,iZ (10)

il 2 Jjl

if the acceptor was excited. Here C}; ,, and C J';»L 12 are the coefficients for the configurations
wiz— wp and yj; — yp in the Cl eigenvectors for states 7and j respectively, and the
sums run over the reduced set of wavefunctions.

Coupling factors for resonance energy transfer were evaluated similarly from the CI matrix
elements

iL2_y
Uil,i2 = Cn,i1Cn,i2Cm, j2Cm, j2Yn,m» (11)
nea meb

where y, nis the standard two-electron repulsion integral in QCFF-PI. Correction factors
based on the difference between dipole strengths calculated with the position and gradient
operators23: 26 were not applied in the present work.

Induced dipoles

Induced electric dipoles can substantial effects on electrostatic energies in proteins'2?: 27 and
on the excitation energy of 3-methylindole in solution.28 Following Warshel and Levitt,272
we wrote the induced dipole of atom 7as

— —crg —ind
H=aE=ai(E; +E; ), (12)

where a;is the polarizability of the atom and ffrg and E)z.”d are, respectively, the electric
fields at 7 from the charges and induced dipoles of all the other atoms. To prevent the mutual
polarization of two atoms from increasing catastrophically at short interatomic distances, we
used the method introduced by Thole,2930 in which the charge of one of the atoms is
distributed around the atomic center rather than being localized at the center. In this method,
a scaled distance between atoms 7and /is defined as

vi,-:ar,;,'/(ai(xj)l/G, (13)

where 7;;is the interatomic distance and a is a dimensionless parameter that is independent
of the types of atoms. Swart and van Duijen3P found that using a distribution function in
which the charge density of atom jfalls off exponentially with distance decreases the
effective electric potential at /by a factor 7, with

1
Joi=1- (Evij”) exp (_Uij)- (14)

The field at /is attenuated further by

1
Jei=TFi — 2 (v?j+v,-j) exp (—v,j) , (15)
and the gradient of the field by

J Phys Chem B. Author manuscript; available in PMC 2014 February 14.
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1 3
Jri=Tes — gv;jexp (_Utj)~ (16)

. . . ind
With these attenuation actors, the fields E)frg and 75)?1 are

—sperm — 3
E; ZZfE,,ij’"if/rij an

JEL

—sind = = /5 -7 53
E, :Z {3fm Hje T i) rr — fE.@/”/rij}’ (18)
i

where @ is the charge of atom sand Ejis the vector from atom jto atom /. In our
implementation, the sums over jomit atoms connected to atom /by 1, 2 or 3 bonds.
Bernardo et a/.,3! Burnam et a/.,32 Ren and Ponder32 and EIking et a/3* have used similar
treatments based on other distributions of charge density.

Van Duijnen and Swart obtained a and the atomic polarizabilities of H, C, N, O and S by
fitting calculated molecular polarizabilities to the measured values for 52 molecules.3%8 We
used their value of a(2.1304) but scaled all the atomic polarizabilities by a factor of 0.50,
which gave a;=0.207, 0.644, 0.486, 0.426 and 1.237 A3 for H, C, N, O and S, respectively.
The scaling factor was optimized for consistency with the standard permanent charges of the
ENZYMIX force field by maximizing the agreement between the calculated and measured
dipole moments of water as described below. (The polarizabilities required such an
adjustment because, unlike the vacuum charges that VVan Duijnen and Swart used, the
ENZYMIX charges are parameterized for molecules in solution and implicitly include some
polarization.) We assumed that excitation and charge-transfer reactions did not change the
atomic polarizabilities in the quantum subsystem.

Applying eq. (12) to the full set of atoms gives a matrix expression that can be solved
iteratively for the induced dipoles.2’@ This is computationally expensive in QM-MM
calculations, because the wavefunctions and charges of the quantum atoms must be
recalculated along with the induced dipoles of the entire system on each iteration. The
problem is compounded if one seeks the energies of multiple radiative or charge-transfer
transitions, in which case the induced dipoles must be optimized separately for the initial
and final state in each transition. However, if the system remains in a given electronic state,
the changes in the charges and induced dipoles during a 1-fs MD step are small enough to
allow the approximation

_ —scrg  —ind
Higy = @i EjytEj_1y)|,  (19)

where the subscripts denote quantities calculated on steps 7and 7-1.278 We used this
simplification for trajectories in the ground and first excited states, and saved the
coordinates at intervals of 500 fs to optimize the induced dipoles and quantum charges
iteratively for each of the transitions of interest. The calculations with frozen coordinates
were done with INDIP, a specialized version of ENZYQ that also calculated the coupling
factors and energy gaps for a specified set of m—m* and CT states. The induced dipoles took
about 5 iterations to converge for each state.

J Phys Chem B. Author manuscript; available in PMC 2014 February 14.
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The quantum mechanical excitation energy for a system with a particular set of induced
dipoles does not include the energy required to create the dipoles. We evaluated this energy
classically as

I, —
VmFEZM;‘Ei, (20)

where the sum runs over all the induced dipoles and, as in eq. (12), the vector quantities are
the induced dipole and total field at position 73° The difference between the values of V,y
for systems with dipoles optimized for the ground state and for a given excited state (A V)
was added to the quantum mechanical excitation energy. The energy for excitation from the
ground state to excited state kA on step 7 of an MD trajectory, with induced dipoles optimized
separately for the initial and final states, then was calculated as

(E+ED). @

N =

Ek,n:

k e s . . . .
where E,(cg,z and E,({,i are the total excitation energies (including A Vj,,) calculated with the

induced dipoles optimized for, respectively, the ground state and state 4.3¢ Note that the
atomic coordinates always reflect the electronic state in which the MD is run, which
generally is the Trp residue's lowest t—mt* state, and that the coordinates are frozen when (at
500-fs intervals) we optimize the induced dipoles independently for the ground state, the rt—
Tt* states, and each of the CT states. At these points, the excitation energy of each state is
calculated twice, once with the induced dipoles for that state and once with the ground-state
dipoles. The environment, including induced dipoles, therefore is fully in equilibrium with
the quantum subsystem only when the system is in the lowest n—m* state of the Trp. When

we switch to a different state to calculate E,(f,)l or E,(ck,), the induced dipoles establish a new

equilibrium with the new quantum charges, while the rest of the environment finds itself out
of equilibrium but unable to adjust instantaneously.

The reorganization energy associated with rearranging induced dipoles was obtained
similarly as

1
— (g
dn=3 (EE

). @

Oscillator strengths and dipole moments were evaluated as similar averages of quantities
calculated with the two sets of dipoles. Equations (21) and (22) assume that minima on the
potential energy surfaces of the ground and excited states are displaced with respect to the
magnitudes and directions of the induced dipoles, but that the two surfaces have similar
curvatures as functions of these variables.

The effects of induced dipoles generally are larger and more variable for CT states than for
ni—m* states. This point is illustrated in Supplementary Figure S1, which shows the
reorganization energies (A ;) associated with induced dipoles for five CT excitations and
the first singlet m—m* excitation of a hairpin peptide. The values for the CT excitations range
from approximately 1,000 to 8,000 cm™1, while those for the m—m* excitation cluster
between -50 and 200 cm™~2. Induced dipoles thus can have a major influence on the
calculated energy gap between a CT state and a m—t* state, as well as on the relative
energies of different CT states.
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We did not routinely include forces from induced dipoles explicitly in the simulations,
because ENZYMIX was parameterized for simulations without these forces, and including
them in ENZYQ did not improve the root-mean-squared deviations of calculated peptide
structures from the starting structures. However, the induced dipoles affect the MD
forcefield indirectly through their effects on the atomic charges of the quantum subsystem.

Water dipoles

Because the Trp residues in the hairpin and Trp-cage peptides are partly exposed to the
solvent, it was important for ENZYQ to capture the dielectric properties of water. We
therefore ran a series of MD simulations of a spherical drop of liquid water. The sphere had
aradius of 21 A and held 1419 water molecules. One molecule was used to define the center
of the system, while the others were free to diffuse within the sphere. The system was
equilibrated by Monte Carlo rotations of the molecules with simulated annealing from 325
to 25 K, followed by MD trajectories of 10 ps at 30 K and 20 ps at 300 K. Multiple
trajectories then were propagated for 500 ps in 1-fs steps at 300 K, and the structural
coordinates and atomic charges were saved every 0.5 ps for analysis with INDIP. The
scaling factor for atomic polarizabilities (see above) and the van der Waals parameters for
water hydrogens (Ay and By, where the energy of van der Waals interactions between
atoms 7and jis written AjA;7ij 2 - B; B ®) were varied to optimize the global agreement of
a set of calculated and measured physical properties. Other parameters were standard for the
ENZYMIX force field” (atomic charges -0.80 and 0.40 for water O and H atoms,
respectively, and van der Waals parameters Ag = 793.0 kcal’2mol=2/2A% and Bq = 25.0
kcal2mol~12A3 for water oxygens).

Supplementary Figure S2 shows the distribution of dipole moments calculated with the
optimized parameter values (Ay = 0.10 kcalY2mol~Y2A8, B, = 0.20 kcalYZmol~1/2A3, and
polarizabilities scaled by 0.50). The calculated mean dipole moment was 2.95 debye (D), in
agreement with values of 2.95 + 0.2 D given by Gubskaya and Kusalik3” and Silvestrelli and
Parrinello,38 and the value 2.9 + 0.6 D obtained from X-ray scattering data by Badyal et
al.39 Calculations of the O-H bond length, H-O-H bond angle, radial distribution functions,
and diffusion coefficient of liquid water using the same parameter values are described in
the Supplementary Material. The calculated properties agree well with experiment.

Simulations of peptides and 3-Methylindole

The solution NMR structures of the Ala8His/Trp10Phe p-hairpin and Tyr3Phe Trp-cage 16b
peptides (Figures 1A,B and S5 and Table S3) were used to generate initial models of the
other peptides listed in Tables 1 and 2. Mutations were introduced by a Monte Carlo
procedure that optimized the side-chain torsional angles of the new residue while holding
the backbone fixed.4? The peptide was embedded a sphere of water with a radius of 19 A
(~1066 water molecules), and the energy was minimized by Monte Carlo rotations of the
waters with simulated annealing from 325 to 25 K, followed by 10 ps of MD of the full
system in the ground electronic state at 30 K. MD trajectories of 2.5 ns then were
propagated at 285, 295 or 300 K in the ground electronic state. Twenty 0.5-ns trajectories in
an excited state next were run for each peptide, with the first beginning by projection from
the ground-state trajectory at 0.5 ns and the rest following by similar projections at 0.1-ns
intervals. The Trp-cage peptides and the Phe10His and Trp1Phe/Phel0Trp hairpins were
simulated at 285 K and the other hairpin peptides at 295 or 300 K. Structures of the excited
system were saved every 0.5 ps, giving 20,000 structures for analysis with INDIP. The same
procedure was used for simulations of 3-methylindole in a 16-A sphere of water (681 water
molecules).
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Separate sets of nominal bond lengths, angles and force constants were used for the ground
and excited states of the indole ring. The equilibrium geometry for the ground state was
taken from a crystal structure of Trp.4L. For the excited state, we used the geometry
calculated by Callis et a/*2 using GAUSSIAN92. As discussed by many previous
workers,*2-43 indoles have two overlapping excited singlet states (1L, and 1Lp) with
different equilibrium geometries. The 1L, excited state consists predominantly of the
configurations (HOMO — LUMO) and (HOMO-1 — LUMO+1) with relative amplitudes
on the order of 3:1, while 1L}, consists largely of (HOMO-1 — LUMO) and (HOMO —
LUMO+1). We used the geometry calculated for 1L,, which has the larger oscillator strength
and dominates the fluorescence under the conditions of interest here. To obtain bond-
stretching force constants consistent with other parameters in the program, we fit the
standard ENZYMIX force constants for C-C and C-N with various bond orders to a 2n9-
order polynomial in the bond length, and used the same polynomial function for the bonds in
the indole ring. Tables of the bond lengths, angles and force constants are given in
Supplementary Tables S1 and S2.

For simulations of peptides, we added explicit terms for the backbone hydrogen bonds
identified in the NMR structures.23° (The hairpin peptides have two H-bonds linking Val2
with Ile9 and two connecting lle4 to Lys7; the Trp-cage peptides have H-bonds linking
residues at each turn of the helix between residues 2 and 9, and bonds linking residue 6 with
11, 10 with 13, 11 with 14, and 12 with 15.) These H-bonds were assigned ideal H-O
distances of 1.95 A and N-H-O angles of 180°, bond-stretching orce constants o 20 kcal
mol~1 A2 and bending force constants of 5 kcal mol™L. The e-amino groups of Lys7 in the
hairpins and Lys8 in the Trp-cage 10b peptides, which are located relatively far from the
other groups of interest and are well solvated and presumably accompanied by counterions,
were given net charges of zero; using charges of +1 had little effect on the results. Aspl and
Asp9 of the Trp-cage peptides were given charges of -1, and Arg16 a charge of +1.

We expected that differences between the classical (MM) and quantum mechanical (QM)
atomic charges would need reconciling at the interface between the two parts of the
program. Vivian and Callis** found that using INDO/S-CIS (Zindo) charges with the
CHARMM force field led to excessively strong interactions of water with carbons of the
indole ring, shifting the calculated emission of tryptophan too far to the red. Scaling the QM
charges down by 20% before sending them to the MM program gave better agreement with
experiment. To establish a scaling procedure for ENZYQ, we calculated some of the
spectroscopic properties of 3MI in water. The relative fluorescence (F) at wavenumber v
was calculated as

1
F(\’):— fk,nexp(_Ek,n/kBT)A(Ek,n - \’)Zn. (23)
N
n k

Here Ex ,and f ,are, respectively, the excitation energy (eq. 21) and oscillator strength of
excited state kon step nof an MD trajectory; Nis the total number of steps; kg, the
Boltzmann constant; 7, the temperature; and “ Zk:eXp( Erneg 1) AlBn = 0) is a line-
shape function constructed as a weighted sum of four Gaussians shifted from £ , by 0O,
-1600, -3200 and -4800 cm™1 to approximate the distribution of Franck-Condon factors
for 1L, emission from indole and 3M1.42: 45 Equation (23) assumes that the 1L, and 1L
states establish a Boltzmann equilibrium rapidly relative to fluorescence.

When the uncorrected QCFF-PI charges were used, the calculated energy of the emission
spectrum of 3MI peaked at 28,100 cm™1, exceeding the measured value (26,900 cm™1)43d py
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about 4% (see Supplementary Figure S4A). Increasing the quantum charges by ~5%
brought the two values into agreement. Increasing the classical potentials from the solvent
by ~10% before they were added to the diagonal terms of the Fock matrix gave similar
results (Figure S4B). With either of these adjustments, however, the calculated width of the
emission spectrum was too large by about 20% (Figure S4C, D: FWHM calculated = 6,270
cm™1, observed43d = 5,200 cm™1). In addition, the CT energies calculated for both the
hairpin and Trp-cage peptides sometimes were erratic and the SCF procedure occasionally
failed to converge. Scaling the quantum charges down by 20% gave more consistent CT
energies and better reproduced the width of the emission band. We therefore decreased the
charges by this latter factor to explore whether the calculated differences between rm—nc* and
CT energies would be informative even though the absolute emission energies were
systematically too high. The potentials were not scaled.

Peptide Structures and Stability

NMR structures (see Figure 1A and Supplementary Figure S5 and Table S3) were generated
for the hairpin peptide Ac-WVTIpGKHIFTG-NH, by converting NOE cross-peak
intensities to distance constraints and simulated annealing using the program CNS.%6 The
previously determined structurel4@ of Trp-cage 10b sufficed as an initial structure for the
two families of Trp-cage peptides. The parent Trp-cage 16b (Figure 1B) is very similar to
10b structurally, differing only in the replacement of an exposed Lys (Lys8) by Ala and
substitution of D-Ala for glycines 8 and 15. NOE cross-peaks and chemical shift deviations
(CSDs) were used to quantify the extent of folding of each of the peptide variants and to
verify that each structure was essentially identical to the explicitly-solved structure of the
prototype. With the exceptions of the Cys8, His10, Leul0 and Phel/Trpl0 hairpins and the
norvalinel6 Trp-cage, all the peptides in both series were 89 to 98% folded at 280 K and pH
6.5 (see Tables 1 and 2).

Fluorescence Measurements

Table 3 gives the absolute quantum yields (¢) of fluorescence for all the hairpin peptides at
pH 6.5. With the exception of peptides containing Cys, His, Orn (ornithine) or Tyr at
position 8 or 10, the other peptides with N-acetylTrp at position 1 have a remarkably
constant ¢ of 0.251 + 0.021, despite their varying charge and polarity. For comparison, 3-Ml
in water has a quantum yield of 0.34,22 and free tryptophan and N-acetyltryptophanamide
have yields of 0.13 to 0.14.10: 16 The strong quenching by Cys (¢ = 0.04) and mild
quenching by Tyr (¢ = 0.13 at position 8 or 0.16 at position 10) compared to Ala (¢ = 0.25)
are consistent with Chen and Barkley's2¢ findings on quenching of 3MI fluorescence in
solution. In contrast to their observations, however, Lys at position 8 did not quench
fluorescence relative to Ala. This seems likely to reflect an unfavorable position of the e-
amino group relative to the tryptophan's indole ring because Orn, which resembles Lys in
having a primary amino group in its side chain but has one fewer methylene group,
quenched the fluorescence by about 50% (Table 3). Interchanging the positions of Trpl and
Phel0 in the Ala8 peptide results in strong quenching (¢ = 0.06), even though this moves the
indole ring far from any residue whose side chain is likely to donate or accept a proton or
electron.

Figure 2 shows the dependence of the fluorescence yield on pH for the hairpin peptides
containing an amino acid with an ionizable side chain at position 8 or 10, along with the
yield for the Ala8 peptide for comparison. The fluorescence of the Ala8 peptide was
essentially independent of pH. The fluorescence of the peptides containing Asp, Glu or His,
however, decreased at low pH, following titration curves consistent with protonation of the
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side-chain carboxylic acid (Asp and Glu) or imidazole (His) group. The fluorescence of
peptides containing Orn or Cys at position 8 increased at high pH where their amino or thiol
side chains would be deprotonated, though the quenching relative to Ala8 remained strong
in the Cys8 peptide and significant in Orn8. The fluorescence of peptides with Tyr8 or
Tyr10 decreased at high pH where the phenolic side chain would be ionized. Quenching by
Tyr8 was stronger than that by Tyr10 at pH 6.5, but was similar at high pH.

Although histidine, aspartate and glutamate at position 8 quenched only when protonated,
replacing the solvent H,O by D,0 had little effect on their quenching (Table 4). Quenching
by these residues evidently involves transfer of electrons rather than protons, in accord with
Chen and Barkley's2® results for 3MI in solution. In contrast, replacing H,O by D,O
decreased the rate constant for quenching by Orn8 at pH 6.5 by a factor of 8, indicating that
ornithine probably quenches by proton transfer. Quenching by Tyr8 and Tyr10 showed
smaller, but significant isotope effects at pH 6.5, which largely disappeared at high pH even
though the quenching increased in strength (Table 4). Tyr8 and Tyr10 thus appear to quench
by electron transfer or resonance energy transfer at high pH, but at least partly by proton
transfer or concerted transfer of a proton with an electron at pH 6.5. Cys8 also showed a
small isotope effect at pH 6.5 that diminished at high pH even though the quenching
remained significant.

The Trp-cage peptide DAFAQWLADaGPASaRPPPS (Trp-cage 16b with Tyr3 replaced by
Phe) had a fluorescence yield of 0.01 (Table 5). Replacing Argl6 by the non-ionizable
analog citrulline (Cit) increased the yield at 295 K by a factor of about 2, as did replacing
Asp9 by Leu. These substitutions disrupt the electrostatic interactions between Asp9 and
Argl6, and thus could affect the structure or stability of the folded peptide as well as the
electric fields acting on Trp6. However, neither replacing Asp9 by Ala nor the double
substitution Asp9Leu/Argl6lle had a significant effect on the fluorescence yield. To
investigate whether the increased fluorescence of some of the variant Trp-cage peptides
reflected the presence of a small amount of unfolded peptide, we also measured the yields at
285 K, where the folded peptides are more stable (see Table 2). Lowering the temperature
decreased the fluorescence yield slightly in the Arg16Cit peptide (Table 5), suggesting that
its higher yield relative to Asp9/Arg16 at 295 K could reflect partial unfolding. Lowering
the temperature had no significant effect in the Asp9Leu variant, and even increased the
yield marginally in the Asp9Leu/Argl16lle peptide. However, we cannot exclude the
possibility that effects of unfolding on the fluorescence are masked by a temperature
dependence of the rate of a competing electron-transfer reaction. Taken together, the
relatively small effects of replacing either Asp9 or Arg16 by a non-ionizable amino acid
indicate that the electric fields from the charges of these residues are strongly shielded
before they reach the tryptophan.

Similar results were obtained with the peptides based on Trp-cage 10b
(DAFAQWLKDGGPASGRPPPS). The ASer20 and Lys8Ala variants of this peptide had
fluorescence yields of approximately 0.02 at both 295 and 285 K (Table 5). Replacing Asp9
by Glu increased the yield about two-fold, as did the double substitution Asp9Arg/Arg16Glu
(Table 5). Although the Arg16Nva and Asp9GIu/Argl6Lys variants were less well folded
(Table 2), their fluorescence yields were in the same range.

In contrast to the fluorescence yield, which varied by a factor of more than 25 in different
peptides, the variations of the fluorescence emission spectra were relatively small. The
emission peaks of the B-hairpins ranged from 340 nm (29,400 cm™1) in the Cha8 peptide to
347 nm (28,800 cm™1) in the Cys8 and His10 peptides (Table 3), and the peaks of the Trp-
cage peptides ranged from 336 (29,800 cm™1) to 346 nm (28,900 cm™1) (Table 5).
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Calculated Energies and Coupling of m—mr* and CT States

With the exception of the Arg16Cit variant of Trp-cage 16b, all the peptides remained well
folded during simulated trajectories in either the ground state or first excited singlet state,
with the root-mean-square deviation (RMSD) of the Ca atoms from their initial positions
generally staying below 1.5 A (see Supplementary Figures S6 and S7). Fluctuations about
the mean positions of the Ca atoms (RMSFs) occurred mainly at the N- and C-termini
(Figure S8). The Arg16Cit Trp-cage 16b peptide underwent a comparatively large excursion
about 2 ns into the trajectory, but appeared to recover partly at the end. Except in this variant
again, substituting a non-ionizable residue for either Asp9, Arg16, or both, did not
destabilize the Trp-cage structures noticeably on the ns time scale of the simulations (see
Figure S7).

Figure 3A shows the calculated energies of the lowest excited singlet m—m* and charge-
transfer (CT) states in the hairpin peptide with Trp at position 1 and Ala at position 8 (Ac-
WVTIpGKAIFTG-NH,). The traces for this illustration were generated by catenating the
time courses from twenty 0.5-ns trajectories in the first excited state, starting by projections
from a ground-state trajectory at 0.1-ns intervals. Figure 3B shows the distributions of
energies of the first two mt—m* states and the first five CT states over the twenty trajectories.
The CT states of the Ala8 peptide all lie well above even the second mt—r* state. Similar
high energies were calculated for the CT states of hairpin peptides with cyclohexyl-Ala, Ser,
Lys or eN-acetyl-Lys at position 8 (see supplementary figure S9).

Interchanging the positions of Trpl and Phel0 in the hairpin peptide changed the calculated
energies dramatically. In the peptide with Trp at position 10, the amide between the Thr11
and Gly12 (amide a12) evidently is well positioned to act as an electron acceptor, forming a
CT state whose calculated energy usually lies below the energy of the first excited r—m*
state (see Figures 3C and D). A second CT state with the same donor-acceptor pair also
overlaps the m—mt* state extensively, as do CT states formed by electron transfer to the
amide on the amino sides of Phel and Thr1l (amides &l and a11) (Figure 3D).

The thermodynamic favorability of electron transfer to backbone amides provides a possible
explanation for the decreased fluorescence of the Trp1Phe/Phel0Trp hairpin peptide
compared to the peptide with Trp at position 1 (see Table 3). However, electron transfer can
compete with fluorescence only if the interaction matrix element that mixes the CT state
with the m—rc™ excited state is sufficiently large. We evaluated the matrix elements with egs.
(5) — (10). As shown in Figure 4A, the matrix elements for electron transfer from the excited
indole ring of Trp10 to amide 41, @11 or 412 are calculated to have mean absolute values in
the range of 100 to 500 cm™L. These matrix elements are comparable to those calculated by
Callis et al. for Trp residues in a variety of proteins.112 Given favorable energetics, they are
large enough to support electron transfer on a picosecond or sub-picosecond time scale.
Electron transfer to amide 410, which is less favorable energetically (Figure 3D), has a
smaller matrix element with a mean absolute value of 1.4 cm™1 (not shown). The
fluctuations of the matrix elements during a trajectory were largely uncorrelated with the
fluctuations of the energy gaps between the r—rc* and CT states.

In the hairpin peptides with Trp at position 1 and neutral histidine at either position 8 or
position 10, the calculations place all the CT states above the m—mt* states, as in the Trpl/
Ala8/Phel0 peptide (Figure 5A, B). When the His side chain is protonated, however, the
mean energy of charge transfer from the indole ring to the imidazole drops below the
energies of the r-rt* states (Figure 5C, D). Even the second CT state of the protonated
imidazole often lies below the first m—m* state. Charge transfer from the indole to backbone
amide 411 also decreases substantially in energy in the peptide with protonated His at
position 10 (Figure 5D), and transfer to amides a2 and 49 becomes somewhat more
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favorable with protonated His at position 8 (Figure 5D). The strong quenching of
fluorescence seen at low pH in these peptides (Table 3 and Figure 2A) thus might be
explained by electron transfer from the indole to either the protonated imidazole side chain
or (at least in the peptide with His10) a backbone amide. The interaction matrix elements,
however, favor transfer to the imidazole in both peptides. In the His8 peptide, the calculated
matrix elements for transfer to the protonated imidazole ring, amide a2, and amide 49 had
mean absolute values of 152, 16 and 12 cm™1, respectively. Figure 4B shows the
distributions of the matrix elements for two configurations of transfer to the protonated
imidazole. In the His10 peptide, the mean absolute value of the matrix element for electron
transfer from Trp1 to the protonated imidazolole ring was 18 cm™1, while that for transfer to
amide 411 was 5.3 cm™1 (not shown).

Figure 6 shows the distributions of calculated energies for hairpin peptides with Trp at
position 1 and either Asn, GIn, Asp or Glu at position 8. As explained above, the simulations
of peptides containing Asp or Glu could be run only with the side chains of these residues in
their neutral (protonated) forms. In the peptides containing Asn or Gln, the CT states lie
largely above the first two rt—m* states (Figure 6A,B), while electron transfer from the
indole of Trpl to the protonated carboxylic acid side chain is highly favorable in the
peptides containing Asp or Glu (Figure 6C,D). Replacing Asn by Asp or Gln by Glu also
makes charge transfer from the indole to backbone amide £9 favorable. The low-lying CT
states are consistent with the strong quenching of fluorescence seen in in the Asp and Glu
peptides at low pH (Figure 2A), which is not seen in the corresponding peptides containing
Asn or Gin.

In the hairpin peptides with Tyr at position 8 or 10, ionizing the phenolic side chain makes a
variety of CT states favorable (Figure 7C and D), in accord with the quenching of
fluorescence seen at high pH in these peptides (Figure 2D). The tyrosine's phenolate side
chain acts as the electron donor in these states, with either the indole ring of the Trp or a
backbone amide group acting as the acceptor. In addition, the phenolate ring has a low-lying
r-i* state that mixes with the excited states of the Trp by exciton interactions (rt-m*1 in
Figure 7C, D). Charge-transfer states in which an electron moves from the Trp to an amide
have higher calculated energies that are relatively insensitive to the ionization state of the
Tyr (Figure 7A,B,C, D).

Coupling matrix elements for some of the CT reactions of Tyr8 in the hairpin peptide are
shown in Figure 4C. The coupling for transfer from the Tyr to the indole ring of Trpl is
particularly strong in rt-rt*2, when the excitation is located predominantly on the Trp (black
curve in Figure 4C); the matrix element for this process has a mean absolute value of about
550 cm™L. In m-m*1, when the excitation is mainly on the phenolate ring, the mean value is
about 160 cm=1 (green curve). The excited tyrosine in rt-rc*1 also can transfer an electron to
amide &2 or a11 with similar matrix elements (cyanand blue curves). Resonance energy
transfer from the excited Trp to the phenolate ring is coupled more weakly, with a mean
matrix element of 4.8 cm™1 (not shown).

Turning to the Trp-cage peptides, Figure 8A shows calculated distributions of energies of -
rt* and CT states of the prototype 16b peptide containing Trp at position 6, Asp at position
9, and Trp at position 16. The energies of electron transfer from the indole to backbone
amide a7 are markedly bimodal, but are strongly favorable in both arms of the distribution.
The Trp-ar7 donor-acceptor pair also has a second CT state with a similar, bimodal energy
distribution shifted to higher energies by about 15,000 cm™~1; formation of this state is
favorable in the lower arm of the distribution. Electron transfer to amide a17, which is
linked to the indole N of Trp6 by a hydrogen bond, is less favorable than transfer to either
a, ar or 4l18.
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Substitutions that replaced one or both of the ionizable residues at positions 9 and 16 by a
non-ionizable residue (Asp9Leu, Asp9Ala, Argl6Cit, Asp9Ala/Arg16Nva, and Asp9Leu/
Argl6lle) had surprisingly little effect on the calculated CT energies in the Trp-cage 16b
peptide (see Figure 8B,C,D and Supplementary Figure S10B,C). The calculated CT energies
also were very similar in the Trp-cage 10b series with Ala in place of Lys8, Glu in place of
Asp 9 or Nva in place of Argl6, or with the C-terminal Ser deleted (Figures 9A,B,C and
S10A). However, the double substitution Asp9Arg/Arg16Glu, which approximately
interchanges the positions of the positive and negative charges of residues 9 and 16, shifted
the CT states involving amide a7 to higher energies while lowering the energy of reducing
al7 (Figure 9D).

The matrix elements for electron transfer to amides 47 and 417 in the Trp-cage 16b peptide
are shown in Figure 4D. Amide a7, which has the more favorable energetics, also has the
larger matrix element, with a mean abolute value of 380 cm™L. Transfer to amide 46 is less
well coupled, with a mean matrix element of 1.9 cm™1 (not shown).

Discussion

The experimental results presented in Tables 3-5 and Figure 2 are in accord with previous
findings that electron transfer to a variety of acceptors can quench fluorescence of indole
derivatives in solution.2® Electron transfer to protonated imidazole, thiol and carboxylic
acid groups probably accounts for the pH-dependent quenching of fluorescence in B-hairpin
peptides with Trp at position 1 and His, Glu, Asp or Cys at position 8 or 10 (Figure 2A, B,
C), while the strong quenching in the hairpin with Trp at position 10 (Table 3) and in the
Trp-cage peptides (Table 5) probably reflects transfer to a backbone amide group. We also
saw strong quenching by Tyr at high pH, where the phenolate side chain likely acts as an
electron donor (Figure 2D), and weaker quenching at neutral pH, where the phenol group
might serve as either a donor or an acceptor. Cysteine quenched weakly at high pH, where
the ionized thiol group presumably could act as an electron donor (Figure 2C). To our
knowledge, quenching of tryptophan fluorescence by electron transfer fothe indole ring has
not been described previously. We found a large D/H isotope effect for quenching by
ornithine at neutral pH (Figure 2C), corroborating the observation that protonated amines
can quench by proton transfer,2a: 2¢ although the analog with Lys in place of ornithine did
not show this behavior. Asn and Gln, which quench fluorescence of 3-methylindole
relatively weakly in solution but are reported to quench more effectively in some
proteins,’ did not quench significantly better than Ala in the hairpin peptides we studied
(Table 3).

Electron-transfer processes involving Trp and Tyr residues are well known in proteins, and
have been characterized by EPR and ENDOR as well as optical spectroscopy. Relatively
long-lived Trp radicals have been seen in cytochrome ¢ peroxidase,*” horseradish
peroxidase,*8 lignin peroxidase,*9 ribonucleotide reductase,0 DNA photolyase,>!
cytochrome ¢ oxidase®? and azurin,®3 and similar radicals of Tyr in ribonucleotide
reductases,® photosystem 11,5 cytochrome ¢ oxidase,?® galactose oxidase,>’ prostaglandin
synthase®8 and cytochrome P450cam.>® The radicals in these proteins are created by
oxidation of the Trp or Tyr side chain and are stabilized by deprotonation. Charge-transfer
states containing these radicals probably decay rapidly by recombination. Radicals formed
by reduction of a Trp or Tyr residue have never been detected directly, as far as we are
aware, although indole radical anions reportedly can be generated by pulse radiolysis.®°

The QM-MM calculations shown in Figures 3-9 are qualitatively consistent with the
measured fluorescence yields in all the peptides that were amenable to treatment by ENZYQ
and INDIP. In the peptides for which we could calculate the energetics of electron transfer,
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and which lacked a protonated amino group that might quench by proton transfer, a low-
energy CT state that is strongly coupled to excitation of the indole ring appears to be
sufficient for strong quenching of fluorescence. (As noted above, ENZYQ could not treat
thiols or ionized carboxyl groups.) Again, either a backbone amide group or a protonated
carboxyl or imidizole group of a Glu, Asp or His residue can serve as the electron acceptor
(Figures 3C, 6C,D and 7). The neutral phenol ring of Tyr apparently can act as a weak
electron acceptor (Figures 7A,B), and the ionized phenolate ring as a donor (Figures 7C,D).

Replacing Asp9, Argl6, or both by non-ionizable amino acids in the Trp-cage peptides has
little effect on the calculated energies of the pertinent CT states of Trp6 (Figures 8 and S10),
in accord with the experimental finding that the fluorescence yield remains largely
unchanged (Table 5). The fields from the charged side chains evidently are well screened by
counterions, the surrounding solvent and induced dipoles. As noted above, the somewhat
higher fluorescence yield in the Arg16Cit variant of Trp-cage 16B at 295 K could reflect
partial unfolding. This would be difficult to reproduce quantitatively in short MD
simulations, but is consistent with the increasing RMSD seen toward the end of the ground-
state simulation of this peptide (Figure S7B) and with the higher RMSF throughout the
peptide (Figure S8B).

The calculations also provide information on the identities of the amide groups that accept
an electron in the Trp-cage peptides (Figures 8 and S10) and in the -hairpin with Trp at
position 10 (Figure 3C), which would be difficult to determine experimentally. Perhaps
surprisingly, the most effective electron acceptor in the Trp-cage peptides is not 417, which
is hydrogen-bonded to the indole N of Trp6, but rather a7 (Figures 4C, 8 and S10). Finally,
the simulations indicate that, in addition to transferring an electron to the excited indole,
ionized tyrosine residues can quench tryptophan fluorescence by resonance energy transfer
(Figure 7C,D). This process probably would be followed quickly by electron transfer from
the excited phenolate ring to a backbone amide.

To begin a more quantitative discussion of the competition between charge transfer,
resonance energy transfer and fluorescence, it is instructive to evaluate the quantity

Q= (1 - <PAI:'5()(t)>) $o.  (24)

in which (P sqo(9) is the probability of finding one or more CT or exciton states degenerate
with or below the indole ring's lowest singlet m—mc* state at time £ the brackets denote
averaging over MD trajectories of a given peptide in the excited state, and ¢y is the average
of the measured fluorescence yields for the hairpins with Trp at position 1 and a non-
quenching residue (Ala, Asn, GIn, e-N-acetyl-Lys, Lys, cyclohexyl-Ala or Ser) at position 8
(0.2475). This simple function correlates surprisingly well with the measured fluorescence
yields, considering that it covers a variety of electron donors and acceptors with no
adjustable parameters (see Figure S11). However, eq. (24) is unlikely to provide reliable
predictions of Trp fluorescence yields, because it would hold only if the electronic coupling
matrix element (V) is always large enough to make electron transfer or resonance energy
transfer much faster than radiative decay of the excited state whenever the thermodynamics
are favorable. In particular, electron transfer would have to be fast even if the only available
CT or exciton state lies far below the rt—m* state in energy. Although tunneling to excited
vibrational levels of the product state allows transfer processes to occur in this situation, the
Franck-Condon factors decrease as the two states move apart, and the exact form of this
decrease probably depends on the system.61 The ability of eq. (24) to predict the
fluorescence yields for some of the present peptides could depend on higher-energy CT
states that come into resonance with the —rt* state as the lowest CT state drops out.
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A more general approach is to write the rate constant for electron transfer as

hél2m

2r
ketz_ Vv 2
7 <' O o Prhan

Prc(AE (t))> . (25)

Here AE()) is the time-dependent difference between the calculated excitation energies of
diabatic reactant and product electronic states, pr(AE(2) is the Franck-Condon-weighted
density of product vibronic states that are degenerate with the reactant, and £ is a parameter
related to the rate at which coherent oscillations between the degenerate vibronic states
decay by dissipation of energy to the surroundings. Equation (25) reduces to the Golden
Rule expression, kez=2—ﬂ <|V(l)lzppc(AE(f))>, when (| U2) < A& 2. It goes to the adiabatic
limit, kot = (& prc (AE(D)), when {|V12) >> k&1 2. Expressions of the same general form
have been discussed by Zussman and others, and have been related to models of polar
solvents.52 However, when it is written simply as an average over trajectories in the reactant
state, eq. (25) does not require assuming that A £ has any particular functional dependence
on the reaction coordinate. This makes it unnecessary to evaluate the complete
reorganization energy of the reaction by running trajectories in the product state as well as
the reactant or by analyzing the fluctuations of A£. In addition to treating electron transfer,
eq. (25) also should apply to the rate constant for resonance energy transfer (k) from the
excited Trp to the Tyr phenolate ring in the hairpin peptides with ionized Tyr at position 8 or
10, although prA 4 E) undoubtedly differs in detail for electron- and energy-transfer.

Although microscopic simulations might be used to extract & and oz for the main
vibrational modes that are coupled to each CT or energy-transfer reaction, this would require
calculating the quantum energies at shorter intervals than the 0.5-ps periods we used here.
For the present discussion, we will treat £ and pzc as phenomenological parameters that are
the same for all the peptides and reactions under discussion. The total rate constant for
quenching in a given peptide (k) then is just the sum of eq. (25) over all the reactions with
significant values of (| V2) and {pozc). Assuming further that the rate constants for radiation
and other nonradiative processes (krand ;) are the same for all the peptides and are either
independent of time or fluctuate randomly with respect to Vand AE, the calculated
fluorescence yield becomes

Oyt =kl K f +hnr+kyg).  (26)

Figure 10 shows a plot of the measured fluorescence yields versus the yields calculated
using equations (25) and (26). For these calculations, we wrote pg-as the product of a
sigmoidal function that rises steeply from 0 to 1 as 4 £ becomes negative (2/[1+exp(4£/6)])
and a Gaussian providing a more gradual falloff when A£< 0:

Pre(AE)=(20) Pexpl —(AErY 22U 1+exp(AEB)].  (27)

The radiative rate constant krin eq. (26) was taken to be 6.11x107 s™1 (see Methods) and k;,,
was set to 1.858x108 s to give gy = 0.2475 as for eq. (24). Setting o = 15,000 * 1,000
cm™1, =100 + 100 cm~1 and &= (2.5 + 0.5)x10%3 cm~1s71 gives a good linear correlation
between the measured and calculated yields. The y-intercept of the plot is essentially zero
and the slope is close to unity. However, the quenching in the Trp-cagel6b peptides and the
hairpin peptides containing ionized Tyr tends to be underestimated relative to that in the
other peptides, suggesting that an individualized treatment of pscor € might lead to further
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improvements. The other nonradiative processes that are lumped together in &, also could
vary somewhat among the different peptides.

Figure S12A shows a plot of | 2&/(| V2 + h&12 ) one of the two fluctuating quantities
whose product contributes to the average in eq. (25). With the value of £ given above
(2.5x1013 cm™1s), k,;becomes essentially independent of | f when |V > 30 cm™L. Although
it may seem surprising that an electron- or resonance-transfer reaction could approach the
adiabatic limit when {| V) is still much smaller than the vibronic envelopes of the reactant
and product states, the more pertinent consideration here is the ratio of the electronic
oscillation frequency 2| U/ (~1012 s~ when | = 30 cm™1) to the rate at which the energy o
the resonant vibronic states dissipates to the surroundings: if dissipation of vibrational
energy requires a time longer than the reciprocal of the electronic oscillation frequency, the
reaction should approach adiabaticity.522-f An effective time constant on the order of 10713 s
for vibrational relaxations seems not unreasonable for the systems discussed here,
considering that low-frequency vibrational modes can oscillate coherently for several
picoseconds after photoexcitation of photosynthetic reaction centers,53 bacteriorhodopsin,54
heme proteins®® and photoactive yellow protein.56

Figure S12B shows the second fluctuating quantity in eq. (25), por(A4E), as given by eq.
(27) with o = 15,000 and & = 100 cm™L. The functional form that we have used for pr(AE)
is purely phenomenological, but stems conceptually from quantum mechanical expressions
for electron transfer in multi-mode harmonic systems®’ and is qualitatively consistent with
the dependence of the rate of electron transfer on A £ in photosynthetic reaction centers.61d-f
It is expected to be asymmetrical because there are many resonant transition from the
reactant to excited vibrational levels of the product when AE£ < 0, but few when A£> 0.
Note that A £ here is approximately the 0-0 energy difference between the two states, not the
gap between the vibronic levels that must be in resonance. The large value of o makes
prc(AE) broader than we might expect, but in principle could reflect coupling to multiple
high-frequency vibrational modes along with a quasi-continuum of low-frequency modes. It
is important to bear in mind, however, that the values of o-and & obtained by fitting the
fluorescence data might not be physically meaningful if the calculations over- or
underestimate A £ for all the peptides. Shifting all the energy gaps in the positive direction
would decrease o and increase 8. In addition, since the calculations can over- or
underestimate the quenching rate for particular types of peptides, the values of £,oand &
derived here depend to some extent on the number of peptides of each type that we studied.
Attempts are underway to apply the same treatment to a more diverse group of peptides and
proteins.

Conclusions

Tryptophan fluorescence can be quenched by electron transfer from the excited indole ring
to the side chains of protonated His, Glu and Asp residues, or to amide groups of the peptide
backbone. lonized Tyr side chains probably can quench both by resonance energy transfer
from the indole to the phenolate ring, and by electron transfer from the phenolate to the
excited indole ring. The quenching in all cases depends on the electronic coupling and
energy gap between the reactant and product states, which fluctuate with time and can vary
widely with the peptide structure. Although room clearly remains for improvements, the
calculated energies and interaction matrix elements appear to account well for the measured
fluorescence yields. Among the factors that we believe contribute to this agreement are MD
simulations that are long enough to sample much of the pertinent conformational space,
consideration of multiple CT and energy-transfer reactions, a self-consistent treatment of
induced electric dipoles for the reactant and product state in each of these reactions, and the
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use of a rate equation that sums over competing reactions and interpolates between the
extremes of adabatic and nonadiabatic processes.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CD

Cl

Cit
CsD
CT
FWHM
HOMO
HPLC
LUMO
MD
NOE
NOESY
Nva
Oorn
QM
RMSD
RMSF

circular dichroism

configuration interaction

citrulline

chemical shift deviation

charge transfer

full width at half-maximal amplitude
highest occupied molecular orbital
high-pressure liquid chromatography
lowest unoccupied molecular orbital
molecular dynamics

nuclear Overhauser effect

nuclear Overhauser effect spectroscopy
norvaline

ornithine

guantum mechanical
root-mean-square deviation

root-mean-square fluctuation. Standard 1- and 3-letter abbreviations are used
for common amino acids
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Figure 1.

Structures of (A) the p-hairpin peptide Ac-WVTIpGKHIFTG-NH2 and (B) the Trp-cage
peptide DAFAQWLADaGPASaRPPPs. The structure in A is one of an ensemble of NMR
structures solved in the present work (see below and Supplementary Figure S5); the
structure in Bwas generated by replacing Tyr3 by Phe in an NMR structure of Trp-cage 16b
(DAYAQWLADaGPASaRPPPs).14
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Figure 2.

pH dependence of yields of fluorescence from hairpin peptides with Trp in position 1 and
various ionizable residues replacing either Ala8 or Phel0. A: Ala8/Phel0 (@), Asp8/Phel0
(O), Glu8/Phel0 (A). B: Ala8/Phel0 (@), His8/Phel0 (O), Ala8/His10 (A). C: Ala8/Phel0
(@), Orn8/Phel0 (O), Cys8/Phel0 (A). D: Ala8/Phell (@), Tyr8/Phel0 (O), Ala8/Tyrl0

(A).
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Figure 3.

(A) Calculated energies for excitation from the ground state to the first excited singlet t—m*
state (rt—m* 1, red curve) and the CT state with the lowest mean energy (Trp — 49, blue) in
the hairpin peptide with Trp at position 1 and Ala at position 8 (Ac-WVTIpGKAIFTG-
NH2). The traces were generated by catenating data from twenty 0.5-ns trajectories in the
lowest excited singlet m—rt* state, beginning by projections from a trajectory in the ground
state. The first trajectory in the excited state started after 0.5 ns in the ground state, and the
others followed at 0.1-ns intervals. Backbone amide groups are designated by “&” followed
by a number indicating the residue that provides the amino group for the amide. The amide
group between the N-terminal acetyl cap and W1 in this peptide thus is &1, and the amide
between Ala8 and 11e9 is &9. CT states are designated by the side chain or amide that serve
as the electron donor and acceptor, connected by an arrow. (B) Distributions of energies of
the first two excited singlet m—c* states (redand orange curves) and the first five CT states
(blue, green, and purple curves) of the same hairpin peptide as in A, averaged over the
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twenty trajectories in the excited state. In this peptide, electron transfer from the indole ring
of Trpl to backbone amides a1, a2, a8, &9 and &10 gives CT states with similar distributions
of energies, all of which lie above the first two rt—rt* states. Various configurations
(combinations of wavefunctions) give multiple CT states in which the same two groups of
atoms serve as the electron donor and acceptor; this panel shows only the lowest-energy
configuration for each donor-acceptor pair. (C) The same as A, but for the hairpin peptide
with Phe at position 1 and Trp at position 10 (Ac-FVTIpGKAIWTG-NH2). The lowest CT
state here is Trp — al2 (/ight green). (D) The same as B, but for the hairpin peptide with
Phe at position 1 and Trp at position 10. The lowest CT states are Trp — al2 (/ight green),
Trp — all (cyan), Trp — al (blue) and Trp — al0 (purple). Energy distributions for CT
states with two different configurations are shown for Trp — al2; the second has
approximately the same shape as the first, but is displaced to higher energies by about
10,000 cm™~L. Only the lowest-energy configuration is shown for the other donor-acceptor
pairs. The amplitudes are proportional to the relative number of times that the energy was in
the corresponding bin. All bin widths are 100 cm™1, but the areas under the curves are not
necessarily equal, because only the first 16 states were identified at each time point.
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Figure 4.

(A) Distributions of calculated matrix elements (| /) for electron transfer from the lowest
singlet T—mt* excitation of the indole ring of Trp10 to amides 41, 411 and 412 in the hairpin
peptide Ac-FVTIpGKHIWTG-NH2. The distributions are from the same trajectories as
Figures 3C and D. Numbers in parentheses indicate two different configurations of the same
electron donor and acceptor, configuration (1) having the lower energy. (B) Distributions of
calculated matrix elements for electron transfer from the lowest singlet t—m* excitation of
the indole ring of Trpl to the protonated imidazole ring of His8 in the hairpin peptide Ac-
WVTIpGKHIFTG-NH,. Results for two configurations are shown. The distributions are
from the same trajectories as Figure 5C. (C) Distributions of matrix elements for electron
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transfer from the phenolate ring of ionized Tyr8 to amides a2 and &9 and the indole ring of
Trpl in the hairpin peptide Ac-WVTIpGKYIWTG-NH,. These distributions are from the
same trajectories as Figure 7C. Electron transfer from Tyr8 to Trpl can occur either from
the lowest rt—mt* state, when the excitation is localized mainly on the Tyr phenolate ring
(Tyr-* — Trp, green curve), from the second rt—m* state, when the excitation is localized
mainly on the Trp indole ring (Tyr- — Trp*, black), or from higher, more mixed rt—m*
states (not shown). (D) Distributions of matrix elements for transfer to amides a7 and a17
from the excited indole ring of Trp6 in the Trp-cage 16b peptide
DAFAQWLADaGPASaRPPPS. These distributions are from the same trajectories as Figure
8A. All the distributions are normalized to 1 at their peaks.
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Figure 5.

Calculated distributions of excitation energies of the first two excited singlet T—mr* states
and the first 5 or 6 CT states of hairpin peptides with Trp at position 1 and His at either
position 8 (Ac-WVTIpGKHIFTG-NH2, A, O) or position 10 (Ac-WVTIpGKAIHTG-NH2,
B, D), with the His side chain either neutral (A, B) or protonated (C, D). The energy
distributions were averaged over twenty 0.5-ns trajectories in the first excited singlet state.
Backbone amide groups are designated as in Figure 3. CT states involving electron transfer
between the indole ring of Trpl and the imidazole ring of His are designated “Trp — His”
and “His — Trp” (A and B), or (for protonated His) “Trp — His+” (Cand D). CT states
with two different configurations are shown for electron transfer from Trp to His+.

J Phys Chem B. Author manuscript; available in PMC 2014 February 14.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

McMillan et al.

Relative Probability

Relative Probability

1.0

0.8

0.6

0.4

0.2

0.8

0.6

0.4

— n-n* 1

n—n* 2

Trp — Asn
— Trp — ai
— Trp — a2
— Trp — a8
— Trp — a9
— Trp — al10

— " 1
-~ 2
Trp — Gin
— Trp — a1
— Trp — a2
— Trp — a8
— Trp — a9
— Trp — a10

— n-n* 1

n—n* 2

Trp — Asp
— Trp — ai
— Trp — a2
— Trp — a8
— Trp — a9
— Trp — a10

Energy / 1000 cm’”’

Figure 6.
Calculated distributions of excitation energies of excited singlet t—* and CT states of
hairpin peptides with Trp at position 1 and either Asn (A), GIn (B), Asp (C) or Glu (D) in
position 8 (Ac-WVTIpGKXIFTG-NH2 with X =N, Q, D or E). The energy distributions
were averaged over twenty 0.5-ns trajectories in the first excited singlet state. The side-chain
carboxylic acid groups of Asp and Glu were protonated. Backbone amide groups 4l, a2, 48,
a9 and 410 are designated as in Figure 3. CT states in which an electron moves from the
indole ring of Trpl to a side-chain carboxylic acid or amide group are designated “Trp —
Asp”, “Trp — Glu”, “Trp” — “Asn” and “Trp” — “GIn” (cyan curves). CT states with two
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different configurations are shown for electron transfer from Trp to Asp in C, transfer to Glu
in D, and transfer to & (b/ue curves) in both Cand D.
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Figure 7.

Calculated distributions of excitation energies of excited singlet m—mr* states and CT states
of hairpin peptides with Trp at position 1 and Tyr at either position 8 (Ac-
WVTIpGKYIFTG-NH2, A, O) or position 10 (Ac-WVTIpGKAIYTG-NH2, B, D), with the
Tyr side chain either neutral (A, B) or ionized (C, D). The energy distributions were
averaged over twenty 0.5-ns trajectories in the first excited singlet state. Backbone amide
groups are designated as in Figure 3; states involving electron transfer between the indole
ring of Trp and the phenol ring of Tyr are designated “Trp” — “Tyr”, “Tyr — Trp” and (for
ionized Tyr) “Tyr- — Trp”. When the Tyr is ionized, the first excited rt—mt* state (rt—-m*1,
aark brown) is localized mainly on the phenolate ring; the second and third r—rc* states (red
and orange), mainly on the indole ring of Trpl. When the Tyr is neutral (panels A and B),
ni—rnt*1 and n—rt*2 (redand orange) are localized mainly on Trpl, and the first excited
singlet state of the phenol group is at higher energies (not shown). CT states with two
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different configurations are shown for electron transfer from ionized Tyr to amides 41, a2,
a8 and &9 in C, and to amides 4l, a2, 410 and a1l in D.
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Figure 8.

Calculated distributions of excitation energies of the first two excited singlet T—mr* states
and low-lying CT states of (A) the Trp-cage 16b peptide DAFAQWLADaGPASaRPPPS,
(B) the Asp9Leu variant, (C) the Arg16Cit (citrulline) variant, and (D) the Asp9Ala/R16Nva
(norvaline) variant. The energy distributions were averaged over twenty 0.5-ns trajectories
in the first excited singlet state. Backbone amide groups &6, a7, al7 and al8 (blue, cyan, and
lightand dark green curves, respectively) are designated as in Figure 3. CT states with two
different configurations are shown for electron transfer to a7. See Figure S10 for similar
plots for the Asp9Leu/Argl6lle variant.
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Calculated distributions of excitation energies of the first two excited singlet t—n* states

and the low-lying CT states of (A) the Asp9Glu variant of the Trp-cage 10b peptide

DAFAQWLKDGGPASGRPPPS, (B) the ASer20 variant, (C) the Lys8Ala variant, and (D)
the Asp9Arg/Argl6Glu variant. The energy distributions were averaged over twenty 0.5-ns
trajectories in the first excited singlet state. Backbone amide groups (b/ue, cyan, and light

and dark green curves) are designated as in Figures 3 and 8. Two configurations are shown

for electron transfer to a7 (cyan).
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Figure 10.

Correlation of the measured fluorescence yield with the yield calculated by egs. (24) - (27)
with £=2.5x1013 cm™1s71, o= 1.5x10% cm™1, =100 cm™2, kr=6.11x107s"L and &, =
1.858x108s7L. Circles, hairpin peptides; squares, Trp-cage 16b peptides; triangles, Trp-cage
10b peptides. The fluorescence yields were measured at 285 K for the Trp-cage peptides and
the Phel0His and Trp1Phe/Phel0Trp hairpin peptides, and at 295 K for the other hairpins.
The observed values for hairpin peptides containing either Glu, Asp, His or Tyr with the side
chain in its protonated form, or containing His or Tyr with the side chain deprotonated, were
obtained from the asymptotes of the sigmoidal fits to the data in Figure 2. Data for 26
peptides are shown. (The hairpins with Cys, ornithine, Lys, or ionized Glu or Asp at position
8 were not simulated because the present treatment cannot handle ionized carboxyl groups,
S atoms, or quenching by proton transfer. The PhelOLeu hairpin, the Asp9Ala Trp-cage 16b
peptide, and the Arg160rn, Arg1l6Nva and Asp9GIlu/Argl6Lys Trp-cage 10b peptides were
omitted because of poor folding or lack of fluorescence data at 285 K.) The calculations for
hairpin peptides containing ionized Tyr considered direct electron transfer from Trp to
backbone amides, electron transfer from the phenolate ring to the excited indole ring of the
Trp, and resonance energy transfer from Trp (m—mt*2) to Tyr (m—m*1). Charge transfer from
the Tyr to backbone amides thus does not contribute to the calculated quenching, although
the resulting CT states could serve as sinks for removal of nt—mt*1 (see Figure 7). The
straight lineis a least-squares fit to all the data (/2 = 0.849, Pearson correlation coefficient =
0.922, y-~intercept = -0.0026 + 0.0124, slope = 1.053 + 0.0906).
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Table 1

Folding of Hairpin Peptides at 280 K. ¢

Substitutions PH % Folded?
none 6.5 91.0
Ala8/e-N-acetyl-Lys 8 6.5 93.6
Ala8Asn 6.5 92.4
Ala8Asp 6.5 88.0
25 89.4
Ala8Lys 6.5 91.5
Ala8Cha € 6.5 98.5
Ala8GIn 6.5 92.0
Ala8Glu 6.5 89.1
Ala8Ser 6.5 94.5
Ala8Cys 8 6.0 84.5
10.5 48.9
Alagorn ¢ 65 92.1
Ala8Tyr 6.0 91.7
10.67 90.7
Ala8His 7.85 97.7
25 94.9
Phel10Tyr 6.5 90.4
10.7 99.0
Phe10His 7.85 66.6
25 65.9
PhelOLeu 6.5 59.1
Trp1N-Ac-Phe / Phel0Trp 6.5 41.1

aThe peptides are Ac-WVTIpGKAIFTG-NH2 with the indicated substitutions for residues in bold font. Except where indicated (last row), all the
peptides had Trp at position 1.

bChemicaI-shift deviations of the following atoms were used to calculate the % folding: Val2 NH, lle3 Ha, 1le4 NH, X8 Ha, 11e9 NH, and when X
= Phe or Tyr, X10 HB3 and .X10 H&.

cAbbreviations: Cha = cyclohexylalanine, Orn = ornithine.
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Table 2
Folding of Trp-cage Peptides at 280 and 300 K.

. I % Folded (pH 7) &
Peptide and Substitutions

280 K 300 K
Trp-cage 16b © 98.9 96.3
Arg16Cit € 93.2 85.6
Asp9Ala 96.2 93.0
Asp9Leu 95.4 91.5
Asp9Leu / Argl6lle 95.0 90.0
Asp9Ala/ ArgléNva ¢ 928 89.7
Trp-cage 10b d
ASer20 € 99.5 90.9
Lys8Ala 97.2 83.7
Asp9Glu 97.8 86.2
Asp9Glu / Argl6Lys 94.4 80.9
Asp9Arg / Arg16Glu 94.8 81.5
Arg160m € 87.2 71
Arg16Nva € 75.0 52.3

aThe sum of the CSDs of the following atoms was used to calculate the % folding of each peptide: Leu7 Ha, Pro 18 Ha/HB3, Pro19 H82/H&3 and
Glyll Ha2.

DAF AQWLADaGPASaRPPPS, with the indicated substitutions for one or more of the residues in bold font.
cAbbreviations: Cit = citrulline, Nva = norvaline, Orn = ornithine.

dDAFAQWLKDGGPASGRPPPS, with the indicated deletions or substitutions for residues in bold font.

1duasnuey Joyiny vd-HIN
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61SerZO deleted.
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Fluorescence Quantum Yields and Emission Maxima of Hairpin Peptides at pH 6.5. ¢

Table 3

Substitutions Temp /K Yield b Apmax / nm ©
none 295 0.25+0.02 343
Ala8e-MACK @ 295 0.25+0.01 341
Ala8Asn 295 0.28 £0.03 344
Ala8Asp 295 0.27 £0.01 344
Ala8Lys 295 0.24+£0.01 343
AlasCha ¢ 295 0.27 £0.01 340
Ala8GIn 295 0.23+0.02 343
Ala8Glu 295 0.25+0.03 343
Alag8Ser 295 0.22+0.01 344
Ala8Cys 295 0.036 + 0.001 347
Alagorn @ 295 0.113+0.005 345
Ala8Tyr 295 0.134 +0.003 343
Ala8His 295 0.17 £0.01 344
Phel10Tyr 295 0.166 + 0.008 344
PhelOHis 285 0.135 + 0.004 347
PhelOLeu 285 0.24 £0.03 345
TrplPhe / Phel0Trp 285 0.068 + 0.005 345

Page 40

aThe peptides are Ac-WVTIpGKAIFTG-NH2 with the indicated substitutions for residues in bold font. Except where indicated in the last row, all

the peptides had Trp at position 1.

b . -
Fluorescence quantum yield (mean and standard deviation of three measurements).

c_ . .
Emission peak = 1 nm.

dAbbreviations: Ack = e-N-Acetyl-lysine, Cha = cyclohexylalanine, Orn = ornithine.
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Solvent Isotope Effects on Fluorescence Quenching in Hairpin Peptides. ¢

Table 4

Substitutions pH

ky(H20) / (108 s P Kk (D,0) / (1085 P ko(H20)/kg(D20)

none 6.5
Ala8Asp 3.0
Ala8Glu 3.0
Ala8His 3.0
PhelOHis 3.0
Ala8Orn 6.5
Ala8Tyr 6.5
11549
Phe10Tyr 6.5
11549
Ala8Cys 6.5
10.0

(UM
3.85+0.16
1.63+0.22
5.09+0.14
9.31+041
2.63+0.13
2.09 +0.08
16.1+0.71

1.21+0.08
30.8+1.9
14.5 + 0.62
2.86+0.09

0.18 £0.02

2.79+0.23
1.63+0.17
4.82+0.62
529+ 0.40
0.28 £0.03
1.22+0.08
127+11

0.70£0.19
16.5+4.6

8.02+0.41
2.20 £0.09

C

14+01
1.0+0.2
11+01
1.8+0.2
93+11
1.7+0.2
1301

1.7£0.2
1.9+0.6
1.8+0.2
1.2+0.1

a . . - I . .
The peptides are Ac-WVTIpGKAIFTG-NH2 with the indicated substitutions for residues in bold font.
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bRate constant for the pH-dependent quenching process in H20 or D20, all at 295 K except for the Ala8/His10 peptide, which was measured at

285 K. Calculated as described in the text except for Ala 8. The entries are the mean and standard deviation of three measurements.

cThe fluorescence yield for Ala8 was independent of pH, and was not significantly affected by deuteration of the solvent: ¢(H20) was 0.25 + 0.01
and ¢(D20) was 0.26 + 0.02.

dTyr probably is not completely deprotonated at this pH.
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Table 5

Fluorescence Quantum Yields and Emission Maxima of Trp-cage peptides at pH 6.5.

. . Yield P Amax / NME

Peptide and Substitutions
295 K 285 K 295K 285K

Trp-cage 16b 4 0.010 + 0.001 0.009 + 0.001 342 343

Argl6Cit d 0.025 + 0.002 0.016 +0.003 343 345

Asp9Ala 0.010 + 0.003 ND € 336 ND

Asp9Leu 0.021 + 0.004 0.019 + 0.002 345 346

Asp9Leu / Argl6lle 0.008 +0.003  0.0136 +0.0004 346 346

Asp9Ala/Argl6Nva @ 0.014+0001  0014+0001 343 343

Trp-cage 10b f

ASer20 0.023£0001  0.024+0001 348 349
Lys8Ala 0.0189+0.0003 0.0168+0.003 348 348
Asp9Glu 0.050£0006  0.043+0005 347 347
Asp9GIu / ArgLéLys 0.026 + 0.002 ND 349 ND
AspoArg / Arg16Glu 0033+0.003  0.040£0.002 347 346
Arg160rn 0.037+£0001  0.043+0001 349 348
Arg16Nva @ 0.016 + 0.002 ND 346 ND

aDAFAQWLADaGPASaRPPPS, with the indicated substitutions for residues in bold font. All the Trp-cage peptides had Phe at position 3 and Trp
at position 6.

b . _— .
Fluorescence quantum yield at the indicated temperature (mean and standard deviation of 3 measurements).
c_ . .
Emission peak, + 1 nm.
d o G .
Abbreviations: Cit = citruline, Nva = norvaline.
e .
ND = Not determined.

fDAFAQWLKDGGPASGRPPPS, with the indicated deletions or substitutions.
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