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ABSTRACT

BOWITTH, GARY S. vconformational and Fluorescence Studies
of Small Peptides Containing Tryptophan. Department
of Chemistry, April, 1980.

Double-exponential decay has been ohserved for tryptophan
and tryptophan-containing dipeptides. The Stern~Volmer mecha-
nism was used to detect such decay. Conformational energy cal-
culations were undertaken to elucidate fluorescence properties
of these peptides.

Ionic strength effects were found, for the most part, to
be unimportant in Stern-vVolmer quenching experiments. 2+LT'
exhibited non-~linear Stern-Volmer plots with cesium quencher.
Modified Stern-Volmer plots and theoretical calculations sup-
port the existence of double-exponential decay for 2+LT’.

Efficiency of external quenching is related to peptidyl
charge. Electrostatic attraction and repulsion accounts for
observed trends with icdide quencher.

Internal peptide quenching has been attributed, by other
workers, to exciplex formation. This model is supported by
the percentage of indole contacts found for peptides through
energy calculations. A low ﬂR for +TGG“ is attributed to in-
creased electrophilicity of amide carbonyl due to interresidue
hydrogen bonding.

Weak C5
upon peptide energy stabilization. The N-terminal residue in

intraresidue hydrogen Bonding has little affect

X-Trp peptides studied has little affect on tryptophan intra-
residue hydrogen bonding.

Zimmerman's contention that aromatic residues in Gly-X
dipeptides stabilizes the peptide is supported by energy cal-
culations on TGT™. cCalculations on 'PT™ agrees well with

zimmerman's findings for Pro-X dipeptides.
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INTRODUCTION

Tryptophar., unlike all other naturally occurring amino
acids except phenyalanine and tyrosine, exhibits significant
fluorescence upon irradiation. Tryptophan fluorescence proper-
ties are known to be dependent upon environmental influences.
As such, the fluorescence properties of proteins containing
one or more tryptophan residues can reveal information about
the extent to which these residues are exposed to solvent.

In turn, such knowledge can elucidate some of the structural
properties of such proteins. One part of this study involved
the examination of the fluorescence properties of some short
peptides containing one tryptophan residue. This work, it is
hoped, will provide information which can later aid in under-
standing the properties of proteinic tryptophan.

When tryptophan is irradiated, the resulting absorption
of light causes certain molecules to be excited from the sing-

let ground state, So to the excited singlet state, S Tryptophan

1
can return to the ground state through either the radiative proc-
cess of fluorescence or the non-radiative decay pathways of
internal conversion and intersystem crossing. Both non-radiative

pathways are decay processes which compete with fluorescence

decay. The kinetiecs for such decay is depicted below:

1A* — lA + hp kf {fluorescence)
lA* — lA (internal conversion)
3 in

S ——— Y (intersystem crossing)




1

where lA* represents the excited singlet state, "A is the

ground singlet state, 3A is the excited triplet state, kf is
the fluorescence rate constant and Zki is the sum of the
rate constants for the other decay pathways.

The efficiency of fluorescence for tryptophan, i.e. the
percentage of molecules which return to the ground state via
fluorescence, is measured by the quantum yield, D?.
ﬂfo represents the ratio of the rate for fluorescence to the

sum of all the rates involved in the decay process and is

given by equation (1)

.°=x
f £ (kf + Zki) (1)

An analogous quantity is the relative quantum yield, 'R'
ﬂR, an easily measured quantity, is used in the actual fluor-
escence studies of tryptophan-containing peptides and is given

by equation (2):

g, = (F ) ; x (A ) (2)
R A A peptide 280
280 Fa Nata

FA is the measured area under an uncorrected fluorescence spec-

trum, and A is the absorbance at 280 nm. The first ratio

280
refers to these quantities measured for tryptophan, the second
refers to those measured for NATA (N-acetyl-L-tryptophanamide),
a reference compound. The greater the value of both ﬂf and

ﬂR, the more efficient is the fluorescence as compared to the

other decay processes.

Another very important aspect of the fluorescence studies




of tryptophan-containing compounds is an examination of the
fluorescence 1ifetime, Tg- This value is given by equation (3)

-1

T, = (kg + :ki) (3)

£
and is defined as the time necessary for a given population of
excited states to decay to 1/e of its final value.

The fluorescence decay lifetime is related to the fluor-
escence intensity at time t, I, and the initial fluorescence
intensity according to equation (4):

1= Ioe-t/ Ts (4)
Equation (4) applies to tryptophan—containing peptides whose
fluorescence decay can be £it to a single-exponential function.
Such a compound is said to have a single fluorescence 1ifetime.
Werner and Forster have observed such single—exponential decay
for the zwitterion form of some short tryptophan-containing
peptides.l

Other workers have been able to fit better the fluorescence
decays of some compounds to a double exponential decay function
of the type given below:

1= Ly g0 T2 (5)
where 11 and T are the two lifetime components, fl and fz
are the lifetime weighting factors. A weighted average life-
time, ( T > , can be calculated by equation (6):
(7Y =f 1 +E T2 (6)

This double-exponential decay has been reported for

tryptophan itself by Rayner and Szabo.2 werner and Forster
have seen that the anionic forms of some short tryptophan-

containing peptides as well as larger (20-30 residues) peptides




exhibit double-exponential decay.1

Studies using steady-state excitation, it was hoped,
would help to verify the existence of double-exponential de-
cay for tryptophan. This work was carried out using the Stern-
Volmer mechanism. This type of study examines tiie effect of
external ions, quenchers, upon the fluorescence properties of
tryptophan.

Some quenching is believed by some workers to take place
at the indole ring of tryptophan by the creation of an excited
state charge - transfer complex (exciplex) between the ring
and the guenching atom.3 The Stern-Volmer mechanism provides
a means of measuring the stability of this complex and, there-
fore, the efficiency of quenching by such atoms.

Recall that ﬁ? is related to the rates of fluorescence
and the other non-radiative decay pathways. When quencher is
added to the tryptophan peptide solution, the excited state
molecules are allowed another decay pathway. This is seen in
the second-order collisional decay as follows:

Ias s g s la s g kg Q) (collisional quenching)

where kq [Q) is the rate for this process, kq is the second or-

der rate constant, and [Q] is the concentration of quencher in
solution. kq is a measure of the efficiency of quenching. As

its value increases quenching increases.

The quantum yield, ﬂf in the presence of quencher is

given by equation (7):

g = b
£ %kf + Tk o+ kg [a])




The Stern-Volmer equation is obtained by dividing equations

(1) by (7) to obtain (8):

o]
’%f =1+, [ @

where st = kq TEe

It has been seen that the presence of guencher does not
change the position or shape of the fluorescence curves for
tryptophan-containing peptides. In this study, we altered the
Stern-volmer equation by substituting the fluorescence inten-
sity at the emission wavelength maximum for the quantum yields.
Equation (8) becomes:

Fp / Fp =1+ k, [o] (9)

where Fg and F, are the total volume-corrected fluorescence in-
tensities in the absence and presence of gquencher respectively.
A plot of Fg / FT, the Stern-vVolmer ratio, versus [Q] should
yield a linear plot with a slope equal to Koy- kq and the
efficiency of quenching of external quenchers can subsequently
be determined.

Since Keov is proportional to the fluorescence lifetime,
it is hoped that Stern-Volmer quenching experiments might re-
veal exponential decay. Thus, one purpose of this study is
to use quenching experiments to find supportive evidence for
the double-exponential decay found by other workers.

The external quenchers used in Stern-Volmer experiments
were iodide and cesium ion. When charged tryptophan-containing

peptides are examined in the Stern-Volmer experiments, one might



expect electrostatic effects to affect the guenching efficiency,
kq, of the quencher ions. Thus another aim of this work is
to check for a correlation between charge and quenching effi-
ciency.

Since many of the fluorescence and guenching properties
which are observed are dependent upon exciplex formation,
electrostatic, and steric interactions between atoms in the
peptide (and external quencher ions), conformational analysis
of these peptides was believed to be crucial. This analysis,
done through the use of computer programs was aimed at first
determining those conformations of lowest energy which would
most likely be found in nature. Research by Zimmerman and
Scheraga has shown that low energy conformations of dipeptides
determined by computer analysis correspond fairly well with
the conformations observed in x-ray studies.4’5

Computer calculations were also thought to be useful in
structural (contact with the tryptophan indole ring) and
hydrogen bonding interactions among atoms in these low energy
conformations of peptides. Zimmerman and Scheraga's work has
provided a great deal of information about such interactions
in proline- and glycine-containing dipeptides.4'5

In our work we wanted to examine these properties in some
tryptophan-containing di- and tri-peptides which were also

examined through Stern-Volmer quenching experiments. We chose

to examine tryptophan-containing peptides with adjacent resi-

dues with varied structural properties. These adjacent residues




were glycine, proline, and lysine. Proline was chosen because
of the structural restrictions imposed on the residue by the
presence of the pyrrolidine ring. Glycine is unique because
it lacks a 8-carbon. Lysine's properties are of interest be-
cause its long side chain can rotate into many possible con-
formations.
A third major goal of this work, therefore, is to use

information regarding the conformational character of trypto-

phan dipeptides in order to help clarify their observed

fluorescence and quenching properties.




EXPERIMENTAL

SAr LR s

A. Chemicals:
see reference 6.
B. Instrumentation:
All pH measurements were obtained on a Beckman Century sSs
pH meter and on an orion Research 701 digital pH meter.
Absorbtion measurements were obtained on a Beckman DU
spectrophotometer and on a Cary 118 spectrophotometer. The
excitation wavelength used was 280 nm on both instruments.
slitwidths of 0.7 nm and 0.1 nm were used on the Beckman DU
and the Cary 118 respectively.
c. Procedure:

1. Preparation of Solutions:

a. Buffers:

The buffers used were phosphate (pH 5.8-6.4)
and carbonate (pH 9.8-10.4). Stock solutions
of NaZHPO4 and N32C03 were prepared with dis-
tilled, deionized water to a colit. .ration

of 0.05M. These solutions were then diluted
1:10 with distilled, deionized water to a
concentration of 0.005M. The appropriate
pbuffer systems were produced by adding hydro-
chloric acid and then adjusting the solutions
to the desired pH. The pH of each buffer

system was readjusted to the desired pH

pefore each quenching experiment. For




quenching experiments with KI quencher,
1 ml of a 10—45 solution of Naszoi' was
added to 100 ml of buffer solution. This
was done to prevent the conversion of
iodide to iodine.
b. Sample Solutions for Quantum Yield Measurements:
See reference 6.
c. Sample Solutions for Quenching Measurements:
See reference 6.
d. Quenchers:
See reference 6.
2. Fluorescence Quantum Yields:
See reference 6.
All quantum yield studies of the anion forms of the peptides
were carried out in 0.005M carbonate buffer.
Quantum Yield studies of some anion and zwitterion species

were carried out in buffer solutions consisting of 10% D,0O and

2

90% H,O0. A ratio of @ was constructed for

2 10%020 =° #100%m,0
each species. This ratio was then divided by .9 in order to

produce a ratioc of £, o to glooxﬂzo
n .

3. Stern-Volmer Quenching Experiment:

The Stern-Volmer mechanism was used to examine the quenching
efficiency of two external quenchers, cesium ion and iodide ion.
Seven 30 ul aliquots of quencher were added to a buffered solu-
tion containing the fluorescing peptide at a concentration of

about lO_sﬂ. The fluorescence intensity of the fluorescer at




its wavelength maximum was measured after each addition of
quencher. An excitation slit of 6 nm and an emission slit of
10 nm were used. The initial volume of fluorescer used with
iodide quencher was 3.0 ml. This resulte. in concentration
range for iodide in solution of 0.060M to 0.340M. The initial
volume of fluorescer used with cesium quencher was 2.0 ml.
This resulted in a concentration range for cesium in solution
from 0.089M to 0.570M. This greater cesium ion concentration
range was used in order to compensate for the low quenching
efficiency of cesium as compared to that of iodide.

The fluorescence intensities were corrected for volume
changes (due to addition of aliquots of quencher) according

to equation (9):

FM(VT/VO) = ¥, (9)

where FM is the measured fluorescence intensity at the wave-

length maximum, VT is the total solution volume, VO is the
initial volume of fluorescer in the absence of quencher. and
FT is the ‘total' fluorescence corrected for dilution.

The absorbtion wavelength maximum for tryptophan-contairing
peptides is 280 nm. Since the quenchers, particularly iodide
ion, are known to exhibit background absorbtion at this wave-
length, the excitation wavelength for fluorescence studies was
shifted to 290 nm throughout the duration of the experiment.

4. Ionic Strength Experiment:

a. Method One:

To determine the effect of increasing ionic strength, due




to the addition of quencher ion to the fluorescing solution.

on the results of the Stern-Volmer quenching experiment, an

jonic strength experiment was devised. All initial conditions

for this experiment were identical to those used in the Stern-

Volmer quenching experiments. After the fluorescence intensity
of the fluorescer at its wavelength maximum was measured in

the absence of quencher, one 30 u#l aliquot of quencher was

added, and the fluorescence intensity was again recorded. Sub-
sequently, ten 30 #i aliquots of 5.0M sodium chloride were
added to the fluorescer solution and the fluorescence was re-

corded after each addition.

The ionic strength, # , is given by equation (10):

_ 2 2 2
"= ls,,(mlzl +myz," 4 maz " 4 el) (10)

where m, , My, m3, m, represents the molar concentrations of the

1
ions in solution, and Zq Z,, z3, z, are their respective ionic
charges. Since the ionic charge of all the species in this
experiment was one., the ionic strength was simply the sum of

the quencher concentration and the sodium chloride concentration.

The contribution of the buffer to the ionic strength of the

solution was neglected because its concentration, 0.005M, was
considered negligible in comparison to that of the quencher.
The measured fluorescence intensities were again corrected
for volume changes as in the Stern-Volmer quenching experiments.
A plot of F;//%T vs. M was constructed where Fg is the fluo-

rescence intensity in the absence of quencher., 1In order to

examine at zero ionic strength, a correction factor was to be
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. o _ (] _
determined from a plot of E}T//%T) n= ;//{FT//FT) »= %] ve.

#  where (F;//FT) #= n is the Stern-Volmer ratio at a given
ionic strength and (Fgl/fT) # = o is the ratio at zers ionic
strength. The value of [(Fg/FT) #=)/(E‘,‘;/FT) e o] at

# = n can be multiplied by a value of (Fg//FT) at g = n deter-
mined in the corresponding Stern-Volmer experiment to find

(F; FT) #= o for the Stern-Volmer results.

Careful examination of this method revealed that it did
not produce a simple way of determining a correction factor.
The fluorescence intensity is dependent upon both ionic strength
and quencher concentration. The addition of aliquots of sodium
chloride to the fluorescer solution caused a change in both #
and the concentration of quencher. There was no simple mathe-
matical method to correct for this effect. A second method for
determining ionic strength effects was subsequently devised.

b. Method Two:

In this method, a constant quencher concentration was main-
tained throughout the experiment resulting in measured fluo-
rescence intensities which were dependent solely on changes in
ionic stremgth.

Seven 10 ml sclutions were prepared, each containing 1 ml
of fluorescer. One solution contained only fluorescer and
buffer. Another was prepared with fluorescer, buffer and 1 ml
of quencher. The remaining five solutions contained equal
concentrations of quencher and increasing concentrations of

sodium chloride.
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The quencher concentration used was 0.13M for iodide
quencher and 0.19M for cesium quencher. These concentrations
were chosen because they represent the concentration at 1/3
the quencher concentration range used in the original Stern-
Volmer quenching experiments. The concentration of sodium
chloride ranged from 0.0M to 0.380M with cesium quencher and
from 0.0M to 0.370M with iodide quencher and was designed to
duplicate the range in ionic strength found in the original
Stern-Volmer experiments.

5. Conformational Analysis via Computer:

All conformational energy calculations for short tryptophan-
containing peptides were carried out on a Burroughs B-6805 com-
puter. Five fortran programs entitled SETVAR, ECEPP, ECEPEMIN,
HYGBOND, and INDOLE were utilized for all computations. The
five programs are interrelated according to the input-output
scheme presented in Appendix A.

a. SETVAR:

SETVAR is used to define all the possible permutations of
sets of single residue minimum dihedral angles. The sets of
single residue minimum dihedral angles were obtained from work
by Zimmerman, et. al.7 For all residues except lysine, the
lowest energy minima within 3Kcal of the global minimum listed
in reference 7 were used. For lysine, each conformation used
in SETVAR was one representative minimum from each conformational

group of minima found for the residue, The SETVAR output file

of combined set of angles provides the input values for the




dihedral angles to be utilized by ECEPP in its energy calcu-
lations.
b. ECEPP:
ECEPP (Empirical Conformational Energy Program for Peptides)
calculates conformational energies of peptides using parameters

obtained from x-ray crystal structures of small organic mole-

cules.8 These parameters are combined with variable geometry

to produce four energy terms: electrostatic, nonbonded, hydro-
gen bonding, and tortional'energy. The final energy function
is the sum of these four energy terms.

Excluding backbone and side chain dihedral angles, all bond
lengths and bond angles remain constant throughout the energy
calculations. Geometry data were obtained through x-ray and
neutron diffraction studies. Treating bond lengths and bond
angles as constants simplifies the calculations considerably
by reducing the number of variables to be considered: for
example, bending and stretching constants need not be intro-
duced.

ECEPP must utilize values of partial atomic charges in
order to calculate the electrostatic energy term. These charges
are determined using the CNDO (Complete Neglect of Differential
Overlap) molecular orbital method and handle only valence
electrons. The resulting reproduction of actual dipole moments
is only fair.

The electrostatic energy term utilizes atom-centered mono-

pole charges in order to represent a continuous charge distri-
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pution. This energy term is determined using equation (11):
Ul Eiy) = 332.0qiqj/Drij (11)

where g is the partial charge using criteria outlined above.
332.0 is a conversion factor to give a final value in Kcal/mole,
rij is the distance between atoms i and j and D is the effective
dielectric constant (taken to be 2 in all calculations).

Nonbonded interactions (long-range attractions due to dis-
persion forces and short-range repulsions) are modeled using a
Lennard-Jones "6-12" potential. This energy expression is
given by egquation (12):

Uyplryy) = FAkl/rij“ - ckl/rij6 (12)

where F is a weighting factor eqgual to .5 for 1-4 type inter-
actions and equal to 1.0 otherwise, Akl is the repulsive
coefficient calibrated by crystal calculations, Ckl is the
attractive coefficient calculated from the Slater-Kirkwood
formalism, and rij is the inter-atomic distance.

The hydrogen bond energy term is determined by expression

(13) and is calibrated with crystal data.

— 12 10
Uppu-x) = Pa-x /rH-—X = By_x /ra--x 13)
where Ta_o_x is the interatomic hydrogen bond distance. Ah__x
and BH——X are specific coefficients for particular pairs of

atoms undergoing hydrogen bonding.
The final energy term, torsional energy., has an energy
contribution of the type given by expression (14):

UTOR(@) = (UO/Z) {1 + cos n©) (14)

where IJO is the height of an n-fold tortional energy barrier.
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A single cosine term was used to obtain a good fit with experi-
mental data.

ECEPP locates each atom in the residue on a X,Y,Z coordinate
system. This information can be obtained in a computer printout
through the use of a certain print option (refer to Appendix A).

The reader is referred to reference 9 for more specific
criteria for ECEPP energy calculations.

c. ECEPEMIN:

ECEPEMIN, an enerygy minimization program, is identical to
ECEPP except for an additional subroutine called MINOP. Sub-
routine MINOP varies selected dihedral angles in such a way as
to minimize the conformational energy. One provides the sub-
routine with a step size (size of a progression along a potential
weil function), energy criterion for convergence, and the maxi-
mim number of function calls. The lowest determined energy
(and the corresponding geometry) was chosen as the minimized
total energy of the peptide. The reader is referred to refer-
ence 10 for further information on the algorithm used in MINOP.

d. HYGBOND :

HYGBOND is a program designed to identify the presence of

hydrogen bonds in a peptide. This program is identical to

ECEPP except for three additional subroutines. The peptide's

dihedral angles are obtained from ECEPEMIN (refer to Appendix

A). The program examines the distance between hydrogen atoms
bound to nitrogen or oxygen and other nitrogen or oxygen atoms.

If this distance is 2.3 angstroms or less, a hydrogen bond is
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assumed to be present. This distance criteria was chosen
because it is two times the radius of a water molecule. The
output designates the atoms between which this bonding takes
place. It will also specify whether there is a back-~bone-
back-bone bond, back-bone-side-chain bond, or a side—chain-
side-chain bond.

e. INDOLE:

INDOLE is a program identical to ECEPP except for one
additional subroutine, subroutine Indole. INDOLE is designed
to determine the interatomic distances between the indole
ring of tryptophan and other atoms in the peptide which may
quench indole fluorescence. The distances between two carbons
(atom #'s 14 and 16 in Figure 9) =zni the nitrogen in the five-
membered ring of indole and the amino nitrogen, carbonyl oxygen
and carboxyl oxygen in the backbone were determined. One
selects the range of distances which one wishes to examine.
For our work, when the atoms of interest are within 1.50 and
3.35 angstroms of one another, an indole contact is believed
to exist. This minimum distance of 1.5% was chosen S0 as to
allow for solvent water molecules to partially surround the
atoms in the peptide ({(as would be expected in nature). The
maximum distance of 3.35% was chosen because is was believed
that any greater distance would be too large to allow for
exciplex formation.

INDOLE is a very powerful program because with only a few

changes in the subroutine, one can determine the interatomic
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distance between any two atoms in the peptide. Additionally,
INDOLE could allow one to determine whether the ionic radius
of an external quencher is too large to allow for unhindered
contact with the quenching sites on the indole ring.

6. Conformational Letter Codes:

A conformational letter coding system developed by Zimmer-
man and Scheraga was used in order to classify the low energy
conformations found for peptides. Letter codes were assigned
to each residue in the peptide according to its location on a
@ - ¢ map. (See reference 4). The map is divided into 16
regions (A-H, A*-H*). Letter A denotes the region which con-
tains the right-handed o -helix, B is the bridge region, C is
the region in which C7 hydrogen bonding occurs, E contains
the extended conformations, H is the high energy region. D,
F, and G were assigned to the remaining regions to indicate
contiguity. Starred regions indicate left-handed conformations.
This system was used to aid in the qualitative comparison of

low energy conformations. Side chain dihedral angles were

not used for classification.
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RESULTS

Table 1 contains a summary of the kq values for the iodide
quenching of the zwitterionic forms of several tryptophan-
containing peptides, NATA (N-acetyl-L-tryptophanamide, and
NATE (N-acetyl-L-tryptophyl ethyl ester). The lifetime values
for all the peptides except 2+LT_ (L-lysyl-L~tryptophan) are
from the single exponential decay lifetime function proposed
by Werner and Forster in reference 1. Table 1 reveals that
there is a correlation between the kq values and the location
of charges in the fluorescing species. The following results
are seen in Table 1:

(1) The kg values, within experimental error, are

the same for *GTG~ (glycyl-L-tryptophyl-glycine),

*T~ (tryptophan), NATA and NATE.

(2) kg values are highest for peptides containing

a positively charged tryptoghan residue (see "TG™

(L-tryptophyl-glycine) and tTGG™ (L-tryptophan-

glycyl-glycine)). kq increases as the tryptophan

residue moves farthér away from the negatively

charged residue.

(3) kq values are lowest when the tryptophan resi-

due is negatively charged. It increases as the

positively charged residue moves closer to trypto-

phan (compare *GGT- (glycyl-glyeyl-L-tryptophan)

to *GT~ (glycyl-L-tryptophan)).

Table 2 summarizes the results of iodide quenching of the
anionic forms cf tryptophan containing peptides. The following

information is obtained:

(1) kg and <k§>- values are greatest for GTG-,
GTGG™ ?glycyl—L-tryptophan—glycyl—glycine) and

TG™, where tryptophan is uncharged. " The kq value
calculated with a single lifetime increases as

the negative charge is moved farther away from

the tryptophan residue (compare TG-, GTG~ to GTGG™) .




Peptide

NATA

NATE

*eer™

*ar

*era”

*aree

+ -
TG
TGG

+. -
2 LT

TABLE 1

Results from Iodide Quenching of Zwitterion

Forms of Small Peptides, NATA and NATE

20

k2 7P (ns) (t10%) ky x 10° @ gec™!)
13.240.5 2.8 4.740.6
6.3+0.4 1.3 4.8+0.8
2.740.1 1.2 1.740.2
2.7+0.1 0.90 3.040.4
4.310.2 0.85 5.1+0.5
5.4+0.1 0.88 6.140.7
14.040.4 2.8 5.040.6
11.540.4 1.6 7.241.0
9.5+0.1 1.1 9.0+1.0
7.640.3 1.3 5.7+0.8

a. Includes some data from reference 6.

b. Single-exponential decay lifetime T
reference 1.

c. Represents the weighted rage lifetime,

<ﬁj>= £, 7T, 4+ £ T, obt ..ed from reference 1.

2

£ obtained from




21

TABLE 2

Results from Iodide Quenching of
Anion Forms of Small Peptides

Peptide K (M_l) Tf(ns?(ilox) 3 xlOg(M_lsec.])b {Hins )‘filox)4<9>x 109(M_lsec—]?
GT~ 3.8+0.1 1.9 2.040.2 1.6 2.340.3
GGT~ 3.3+40.2 1.6 2.140.3 1.2 2.840.4
GTG™ 5.040.5 1.7 2.940.6 1.1 4.740.9
GTG™ 4.8+40.1 1.2 4.04+0.5 -— —

‘re” 7.5+0.2 3.2 2.3+0.3 2.7 2.840.6
PT 8.2+0.3 4.9 1.740.2 3.2 2.5+0.3
TG~ 19.3+0.1 6.9 2.840.3 _— -—

a. Single-exponential decay lifetime, r obtained from

reference 1. £

b. Calculated using single-exponential lifetime, Tf.
c. Weighted average lifetime,<(€>, obtained from reference 1.

d. cCalculated with weighted average lifetime, <E>.




(2) The kq and Q? values are lowe . for
those peptides in which tryptophan is nega-

tively charged, i.e. GT~, GGT~, PT~ (L-prolyl-
L-tryptophan), *LT™. The values (for both
single and weighted average 'lifetimes) are,
within experimental error, the same for these
peptides.

(3) Comparison of Table 1 to Table 2 reveals

that the single lifetime value for all the

peptides studied, except GGT~, are smaller for
the anion species.

Table 3 summarizes the results of the cesium quenching of
the zwitterionic forms of several tryptophan-containing peptides,

NATA, and NATE. The following information can be obtained:

(1) There is no correlation between the location
of the charges in the peptide and the quenching
efficiency of cesium ion.

(2) The kq values for NATA, NATE, and 'T~ are
the same within experimental error.

(3) _ The Stern-Volmer plot for the cesium quenching
of 2*LT” is non-linear (See Figures 1 and 2).

(4) The kq values for cesium quenching the pep-
tides in Table 3 are smaller than those for the
iodide quenching of the same peptides {compare
Table 1 to Table 2). This supports the findings
of other workers who have shown that iodide iTY
is a more efficient quencher than cesium ion.

Table 4 summarizes the Stern-Volmer data for the cesium
quenching of the anionic forms of some tryptophan-containing
peptides. The following results are observed:

(1) The k5 values calculated with the weighted
average li%etime value are greater for all of
the peptides studied, except TG, than those
calculated with a single lifetime value.

(2) There is no simple correlation between the
kq, Xq values and the location of the nega-~
tive charge in the peptide (compare GT™ to GTG
to TG™).
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TABLE 3
Results from Cesium Quenching of Zwitterion
Forms of Small Peptides, NATA and NATE
Peptide K__ (M1 T_(ns}(+10%) x_ x 109 Lgecl)®
sv £ (o1

NATA 1.8 +0.02 2.8 0.65+0.07

NATE 0.81+0.04 1.3 0.62+0.09

*og 1.4 +0.04 1.6 0.87+0.11

*p 1.9 +0.01 2.8 0.69+0.07

2tpo” * 1.7 —

a. Single-exponential decay lifetime, Tf, obtained from
reference 1.

b. Calculated with single-exponential lifetime.

* Non-linear Stern-Volmer plot.
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FIGURE 1

Stern-Volmer Plot

24177 Trial 1
FT°/FT vs [Cs+]

Nex = 290 nm
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FIGURE 2

Stern-Volmer Plot

2417 Trial 2

Fr°/Fp vs [Cst]

lex = 290 nm







TABLE 4

Results from Cesium Quenching of
Anion Forms of Small Peptides

da

Peptide st(m‘l) rf(ns?(f_lox) kg X 10° (M'lsec‘l)b <1->(ns<):(110%) <z 10% (M tsec™?)
GT ™ 1.1+0.04 1.9 0.56+0.08 1.6 0.65+0.09
GTG™ 1.240.04 1.7 0.73+0.1 1.1 1.2 +0.2
GGT ™~ 1.240.1 1.6 0.7240.1 1.2 0.9740.2
TG~ 4.140.2 6.9 0.59+0.09 -—= -

tprT 1.7+0.05 3.2 0.52+0.07 2.7 0.62+0.08
PT 3.5+0.5 4.9 0.71+0.2 3.2 1.1 0.3

a. Single-exponential decay, T obtained from reference 1.
b. Calculated with single-exponential lifetime.

¢. Weighted average lifetime,(frj), obtained from reference 1.
d. Calculated with weighted average lifetime.

82




(3) The kq and <kq>values for the cesium

quenching of the anion species are much smaller

than those obtained for the iodide quenching

of the same compounds (compare Table 2 to Table

4). This again supports the contention that

iodide ion is a more efficient quencher than

cesium.

Table 5 shows the results of quantum yield studies of the
zwitterionic and anionic forms of T, TG and TGG. The following
results are obtained:

(1) @R values for the zwitterion species are

lower than @R values for the anion species of

all the peptides studied.

(2) PR for TG™ and T  are identical,

(3) When an additional glycine residue is

added to TG, @r decreases for both the zwitter-

ionic and anionic species (compare TG to TC3).

Table 6 lists gRlOO%DzO//%RlOOXHzo for the zwitterionic
and anionic forms of T, TG and TGG. It is seen that except
for +T., this ratio is the same for all the peptides studied.

Table 7 shows the position of the fluorescence wavelength
maximum for the zwitterionic and anionic forms of TG, TGG, GGT
(and the tryptophan zwitterion). The range of variation in
Amax is only 10 nm. It is seen, however, that 1A max increases
by 10 nm when the positive charge is removed from the trypto-
phan residue.

Table 8 shows the KSV values and correlation coefficients
for various mixtures of NATA and +GT-. The mixtures were
created in order to simulate a solution with double-exponential

decay., The correlation coefficients reveal that all the Stern-

Volmer plots studied were linear.




TABLE 5

Results from Quantum Yield Studies of Zwitterion
and Anion Forms of Small Peptides, NATA and NATE

Peptide 2r

NATA 1.00%

NATE 0.46*

tp 1.00*

T 2.50*

*og 0.62%

TG~ 2.50*

*reg” 0.37+0.07

TGG 1.0440.06

* Data obtained from reference 1.




TABLE 6

Results from Deuterium Isotope Quantum
Yield Experiment

. ¢ @
Peptide "R ioxpre/ Nooxmzo




TABLE 7

Fluorescence Wavelength Maximum for Zwitterion
and Anion Forms of Small Peptides

Peptide a max {nm)

*po 350

*og




TABLE 8
Results from Cesium Quenching of
Mixtures of NATA and *GT-
ra
Peptide Mixture -
vata: oo™ 1.3+0.04 0.9976

2NATA: T 1.5+0.04 0.9972

NaTa:2 G 1.1+0.005 0.9962

a. Correlation Coefficient: r = 1 means exact linearity.
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Table 9 summarizes the results of Stern-Volmer quenching
experiments of the tryptophan zwitterion at fluorescence
emission wavelengths of 330 nm and 370 nm (about 20 nm above
and below the fluorescence wavelength maximum for tryptophan).
It is seen from the correlation coefficients that the Stern-
Volmer plots at both wavelengths have linear slopes. There
is little variation between the st and kq values found at
330 nm and those found at 370 nm.

Table 10 summarizes the data obtained from the modified
Stern-Volmer plots constructed using either experimentally
obtained or theoretically derived values for the fluorescence
intensities at given quencher concentrations. The correlation
coefficients reveal that both plots are linear. It is also
seen that the st value obtained using experimentally measured
fluorescence values in the plot is almost identical to that
obtained when theoretically derived values for the guantum
yields are used. The fractional maximum accesible protein
fluorescence value, fa’ found through experiment is comparable
to that obtained with theoretical calculations.

Table 11 presents data on the variation of the Stern-
Volmer ratio, Fg//FT, for zwitterion and anion forms of some
tryptophan-containing peptides undergoing iodide quenching as
a function of ionic strength. Table 12 shows the results of
the ionic strength experiments with cesium quencher. The

following information can be obtained from these tables:




1.9+0,04 0.68+0.08 .9995

370 1.7+40.04 0.60+0.07 .9995

&. Correlation Coefficient




TABLE 10

Results from Experimental and Theoretical
Modified Stern-Volmer Plots for 2+LT~

-1 a
Method ng(M ) fg E_

Experimental 3.040.03 0.59+40.04 .9969

Theoretical 2.9 0.65 .9999

a. Correlation Coefficient




TABLE 11

Results from Ionic Strength Experiment
with Iodide Quencher on Zwitterion and
Anion Forms of Small Peptides

Peptide F?l/FT (Trial 1) F;,/FT (Trial 2)
*ar” 1.00 1.00
1.36 1.36
1.32 1.28
1.29 1.36
1.29 1.42
1.26 1.32
1.24 1.29
1.00 1.00
1.54 1.63
1.59 1.57
1.49 1.53
1.51 1.38
1.51 1.33
1.42 —
1.00 1.00
1.77 1.21
1.77 1.38
1.77 1.29
1.57 1.37
1.10 1.41
1.66 1.32
1.66 1.09
*rg” 0.00 1.00 1.00
0.130 2.23 2.22
0.161 2.23 2.41
0.192 2.23 2.25
0.253 2.23 2.29
0.315 2.68 2.29
0.377 2.23 2.29
0.438 — 2.28
TG 0.00 1.00 1.00
0.130 3.13 3.16
0.161 3.38 3.08
0.192 3.44 3.24
0.253 3.44 3.52
0.315 1.12 3.43
0.377 3.59 3.24
0.438 3.52 3.52
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TABLE 11 (Cont.)

Peptide u Fo /P, (Trial 1) F1 /Py (Trial 2)
A% 0.00 1.00 1.00
0.131 1.86 1.99
0.169 1.80 1.93
0.192 1.60 1.84
0.253 1.64 1.91
0.315 1.64 1.93
0.377 1.65 1.93
0.438 1.64 1.91
GTG™ 0.00 1.00 1.00
0.131 1.48 1.50
0.169 1.60 1.49
0.192 1.63 1.43
0.253 1.53 1.49
0.315 1.58 1.33
0.377 1.53 1.49

0.438 1.51 1.46




TABLE 12

Results from Ionic Strength Experiment
with Cesium Quencher on Zwitterion and
Anion Forms of Small Peptides

- o . ; o .
Peptide Fo /FT (Trial 1) FT /FT (Trial 2)

*or- 1.00 1.00

—_— 1.08
—— 1.06
1.07 1.04
1.14 1.04
1.14 1.09
1.12 1.27
1.14 1.02
1.12 -—=

1.00 1.00
- 1.12
-— 0.83
1.33 1.07
1.33 1.17
1.29 1.01
1.21 1.14
1.13 1.08

1.00 1.00
——— 1.27
-—— 1.22
1.32 1.28
1.32 1.23
1.47 1.27
1.47 1.25
1.47 1.28
1.47 ——

1.00 1.00
-— 1.16
—— 1.07
1.36 1.22
1.30 1.05
1.30 1.05
1.24 1.06
1.22 1.07
1.27 ———




Peptide

+

LT

GT~

0.00

0.190
0.221
0.253
0.317
0.380
0.444
0.507

0.00

0.190
0.221
0.253
0.317
0.380
0.444
0.507

TABLE 12 (Cont.)

(<]
o [Py (rrial 1)
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o
FT /FT (Trial 2)

1.00
1.16
1.11
1.27
1.11
1.10
1.16
1.11

1.00
1.12
1.10
1.21
1.08
1.10
1.10
1.10




(1) There is evidence of consistent changes in
the Stern-Volmer ratio as a function of ionic
strength. Some peptides show a general increase
in FQ/Fr as increases. Others show a general
decrease in FQ/Fq as u increases.

(2) A few data points in the FJ /%T vs. # plot
for each peptide do not follow the general trend
for the peptide. 1In general, this erratic be-
havior is more prevalent in ionic strength ex-
periments with cesium quencher (compare Table 11
to Table 12).

(3) There is not a large degree of reproducibility
of results due to the observed erratic behavior.

Table 13 presents values for the percentage change in
Fg//FT for each trial as well as the average percent change
for each peptide. The % change is given by expression (15) :

% change = F%/@T { # =minimum; quencher present)—F@/FT( #= maximum)
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F%//FT ( #=minimum; quencher present)

This value does not account for all the points but helps to
qualitatively describe the change in F%//%T as a function of

ionic strength. A positive % change indicates a consistent

decrease in the Stern-Volmer ratio as ionic strength increases.

A negative % change value signifies an increase in F%//FT as

# increases. The following results are obtained from Table

(13):

(1) Three peptides show an increase in Fg//F

as a function of incremsing ionic strength’ (+TG™,
TG~ with iodide .on ar *LT™ with cesium quencher).
The remaining ten peptides have positive % change
values.

(2) Five peptides have relatively low absolute
values (less than 5%) for the average % change.
These are TTG~ and GTG™ with 'iodide quencher and
GT-, *LT~, and GT- with cesium quencher.




TABLE 13

Percentage Change in Fo /FT for Ionic Strength
Experiment on Zwitterion and Anion Forms
of Small Peptides

a a
Pepcide Quencher %Change (Trial 1) % Change (Trial 2) % Change-AVG

+ -
GT

I 8.8 5.1
+eTG- b 7.7 18.4
+pp-— i~ 6.2 9.9
+1G- I~ 0.0 -2.7
TG= 1~ -12.5 ~11.3
tLr- 1~ ) 11.8 4.0
GTG™ I- -2.0 -4.3
+gr- cst -4.7 5.5
hculely cst 15.0 3.6
2+pT- cst -11.4 -0.8
+rG- cst 6.6 7.8
+LT- cst 4.3 _—
GT cst 1.8 ——

a. % Change =

o e . _g© - ;
FT /FT ( # =minimum; quencher present) F'r /FT ( #=maximum) x 100

7.040.2
13.1+45.3
8.1+1.8
-1.3#1.3
-11.9+0.6
7.9%£3.9
3.140.1

0.445.1
9.335.7
-6.135.3
7.240.6

o =i R
FT /FT ( #=minimum; quencher present)




(3) Five peptides have moderately low values

(between Si and g%) for the average % change.

These are GT 4 PT~, and *LT™ with iodide

quencher and 2%1r- and tTG™ with cesium quencher.

(4) Three peptides have relatively high abso-

lute values (greater than 9%) for the average %

change. These are YGTG~ and TG~ with iodide

quencher and *GTG~ with cesium quencher. No

peptide has an average percent change greater

than 15%.

Table 14 summarizes the results of computer calculations
on six tryptophan-containing peptides. The number of starting
conformations was determined through the use of SETVAR which
combines single residue minima. The number of low energy pep-
tide minimized conformations is determined by counting the
number of conformations whose energy is within 3.0 Kcal cf the
lowest energy conformation for a given peptide. Those confor-
mations with hydrogen bonds and/or indole contacts follow the

criteria outlined earlier. Table 14 reveals the following

information:

(1) There is no change in the number of low
energy conformations when uncharged tryptophan
becomes a zwitterion.

(2) Although *T6G™ has a much greater number

of starting conformations than TTG™, it has an
almost equal number of low energy minimized
conformations. Thus the addition of a second
glycine does not drastically increase enerqgy
stabilization.

(3) There is some dependence of peptide energy
stabilization upon the position of the glycine
residue in tryptophan-containing dipeptides.

It is seen that there are more low energy con-
formations when glycine is the N-terminal end
of the dipeptide than when it is in the C-
terminal position.




TABLE 14

Results from Computer Analysis of Zwitterion
Forms of Six Tryptophan-Containing Peptides

# of # of Low # of % of # of % of
Conformations Energy Minimized Hydrogen Hydrogen Indole Indole
Peptide Studied Conformations Bonds __Bonds Con*acts Contacts

+ - c

T 30 30 6 20.0 6 18.8

*rgT 121 27 22.3 26 21.5

*roG 129 76 58.9 28 21.7

*ar” 176 50 28.0 89 50.6

*pr- 48 22.9 16 33.3

_a
ter 3 0.0 3

This is the percentage of hydrogen bonds among the low energy conformations.
This is the percentage of indole contacts among the low energy conformations.

Refers to the low energy single residue minima for uncharged blocked tryptophan.

Note: Only a few conformations of 2+LT— were completely minimized.




(4) There is some dependence of energy stabi-
lization upon the identity of the N-terminal
residue (other than tryptophan) in tryptophan-
containing dipeptides. When glycine is in this
position the greatest number of low energy con-
formations result (compare " GT~, “PT-, and
2417y .

5) all the residues, excepting *TGG~ (and
+1,r-) have the same percentage of hydrogen
bonds among the low energy conformations.
There appears to be little correlation between
the position of tryptophan in ‘the dipeptide
and the number of hydrogen bonds produced.

(6) The percentage of hydrogen bonds among

the low energy conformations increases markedly
upon the addition of a second glycine residue
to the *TG~ dipeptide.

(7) There is some dependence of the percentage
of low energy conformations which fit the given
criteria for indole contacts on the position of
the tryptophan residue in the peptides. This
percentage varies insignificantly when trypto-
phan is on the N-terminal end of the peptide.
The percentage increases sharply when tryptophan
is on the C-terminal end of the peptide.

(8) The addition of a second glycine residue

to ¥TG™ has no effect upon the percentage of

low energy conformations which have indole

contacts.

Table 15 presents a comparison of the Zimmerman letter
code types (and number of types) for the low energy confor-

mations of single residues to those present when these resi-

dues are bound in tryptophan-containing peptides. The letter

codes for the peptides listed in the last column of Table 15
are a compilation of the results displayed graphically in
Figures 3 through 8. The following trends are evident in

Table 15:




Peptide

+ -
T

*ogT

*rae”

feh

PT

2+LT—

a. Developed by Zimmerman,

Residue

in

Peptide

Trp

Trp
Gly

Trp
Gly;
Gly,

Gly
Trp

Pro
Trp

Lys
Trp

TABLE 15

Comparison of Conformational Letter Codes?
for Single Residue Minima and Peptide Minima

Letter Code
Regions for
Single Residue Minima

A,C.D,E,F,G,A*P
A,C,D,E,F,G,A¥
A,C,D,E,F,A*,C*, D*, F*
A,C,D,E,F,G, A%
A,C,D,E,F,A*,C*,D*, F*
A,C,D,E,F, A*,C*, D%, T*
A,C,D,E,F,A%,C*,D*, F*
A,C.D.E,F,G,A*

A,C,F

A,C,D,E,F,G,A¥*
A,C,D,E,F,G,A*
A,C,D,E,¥,G,A*

# of
Regions for
Single Residue

~N W

~

refer to reference 4.

b. Refers to uncharged tryptophan single residue minima.

Letter Code
Regions for

Peptide Minima
.D,E,F,G,H,A*, G*

.E,F,G,C*, H¥

‘

2 op

.
*,C*,D*

B pp0

(oK e}

+A*,C*,D* E*,

*,C*,D*, E*,

A
A¥,C*,D*, E*,
F

# of
Regions for

Peptide Mini

F*

F*

F*

e OV oo oo o w O

9%



(1) There is an increase in the number of types
of low energy conformations when uncharged tryp-~
tophan is converted into its zwitterion form.

(2) There is a consistent decrease in the num-
ber of conformational types for tryptophan when
it is in the C-terminal position of three dipep-
tides (see ToT~, tPT-, 2%+LT).

{3) There is no change in the number of confor-

mational types of glycine when it is in the C~

terminal position of the peptides studied (see

*trg=, treeU) .

(4) There is a decrease (from 9 to 6) in the

number of conformational types of glycine when

it is located in the middle of the tripeptide,

*r66-.

(5) There is the addition of an E* conforma-

tional type for glycine when it is on either

the C-terminal or N-terminal end of peptides

(see *TGG=, *GT™, and *TG-).

(6) The number of conformational types for

tryptophan is decreased when it is located in

the tripeptide, *TGG~.

Figures 3 through 8,% - ¢ conformational letter code maps
of low energy conformations provide additional information
about the distribution of conformational types when the indi-
vidual residues studied are found in different peptides. The

following observations are made:

(1) Figure 3, *T7: The majority of confor-
mations are of the unstarred type.

(2) Figure 4, *re”:  The majority of trypto-
phan conformations are unstarred. Glycine has
conformations well-~distributed throughout the
# ~ ¢ map.

{3) Figure 5, *ree”: Tryptophan has no starred
conformations. In general, both glycine residues
are distributed in the same letter code regions
(except E* and F* regions).




FIGURE 3

Conformational Letter Code Map for *po
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FIGURE 4

Conformational Letter Code Map for ‘TG
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FIGURE 5

Conformational Letter Code Map for *rce”
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FIGURE 6

Conformational Letter Code Map for *er”
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FIGURE 7
Conformational Letter Code Map for +PT-
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FIGURE 8

Conformational Letter Code Map for 2+L -




59

l‘o

G
bad

180
E*
L rfo
g *
40
B* o
20
-£0
e
)]
-?—————!"”C
1
4 —,5'

~fo




60

(4) Figure 6, +GT—: Tryptophan has no starred
conformations. The majority of the tryptophan
conformations are in the E region. Glycine is

well distributed throughout both the starred

and unstarred regions.

(5) Figure 7, *prT: Neither residue in the

dipeptide is found in the starred regions of

the map. Proline is restricted to the F region.

Tryptophan is well distributed throughout the

left side of the @ - ¢ map.

(6) Figure 8,2+LT—: Too few conformations were

actually minimized to reveal much information

about 2+LT-.

Figures 9 through 14 show the structural formula of the
peptides studied via computer. Next to each atom is the atom
number assigned to it by the computer programs described
earlier. Atom numbers facilitate discussions about hydrogen
bonding and indole contact interactions.

Figures 15 through 20 present additional information about
the six peptides studied via computer. Each figure lists the
variable backbone and side chain dihedral angles for each low
energy conformation. wext to each set of angles is the energy
(designated ENG) for that conformation. The column(s) lists
the @ - ¢ conformational letter code for each residue in the
peptide. The last two columns show the atom numbers of those
atoms in each conformation which undergo hydrogen bonding
and/or fulfill the indole contact distance criteria.

Figure 15 presents data on the tryptophan zwitterion.
The following information is obtained:

(1) There is only one type of hydrogen bond.

This occurs between the amino proton and either
partially negatively charged oxygen in the




FIGURE 9

Structure and Atom Numbers for +T_
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FIGURE 10

Structure and Atom Number for TG~
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FIGURE 11

Structure and Atom Numbers for +TGG'
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FIGURE 12

Structure and Atom Numbers for *er”
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FIGURE 13

Structure and Atom Mumbers for ‘tpy-
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FIGURE 14

Structure and Atom Numbers for

et
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FIGURE 15

Conformational and Energy Data for +T_
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carbonate group (both oxygens are identical
due to resonance effects).

(2) There is no correlation between the
occurrence of a hydrogen bond and the con-
formational type of the tryptophan zwitter-
ion.

Figure 16 presents data on +TG—. The following

are noted:

(1) There are two types of hydrogen bonds.
One is an intraresidue hydrogen bond between
the tryptophan amino proton and the trypto-
phan carbonyl oxygen. The other is an intra-
residue hydrogen bond between the glycine
amino proton and the glycine carboxyl oxygen.

(2) ¢ne low energy conformation of +TG— has
both types of hydrogen bonding taking place
simultaneously. This occurs only when tryp-
tophan is in the F conformation and glycine
is in the E* conformation.

(3) The tryptophan intraresidue hydrogen
bonding takes place only when tryptophan is
in the F conformation. The occurrence of
this bond is independent of the glycine

r' sidue conformational letter code.

(4} The majority of the glycine intraresi-
due hydrogen bonding occurs when glycine is
in the E* conformation. This bonding is

independent of the tryptophan conformation.

(5) There are six types of indole contacts
present in the low energy conformations of
*TG-. A description of each is seen in
Figure 16. One type is a tryptophan intra-
residue bond. The other five are inter-
residue indole contacts.

{6) The majority of indole contacts are of
the tryptophan intraresidue type with tryp-
tophan in either the F, E or C* conformation.
The contacts oceur independently of the
glycine conformation.

{(7) The interresidue indole contacts occur
independently of the glycine conformation.

trends

75




76

FIGURE 16

Conformational and Energy Data for +TG-
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The majority take place when tryptophan is
in the E region.

Figure 17 presents data on +TGG_. The following obser-

vations are made:

(1) There exist three distinct types of hydro-
en bonding in the low energy conformations of
mGG~. One is an intraresidue bond between the
tryptophan amino proton and the tryptophan car-
bonyl oxygen. Another is an interresidue hydro-
gen bond between the second glycine (hereafter
referred to as Gy) amino proton and the trypto-
phan carbonyl oxygen. The third is an intra-
residue bond between the G, amino proton and the
Go carboxyl oxygen. The first glycine residue
in the peptide (referred to as Gj) undergoes no
hydrogen bonding. The majority of the hydrogen
bonds are of the tryptophan-G, interresidue
variety.

(2) Ten low energy conformations have tryptophan
intraresidue and tryptophan-G2 interresidue hydro-
gen bonding simultaneously. Two low energy con-
formations have all three bond types occurring

at once. These are generally not the lowest
energy conformations.

(3) The tryptophan intraresidue hydrogen bond
can occur only when tryptophan is in the F con-
formation. This hydrogen bonding is independent
of the conformations of both Gy and Gj.

(4) The majority of the tryptophan-G2 inter-
residue hydrogen bonds occur when Gj is in the
C* conformation. This phenomenon is independent
of the conformation of both tryptophan and G2.

(5) The majority of E* conformations for Gj
results in either tryptophan-G; interresidue
hydrogen bonding or Gy intraresidue bonding.
There is some selective dependence upon the
conformation of Gj (see rote 6 below) .

(6) The majority of the simultaneous hydrogen
bonding described above occurs when G is in
the A* conformation with G, in the E* confor-
mation or when G is in the C* conformation
with Gy in the E* conformation,




FIGURE 17

Conformational and Energy Data for +TGG'
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(7) The majority of the indole contacts are
an intraresidue type between the tryptophan
indole carbon (atom #14) and the tryptophan
carbonyl oxygen. This contact occurs most
often when tryptophan is in either the F or E
conformation and Gj is in either the C* or A*
conformation. This contact is independent of
the conformation of Gj.

(8) Four other types of indole contacts occur.
These take place between one tryptophan indole
carbon (atom #16) or the indole nitrogen (atom
#17) and either partially negatively charged
oxygen in the Gy carboxylate group. There is
no correlation between the conformational
letter codes for tryptophan, G or G2 and the
occurrence of these indole contacts.

Figure 18 presents conformational data on +GT_. The
following results are obtained:

(1) There is only one type of hydrogen bond
in the low energy conformations present. This
is an intraresidue hydrogen bond between the
tryptophan amino proton and the tryptophan
carboxyl oxygen. With only two exceptions,
this bonding occurs when tryptophan is in the
E conformation. It takes place independently
of the conformation of glycine.

(2) There are five types of indole contacts
(described in the figure). It is seen that
there are interresidue contacts between either
of the two tryptophan indole carbons (atom #'s
21 and 23) or the indole nitrogen and the gly-
cine carbonyl oxygen. There are two types of
intraresidue contacts.

(3) The majority of the interresidue indole
contacts occur when tryptophan is in the G
conformation. This phenomenon takes place
independently of the glycine conformation.

{4} There is no correlation between the con-
formations of either tryptophen or glycine

and the occurrence of the other types of indole
contacts.

Figure 19 presents data on the low energy conformations

+_ -
of PT . The following observations are made:
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FIGURE 18

Conformational and Energy Data for *or-
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(1) There is only an intraresidue hydrogen
bond between the tryptophan aminc proton and
the tryptophan carboxyl oxygen. This bonding
occurs only when +pr~ is in the F-E confor-
mation.

(2) There exists two types of indole contacts
in the low energy conformation of +pr-. There
is an interresidue contact between one trypto-
phan indole carbon (atom #28) and the proline
carbonyl oxygen. There is also an intraresidue
contact between the same indole carbon and
either partially negatively charged oxygen in
the tryptophan carboxylate group.

(3) There is, in general, no consistent corre-
lation between the conformational types of
either proline or tryptophan and the occurrence
of these indole contacts.

2 -
Figure 20 outlines the very limited data for +LT . The

results are as follows:

(1) There is no hydrogen bonding in the low
energy conformations of oo,

(2) There exists one type of indole contact.
It is an intraresidue contact between a tryp-
tophan indole carbon (atom #36) and the tryp-
tophan carboxyl oxygen.




FIGURE 19

Conformational and Energy Data For *pT”
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FIGURE 20

Conformational and Energy Data For

2+

LT
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DISCUSSTON

Charge Effects:

Work by Leher showed a 27% decrease in the st value and

a 19% decrease in kq for the iodide quenching of positively

charged L-tryptophyl ethyl ester with a charge in ionic strength

from 0.06 to 0.20. Negatively charged indole 3-acetate (a

compound similar te tryptophan) showed only a 6% change in

K
sv

and a 9% change in kq with the same change in ionic strength.

Uncharged indole-containing compounds were unaffected by changes

in ieonic strength.12 In light of such information, an inves-

tigation of ionic strength effects upon fluorescence was deemed

crucial for either verification or correction of earlier ob-

tained Stern-Volmer data.

change in the F

Our results show that there is less than a 15% overall

o]

P FT ratio for all zwitterions and anions

studied with a change in # from 0.130 to 0.438 with iodide

quencher and from 0.19 to 0.570 with cesium quencher. Except

for

and

three of the peptides studied, +GTG_, *pe” with iodide

+ - .
GTG with cesium quencher, the percentage change in

F%//FT did not exceed 9%. Since st is equal to the slope of

° ) . . o .
FT/FT vs. CQJ’thlS slight change in FT/FT implies that the

v

not

values and the subsequently calculated kq values would

be radically altered as the ionic strength increases

through addition of quencher. OCur results show therefore

that there is less dependency upon ionic strength than that

proposed by Leher. Our studies reveal that the results of




most of Stern-Volmer experiments are generally valid.

The Stern-Volmer results obtained for those peptides
which show the greatest % change in F%//FT may be erroneous.
It is suggested that further studies of the effect of ionic
strength upon fluorescence need be undertaken to more clearly
determine the validity of these Stern-Volmer quenching data.

Tables 2 and 4 list two types of quenching constants, kq
and <?qj>for each peptide studied. Each type of kq value was
calculated using a different type of lifetime value. The
first type of quenching constant is calculated from equation
(16) :

kq = st"t (16)

Work by Werner and Forster defined T as the lifetime of the

peptide derived from a single exponential least squares fit

where the average RMS value for reproducible data sets was

less than or equal to 0.008.1 The kq value thus calculated
is a quantitative expression of the quenching efficiency of
external quenchers providing the peptide actually exhibits

single-exponential decay.

The other value for the quenching constant, <?;7 is cal-

culated from equation (17):

<kc> = Kook 17 :

where T represents a weighted average lifetime for the
peptide. It is given by expression (18):

T=E, Ty Y £, (18)




where T and T, are the two lifetime components and f1 f2
are the normalized weighting factors assigned to each component.

1 and 7> were derived, as seen earlier, from a double expo-

nential least squares fit where the average RMS value for the
reproducible data sets was less than 0.008 and the RMS value

for a single exponential fit was greater than 0.01.l

The guantitative nature of this (%q) value is somewhat

ambiguous because the average weighted lifetime does not clearly
define which lifetime component is large enough to be quenched
by external quenchers. 1In addition, <kd7 may represent an
average of the kq value for each lifetime component, but this
is not verifiable. <kq:>values, although ambiguous, were listed
so that one could look for trends due to electrostatic effects
(to be discussed later). If these trends do not exist however,
it suggests that the <kq:>value may not be the average mentioned
above. In summary, the actual quenching efficiency when
double-exponential fits are used is not well defined.

Indeed, there is some ambiguity in both types of kq values
because there is some arbitrariness involved in choosing the
RMS criteria by which one assigns a double or single exponential
fit to the lifetime data sets. Clearly, one cannot be abso-
lutely sure which type of kq value most accurately conveys the
quenching efficiency of external quenchers.

Our results lead to the conclusion that the quenching
efficicncy of iodide ion is dependent upon the location of

charge (s) relative to tryptophan in the peptides studied.
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It was seen that when tryptophan is the uncharged residue
in zwitterionic tripeptides, the kq value was comparable to
those for the reference compounds, NATA and NATE. This sug-
gests that the electrostatic interaction between the indole
ring or tryptophan and the iodide ion is the same for these
compounds.

The tryptophan zwitterion also has a kq value comparable
to those found for NATA and NATE. Both charges in the zwitter-
ion apparently compensate for one another and affect the
quenching by iodide in the same manner as if tryptophan were
uncharged.

Our results show that when tryptophan is uncharged in

anionic peptides, e.g. TG, GTG™ and GTGG™, the quenching

efficiency, as measured by both kq and ﬁq> is relatively

high as compared to the other anions studied. This can be
attributed to the small degree of electrostatic repulsion
between the negatively charged iodide ion and the site of
quenching. This conclusion is substantiated by an observed
increase in the single lifetime kq value as tryptophan is
moved farther away from the negatively charged residue in the
peptide. Clearly, the electrostatic repulsion is decreased
around tryptophan allowing for greater contact between the
indole ring and the iodide ion.

This electrostatic effect is further substantiated by the
presence of relatively low kq values (both types) for those

zwitterionic and anionic peptides in which the tryptophan




residue contains a negative charge. The quenching efficiency
for these peptides is less than that for peptides with un-
charged tryptophan because the negative iodide ion is electro-
statically repelled away from the quenching site to a greater
extent.

When peptidyl tryptophan is positively charged the kq
values are low as compared to the other peptides studied.
The positive charge on tryptophan electrostatically attracts
the negative iodide ion. This increases the contact between
the indole ring and the quencher, thus increasing the quenching
efficiency. This charge effect is further substantiated by
the rise in kq as the negatively charged residue is moved away
from the positive tryptophan residue. According to our model,
as the negative charge is moved away the electrostctic repul -
sion of the iodide ion around tryptophan is reduced. The
ability for iodide to contact tryptophan is increased, leading
to an increase in quenching efficiency.

Meyer and Seybold have observed these charge effects over
a much more limited range of data.l3 Our conclusions are also
supported by results of reference 6.

Our results also reveal that there is no simple relation-
ship between the location of charge relative to tryptophan in

both anionic and zwitterionic peptides and the quenching effi-

ciency of positively charged cesium ion. The kq and <ﬂq:>for

cesium quenching do not increase or decrease in a regular

fashion as would be expected by the electrostatic interaction




model proposed above for iodide ion.

This phenomenon can first be attributed to the fact that
the data for cesium guenching are much more limited than that
for iodide quenching. This is due to the fact that the meas-
ured fluorescence intensities of the zwitterions which were
useful in the iodide quenching experiments, now with cesium
ion, show only a negligible change after each addition of
quencher. Hence, many zwitterions cannot even be used in the
cesium quenching experiments.

In addition, the low quenching efficiency seen for cesium
ion as compared to iodide ion might be explained as follows:

Cg and I~ are isoelectronic and are therefore about the
same size. Thus steric factors are excluded. 1Instead, this
difference in quenching efficiency suggests that the exciplex
formed between the indole ring and the quencher is more stable
with iodide ion. Apparently, the indole ring acts more as an
electron acceptor than as an electron donor. Consequently,
the electrophilic cesium ion would be less likely to form a
stable exciplex, and would therefore quench rather inefficiently.
Evidence for Double-Exponential Decay:

It is believed that the Stern-Volmer plots can be useful
for detecting double-exponential decay. It was seen earlier

that the Stern-Volmer constant, st' which is the slope of a

Fgl/FT VS. Eﬂ plot, is proportional to the fluorescence decay

lifetime, Tee It was hypothesized that if there exists more

than a single exponential decay lifetime component for a pep-




tide, this would be reflected in the st, and a non-linear
slope would result.

To verify this hypothesis, a Stern-Volmer quenching
experiment with cesium quencher was performed on a solution
containing two peptides each with a known single exponential
decay lifetime. This mixture was created in order to simulate
a single peptide which exhibits double exponential decay.

NATA and +GT_ were used because their single exponential

lifetimes, 2.8 ns and 0.90 ns respectively, vary significantly.

The kq values for each peptide, 4.7 x lébflsec'l for NATA

—1. for +GT~ are also quite different. A

and 3.0 x 10 M 'sec
large difference in the lifetime and kq values was deemed
essential because this, it was hoped, would increase the
probability that the slope would deviate from linearity.
Cesium quencher was used because it was thought that an in-
efficient quencher might be more likely to expose the existence
of double exponential decay.

Our results have shown that the Stern-Volmer plots for
the quenching of mixtures with different amounts of each pep-
tide all had linear slopes (see Figures 21-23). This indicates
that the lifetime of NATA may indeed be too similar to that of
+G’I‘~ to produce non-linearity in the Stern-Volmer plot. rhis
implies that under certain circumstances, the Stern-Volmer
experiment is not sensitive enough to detect double exponential

decay.

Rayner and Szabo have seen that aqueous tryptophan exhibits




100

FIGURE 21

Stern-Volmer Plot

FTO/FT vs [Cs+]

NATA : torT
lex = 290 nm
Kgy = 1.35

r = .9976




0.60 cf




FIGURE 22
Stern-Volmer Plot

Fr°/Fp vs [Cst)
2 NATA : Yor-
‘ex = 290 nm

Key = 1.48

r = .9972
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FIGURE 23

Stern-Volmer Plot

Fp®/Fp vs [Co+]

NATA : 2+GT™
lex = 290 nm
Kgy = 1.1

r = .9962
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multi-exponential decay. They found %

1 to equal 3.13 ns #*
0.02 ns and 12 = 0.51 ns + 0.04 ns. They have also seen
that the rati- of the pre-exponentials is emission wavelength
dependent. This ratio is quite different at 330 nm and 370
nm. The ratio is 7.35 + 2.3 at 370 nm and 2.11 + 0.44 at
330 nm.2

Because of this variation, it was deemed worthwhile to
examine Stern-Volmer quenching of tryptophan with cesium ion
at each wavelength. Since K = kq<1> where <‘l>= £,1, +
f272, this difference in the ratio of f1/f2 should, if two
iifetimes do indeed exist, cause st to be different at each
wavelength.

Our results have shown that the Stern-Volmer plots at
each wavelength produced linear slopes. The linear plots
seen to reflect the quenching of only a single lifetime.
This is to be expected however, because the ratio of fl/f2
is large at both wavelengths. The longer lifetime is there-
fore weighted much more heavily in both cases. Hence, the
Stern-Volmer technique is, as stated earlier, not sensitive
enough to reflect the quenching of the shorter, least weighted,
lifetime at both 330 nm and 370 n ..

In addition, it is seen that the Ks for the linear plots

v
at each wavelength are almost identical. The difference in

the values of 0.2 is probably a reflection of statistical and
experimental error rather than an indication of a difference

in the ratio of pre-exponentials. This result does not prove




nor disprove Rayner and Szabo's asserticn that tryptophan
exhibits double exponential decay and that the ratio of pre-
exponentials is wavelength dependent. 1Instead, we see that
the Stern-Volmer technique is insufficient, in this case,
for proving the existence of non-single exponential decay.

Our results showed that 2+LT_ consistently exhibited
non-linear plots for Stern-vVolmer quenching experiments with
cesium guencher. Leher, who observed consistent deviations
from the Stern-Volmer law for large peptides with many tryp-
tophyl side chains, developed a modified Stern-Volmer equation
in order to more clearly elucidate the fluorescence properties
of such compounds.12 In these proteins, some fluorescence
sites are fully exposed to the solvent and are thus accessible
to quencher ions. Other fluorophors are buried and inaccessible
to quencher.

If there are n fluorescent side chains with the same st,
and m accessible fluorophors, then there are m-n inaccessible
fluorophors. To account for this, the Stern-Volmer law is

modified to produce equation (19):

Fa//.AF = TTET?§7§CT + 1//fa (19)
where FO and F are the fluorescence quantum yields in the
absence and presence of quencher respectively, AF = FC - F
and £, is the fractional maximum accessible protein fluorescence
summed over m accessible flucrescence sites. As in the case of
earlier Stern-Volmer work, the relative fluorescence intensities

can be substituted for the quantum yield values.
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A plot of F9/ AF vs. 1 /[ should yield a straight
line with a slope of L//%lgv and an intercept of 1//£ . Kgy
is therefore given by the intercept divided by the slope. fy
is equal to L,/ﬁntercept.

A modified Stern-Volmer plot for the césium quenching of

2+LT‘ produced a linear slop (see Figure 24). Based on Leher's

work, it was believed that this result might be evidence for

the existence of two fluorescence 'sites' in 2*LT-. Theoret -

ical calculations were carried out in order to simulate 2+LT‘

with two fluorescence sites. The fluorescence decay for each
site would represent the fluorescence decay for a different
lifetime component for 2+LT—.

Werner and Forster reported double exponential decay for
2“FLT_. They found 7, = 0.90 ns with a weighting factor,
fl = 0.84 and T, = 3.7 ns with f2 = 0.16.l The fluorescence
quantum yield in the absence of quencher for each site is
given by ﬂfn; where n equal the number of the site. Since
ﬁfn is proportional to the decay lifetime, Tg, its value can
be calculated by equation (20):

HEQ _ ggNATA

L of <
£ £

(20)

where a? NATA and are the experimentally determined

.
fNATA
quantum yield and lifetime for our reference compound, NATA.

= 0.14 and = 2.8 ns, Hfl for site 1 is calcu-

o T
PEnara fnaTa
lated to equal 0.045. ﬂ?z for site 2 equals 0.185. The total
quantum yield for the peptide in the absence of quencher, ﬂg

is equal to the weighted sum of the quantum yields for each
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FIGURE 24

Modified Stern-Volmer FPlot

2+LT-

1

Fp°/aF vs [Cs+]_

K, = 3.0
£, = 0.59







site: gg = flﬂgl + £,09.

ﬁ?n is also given by equation (21):

gs = kf//%f + & (21)
where kg is the fluorescence rate constant and k; is the rate
constant for all the other decay pathways in the absence of
quencher. Ricci and Nesta have observed that k¢ for indole
and other tryptophan containing compounds is environment inde-
pendent and has a constant value of 4.5 x 107sec_l.3 Since
ﬂf for each site is known, kj can be calculated with equation

(21). For site 1, kj = 9.6 x lossec—l and for site 2. ki =

2.0 x 10%sec7t.
In the presence of quencher, the quantum yield for each

site ﬂ; is given by equation {22):
n

e = ke (kg + Ky + kg [9) (22)

where kq is the second order rate contant for guenching and
Bj is the concentration of quencher. Since kg and kj for
each site are known, if one assumes a kq for each site, the
quantum yield G%n at a given quencher concentration can be
calculated. Several values of kg for each site were assumed.
The most useful and realistic values assumed for kq were as
follows: kg for site 1 = 4.0 x 108nile  sec™! anc kq for

Omol tsect.

site 2 = 1.0 x 10
The total quantum yield for the peptide in the presence

of quencher is the weighted sum of the quantum yields for

] i
each site, i.e. fp = flﬂi + fzﬂz One can therefore determine
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Qé at any given quencher concentration. The calculated Stern-
Volmer equation is:
]
ﬂT
—'=1+K Q
P sv
T

24T using the

A Stern-Volmer plot of G; ¢; vs. @ for
calculated values for the gquantum yields is seen in Figure 25.
The figure shows clear curvature. Figure 26 shows a compari-
son of the Stern-vVolmer plots for the calculated and experi-
mentally measured values. Good agreement is seen.

Since the calculated Stern-Volmer plot revealed curvature,
a modified Stern-Volmer plot using calculated values was con-
structed in accordance with Leher's work. This is seen in
Figure 27. Figure 28 compares the modified Stern-Volmer plot
using calculated values with that obtained with measured

values. As seen in our results, the values of Ks and fa

v
from our calculated plot is in very good agreement with those
found experimentally.

This correspondence between experimental and calculated
results seems to verify the assumption used in the calculations
that there are two fluorescence sites for 2+LT'. Since we
assumed that each 'site' represented the fluorescence decay
of a different lifetime component for 2+LT-, our results
support Werner and Forster's contention that 2+LT_ exhibits
double exponential decay.

This conclusion is not arrived at without reservation.

The longer lifetime component for 2+LT—, unlike the tryptophan




Figure 25

Theoretical Ster-Volmer Plot

2+

LT
Ppo/0y vs [Cs')







FIGURE 26

Stern-Volmer Plot

2+LT-

¢T°/¢"r vs [Cs']

+ - Experimentally measured values for @¢°/f@y

(© - Theoretically calculated values Bp°/0p
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FIGURE 27

Theoretical Modified Stern-Volmer Plot

2+LT-

F°/AF vs [Cs+]-1
Kgy = 2.90
£a = 0.65
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FIGURE 28

Theoretical and Experimental Modified Stern-Volmer Plot

2+LT-

Fe/aF vs [cst]™1

+ - Theoretical values

o- Experimentally Measured Values
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results discussed earlier, is not the most heavily weighted
component. Instead, the shorter lifetime for 2+LT_ has the
larger weighting factor. This may explain why the Stern-Volmer
plot for 2+LT_ showed curvature and that for tryptophan did
not. Under these lifetime conditions, the Stern-Volmer tech-
nigue is apparently sensitive enough to show evidence for
double exponential decay.

This curvature however, may be due to another factor
entirely, i.e. ionic strength. Although the % change in
F%//%T is less than 10% for the cesium quenching of 2+LT_,
our experiments were not extensive enough to conclusively
eliminate the effect of ionic strength upon Stern-Volmer
quenching. It is suggested that further quenching experiments
be performed upon 2+LT_ in which the quencher concentration
is vaired but the ionic strength is kept constant throughout.

Conformational effects of addition of one or two glycine
residues to the C-terminal end of tryptophan:

Our results have shown that when one glycine is added to
the C-terminus of tryptophan ther is, as expected, an increase
in the number of low energy conformations. Addition of a
second glycine to the same end of the peptide, however, does
not radically increase the number of low energy conformations.
The second glycine must have only a few conformation which
add onto +TG_ and still yield peptide energies within 3Kcal
of the minimum,

When one glycine is added to the C-terminus =f tryptophan,

there is almost no change in the percentage of hydrogen bonds




which exist among the low energy conformations. One can con-
clude from this that the increased number of low energy con-
formations found for *re™ (as compared to *17) is not due
solely to the existence of hyrdrogen bonds. Since there are
only intraresidue hydrogen bonds in +TG', hydrogen bonding
within each residue does not play a major role in stabilizing
the dipeptide. The type of hydrogen bond found in +T- and
+TG' is the C5 ring which is generally a very weak type of
hydrogen bond.4 when another glycine is added to +TG", there
is a dramatic rise in the percentage of hydrogen bonds among
the low energy conformations. Most of the bonds are inter-
residue hydrogen bonds between tryptophan and G2. The confor-
mational freedom attributed to glycine by Zimmerman in refer-
ence 5 may allow rotation about the center glycine and bring

T closer to G2. Since most of these hydrogen bonds are

stronger than the Cg hydrogen bonds present in *r” and trc”,

they may lower the conformational energy and thus many con-
formations without this kind of interresidue interaction may
have an energy greater than 3Kcal from the minimum.

our results have shown that the occurrence of hydrogen
bonding among the low energy conformations of the tryptophan
zwitterion is independent of the many conformational types
present. This indicates that there is a high degree of back-
bone flexibility which allows the close proximity of the amino
proton to the carboxyl oxygen. When tryptophan is located in
the N-terminal position of glycine-containing di- and tri-
peptides, however, tryptophan intraresidue Cg hydrogen bonding

can occur only when tryptophan is in the F conformation.




Perhaps steric hindrance with the rest of the residue
prohibits this type of hydrogen bond in di- and tri-
peptides, although the presence of this bond is independent
of the conformation of glycine in +TG_ and of both glycines
in TreG”.

Glycine intraresidue hydrogen bonding for glycine in +TG_
and G2 in +TGG— is favored when it is in the E* conformational
region. Although the E* region is not a low energy one for

glycine as a single residue,7 it may be stabilized in these

peptides by this weak hydrogen bond. This is indirectly

supported by data which show that Gl in +TGG— undergoes no

intraresidue hydrogen binding and the E* conformational region
is disallowd for this residue. Apparently, when Gl is in the
center of the tripeptide, its conformational freedom is re-
stricted to such an extent as to prohibit the interaction of

the G, amino proton and its carbonyl oxygen.

1
It is seen that +TG_ exhibits no interresidue hydrogen
bonding. This is unexpected due to the conformational freedom
of glycine and its high probability for bend conformations in
Gly-X (X denotes another residue) dipeptides.5 +TGG_ however,
exhibits interresidue hydrogen bonding between the tryptophan
carbonyl oxygen and the G2 amino proton. Our results show
that such bonding is favored when Gl is in the C* conformation.
The occurrence of an interresidue hydrogen bond is generally
independent of the conformations of both tryptophan and G2.
This phenrmenon suggests that the C* conformation for Gl nay

pull the two residues on the ends of the peptide close together.

When G1 and G2 are in the C*-~F conformation, they come close
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to satisfying the dihedral angle criteria for a type V bend.l‘

The majority of the indole contacts in all three peptides
are tryptophan intraresidue contacts between the indole ring
and the tryptophan carbonyl oxygen. This might be attributed
to the close proximity of these atoms in the tryptophan zwit-
terion in general. This observation might also account for
the similarity in the percentage of indole contacts found for
each peptide.

Our results indicate that interresidue indole contacts
between the atoms in the indole ring and the glycine carboxyl
oxygen in *16” can take place. In +TGG_, indole contacts be-

tween tryptophan and the adjacent glycine residue do not occur:

instead only indole contacts between the ring and the G2 car-
boxyl oxygens are allowed. The exact reason for this is unclear
because its occurrence is independent of the conformations of
tryptophan, Gl and G2. It seems likely however, that Gl cannot
contact the ring because of its position in the center of the
peptide is too restricted. G2 can make an indole contact be-
cause of the propensity of glycine to form bend conformations5

and the length of the peptide allows G2 to swing around and

contact the ring.

Effect of Position of Glycine in Tryptophan-Containing
Dipeptides:

Our results indicate that +GT' has almost 50% more low
energy conformations than +TG-. This was also observed for
some other Gly-X and X-Gly blocked dipeptides such as Gly-Phe

(Glycyl-Phenylalanine) and Phe-Gly (52 vs. 39 low energy




conformations), Gly-Tyr (Glycyl-tyrosine) and Tyr-Gly (100 vs.
72 low energy conformations), but not for Gly-X and X-Gly di-
peptides where X = Ala (Alanine), Asn (Asparagine), Asp (Aspartic
acid), Ser (Serine), Thr (Threonine) and Val (Valine). Since
Phe, Tyr, and Trp are all aromatic residues, it is interesting
to observe the increase in low energy conformations when gly-
cine occurs at the N-terminal end of the dipeptides. Although
*GT™ has more low energy conformations than 'TG , it has only
a lightly greater percentage of hydrogen bonds among these
conformations. Both exhibit only weak Cs type intraresidue
hydrogen bonding. This agrees with our earlier results for
*r7, *1¢”, *re6” which indicated that there were no strong
correlations between the existence of C5 hydrogen bonding and
the number of low energy conformations found for the peptides.
Tryptophan intraresidue C5 hydrogen bonding can occur in
poth T1¢™ and Yer~. 1In *rgT, tryptophan is often in the F

conformation while in +GT_ it is often in the E conformation.

Glycine intraresidue C5 hydrogen bonding occurs only in +TG_.

This hydrogen bonding is found to be most favored when glycine
is in the E* conformation as previously noted. An explanation
of the above may be that the bulky side chain of tryptophan
must restrict the conformational freedom of glycine when it
precedes tryptophan more than glycine restricts tryptophan
when it precedes glycine. Even though the E* conformation is
observed for glycine in +GT", no intraresidue hydrogen bonds

are formed.
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Our results have indicated that interresidue indole con-
tacts exist for both +TG_ and +GT-. In both cases, the Presence
of such contacts is independent of the conformation of the gly-
cine residue. 1In +TG_, the contact is most favored when tryp-
tophan is in the E conformation. 1In +GT_, the contact is most
favored when tryptophan is in the G conformation. E and G
conformations for single residue tryptophan are allowed and
are relatively well populated for both +TG' and +GT—. The
location of glycine in the dipeptide naturally would result
in different tryptophan backbone conformations being more
favored for an interresidue indole contact.

Tryptophan intraresidue indole contacts exist for both
*GT™ ana 167, 1n *er- there is no correlation between their
occurrence and the conformations of either tryptophan and
glycine. 1In +TG—, these indole contacts are slightly more
favored when tryptophan is in the F, E, or C* region. Their
occurence is independent of the glycine conformation. Thus
it appears that intraresidue indole contacts do not depend
very strongly on backbone conformations of either residue in

the dipeptide.
Conformational Effects of Nature of Reside on N-Terminus of
Trxgtoghan-Containing Dipeptides:

Before we begin this discussion, it must be noted that
any comparison with the results for 2+LT~ is impossible. Since

only a few low energy backbone minima were reminimized with

lysine side chains added, our results for 2+LT" are very

limited.
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In this light, let us compare *pr~ with TGT™. oOur results
indicate that +GT‘ has more than three times as many low energy
conformations as *PT™. Tt is also seen that glycine in tor
has many more allowed conformational types than proline which
is restricted to only the F conformation in +PT—. Tryptophan,
however, has almost the same number and type (excepting con-
formation G for TGTT) of conformational types in both *G1™ and
+PT—. This suggests that the large number of conformations
for YoT™ is due to the greater flexibility of glycine since
proline backbone conformations are severly restricted by the
pyrrolidine ring.

our results have shown that although +GT_ has a much
greater number of low energy conformations than +PT_, it only
has a slightly greater percentage of hydrogen bonding among

these conformations. All of the hydrogen bonds in both +GT_

L . :
and PT present are weak 05 intraresidue ones for tryptophan.

This again substantiates our early conclusion that there is
little correlation between the degree cf C5 hydrogen bonding
and the number of low energy conformations. This suggests
that hydrogen bonding within the individual residues in the
peptide does not play a major role in stabilizing the total
peptide.

Of course, since proline has no amino hydrogen it can
have no intraresidue hydrogen bonds. The tryptophan intra-
residue hydrogen bonding in both +PT_ and +GT' is favored

when tryptophan is in the E conformation. Zimmerman found
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this to be a favored conformation for residues like tryptophan
with aromatic rings on the side chains.5 In +GT', the occur-
rence of this intraresidue bond is independent of the glycine
conformation. In +PT_, for all dipeptide conformations, pro-
line is only in the F region. In this light it seems then
that the conformations of both proline and glycine have little
influence upon the occurrence of tryptophan intraresidue hydro-
gen bonding.

+GT_ has a greater percentage of indole contacts among
its low energy conformations than +PT". Most of these indole
contacts are interresidue interactions. These data seem to
suggest that glycine, in the N-terminus of +GT_ has greater
conformational freedom than proline in +PT- (which is to be
expected because of proline's pyrrolidine ring) allowing for
greater contact with the indole ring. The allowed values for
¢ and ¢ of proline are clearly restricted, thus prohibiting
many proline interresidue indole contacts.
Comparison of Results for *pT” with that of Earljier Workers:

Zimmerman and other workers have carried out conforma-
tional studies on N-Acetyl-N-Methylamide Proline-X (blocked,
uncharged) dipeptides where X = Ala, Asn, Asp, Gly, Leu, Ser,
Val, and Phe.4 our results agree fairly well with those of
Zimmerman on the following points.

Zimmerman found that proline in the Pro-X dipeptides
studied was restricted to the C, F and A conformations because

g_ is -75.000 degrees in the pyrrolide ring. Our results show
P




that proline in +PT_ was restricted to the F conformational

region. The exclusion of regions ¢ and A suggests that the
bulky side chain of tryptophan may restrict the conformational
space available to proline more than the other residues studied
by Zimmerman.

2immerman also found that the X residues in Pro-X dipep-
tides had the same conformations in the peptide as those of
single residue minima.4 Similarly, tryptophan in +PT_ has all
the same conformational types as in its single residue minima
excepting conformation regions G and A*. Finally, Zimmerman
found that in the Pro-Ala dipeptide, alanine showed a propen-
sity for forming C5 intraresidue hydrogen bonds when it is in
the E conformation. The conformations of the peptide in which
this occurred were thus CE, FE and AE.4 our work has shown
that tryptophan undergoes C5 hydrogen bonding when tryptophan
is in the E region. In this regard then tryptophan acts like
alanine and other X residues in Zimmerman's proline dipeptides.

Correlation of Experimental and Calculated Results:

Results from ECEPP calculations show that the sum of the elec-
tronic charges for all the atoms in the indole ring is +0.03
electronic charge units (E.C.U.). Although the magnitude of
this value is quite small, the fact that it is positive may
provide an additional explanation for the low quenching effi-

ciency of cesium ion as compared to that for iodide ion. Ap-

parently, the positively charged cesium ion is electrostatically

repelled away from the indole ring to a greater extent than




the iodide ion. 1In fact, the negatively charged iodide ion

may be electrostatically attracted to the ring, increasing its

quenching efficiency.

As stated earlier, ﬂR is an expression of the efficiency
of fluorescence in the tryptophan residue. A low GR indicates

that a good deal of internal quenching is taking place. This

occurs due to the formation of an excited state charge trans-

fer complex (exciplex). The exciplex is formed between the

and the elec-

indole ring., which acts as an electron donator,

trophilic amide carbonyl oxygen. Werner and Forster claim
that any effect which will increase the electrophilic charac-
ter of the carbonyl oxygen will result in increased quenching
and a decrease in ﬂR.l
They have shown that the gquantum yield for the zwitterion
forms of T and TG are lower than those for the corresponding
anions. They suggested that this occurs because protonation
of the amino group on tryptophan results in an inductive effect
which enhances the electrophilicity of the tryptophan carbonyl

oxygen.l The likelihood of exciplex formation is thus increased

resulting in increased internal quenching. Our experimental
results have shown that ﬂR for +TGG' is lower than that for
TGG . One can conclude that this probably occurs because of
the inductive effect model proposed by Werner and Forster.

Our results also reveal that HR for both the anion and
zwitterion forms of TGG is much lower than that for the corres-~

ponding forms of TG, Since it has been seen that the wavelength
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maximum for the zwitterion forms of both TG and TGg are 10 nm
lower than that for the Anion forms, it seems clear that there
is no difference in the fluorescing environments for the two
peptides. Environmental factors are thus ruled out as the
cause for this decrease in ﬂR

This increased quenching in TGG also does not appear to
be due to exciplex formation between the Gl carbonyl oxygen
and the indole ring because the conformational calculations
show that no indole contacts between these atoms take place.

The calculations have also shown that both *rg~ and *reg”
have almost the same percentage of indole contacts, of which,
the majority for both peptides are tryptophan intraresidue
contacts. Thus, the reason for the decrease in GR in +TGG_
is unclear.

It is suggested that the presence of two glycine residues
in TGG may affect the peptide in such a wWay as to enhance
the quality of the tryptophan intraresidue indole contact.
Calculations have shown that the majority of hydrogen bonds in

TGG are between the G2 amino proton and the tryptophan car-
bonyl oxygen. Perhaps this bond withdraws electron character
away from this carbonyl oxygen resulting in an increase in its
electrophilicity. If this is the case, the tryptophan intra-
residue indole contact will have a greater quenching efficiency
in TGG than in TG .

Werner and Forster have found that the relative quantum

yield for GT is much lower than that for TG—. ﬁR for +GT-
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is 0.30 as opposed to 0.62 for *re”. space filling molecular
models built by Werner and Forster have shown that the amide
carbonyl oxygen in GT contacts the indole ring to a greater
extent than does the amide carbonyl oxygen in TG. In TG, the
amide carbonyl is in contact only with the periphery carbons

in the ring. In GT, however, the carbonyl group is able to H
extend beyond the periphery and come within 2-3% of the indole
nitrogen. Thus GT has greater opportunity to exhibit exciplex
formation and therefore will quench more efficiently.l The
results of the conformational calculations are in good agree-
ment with this model. It is seen that *GT™ has indole contacts
amonc 50.6% of its low energy conformations as opposed to only
21.5% for 'rG”.

Werner and Forster has also shown tha # for *pr” and ‘or”
were the two lowest values for any of the short peptides studied
by their group.l Conformation calculations suggest that this
is due to the more frequent contact of the amide carbonyl oxy-
gen with the indole ring in 'pT” and *GT™. oOur results indi-
cate that 'PT™ and TGT™ have indole contacts among 33.3% and
50.6% respectively of their low energy conformations. These
percentage values are higher than the average percentage of
indole contacts found for the other peptides studied (excluding
2+LT-). Again, the calculations are consistent with the exci-

plex quenching model proposed by Werner and Forster.




Appendix A

Computer Program Input - Output Scheme

"Inangles"”

"Tnang” + "NDAT" + “"Polypeptide"

—> Printed Output

"Fineng” + "NDAT" + "Polypeptidemin"

ECEPEMIN|—=> Printed Output

"Minfineng" + "Hygpolypeptide" + "NDAT" ~>» | INDOLE Printed Output

Printed Output




Explanation of Input-Output Scheme:

A. D designates workobjects.

" " designates input and/or

output files.

B. Each work object can be run as a "batch" job using the
following files:
Runsetvar is used to run the workobject SETVAR.
Runecepp is used to run the workobject ECEPP.
Runecepemin is used to run the workobject ECEPEMIN.
Runhygbond is used to run the workobject HYGBOND.

Runindole is used to run the workobject INDOLE.

C. The following is a description of the input and output

files used:

1. "Inangles" is the input file for SETVAR. It contains
a listing of the single residue minima dihedral angles for
each residue in the polypeptide under examination. The following
is a sample of "Inangles" used to generate a list of dihedral
angles for a sample polypeptide, Pro-Try (Blocked L-Prolyl-L-

tryptophan):




INANGLES

10¢ 1 2 s
20¢ 178.000 _79.
30 120.000 159.
o 180.000 =46.00
H <2:008 1822931
; xsez 00 isa 38) 38-000 e3.000
9 «155.000 151.000 60. -88.000
001 2133:890 121:808 188:860 ~89:800
10¢ “77.000 135.000-179.000 90.G00
120¢ =84.000 69.000-179.000 71.000
3 z333-000 146.000-179.000-105.000
I -144.000 148+ =§1.000 =a7.000
H ~85.000 89.000-179:000105-000
18 86000 02.000 -60.000 =72.000
70¢ =86 81. «60.000 104.000
e “142.000 81.000 =62.0C0 =87.000
9 “144.000 149.000 ~60.600 105.000
0 *76.000 140.000 68.000 ~92.000
1 “141.000 79. =61.000 105.000
e It dihy st s
. & S72:9%% =3t 2300 -53:808
25 «149.000 47.000 50.000 88.000
14 =75.000 ~49. 179.¢00~103.000
RS S RS UE
9 -123:898 -2s: 1;3. 86 "72:899
0 “146.000 =61.000 =67.000 =86.000
e HES Caies S L
11 -145:088 ce1:800 -88:088 105:888
36406 “78.000 =34« She [} B 3 ¢
206 -123:000 -32:000 33998 -41-996
3706 56,000 £3.000=174.060 69.000

Line 100: This line specifies the input parameters. The first

value represents the number of the residue of interest in the
peptide. The second value designates the number of dihedral

angles to be varied in the residue. The third value represents

the number of set of angles for the specified residue (Format
315).

Lines 200-600: These lines show a listing of the sets of
single residue minima dihedral angles (Format 8F8.3).

Line 700: This line gives the same information as line 100,
only this line specifies the parameters for the next residue
in the polypeptide.

Lines 800-END: These lines give similar information as lines
200-600. Here the set of dihedral angles apply to the second
residue examined in the peptide.
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2. "Inang" is the output file for SETVAR and is one of
the input files for ECEPP. It contains a listing of all of
the combinations of backbone dihedral angles in the peptide
to be examined by ECEPP. In the example above, the first
residue has five sets of minimum dihedral angles. The second
has 30 sets of minimum dihedral angles. Therefore the total
number of minimum dihedral angle combinations for the whole
peptide will be 30 x 5 or 150. In the example, each combin-
ation will be represented by six dihedral angles. Thus ECEPP
will examine 150 different conformations of the sample poly-
peptide.

3. "NDAT" is an input file which contains information
regarding the fixed bond lengths and bond angles in each pep-
tide. Refer to reference 9 for a more detailed explanation of
this file.

4. "pPolypeptide" specifies the input parameters to be
used by ECEPP. It also contains all of the dihedral angles
for one starting conformation of the peptide. The following

is a sample “polypeptide® file used for the peptide, blocked

Pro-Trp:
10¢C 4 151 0 6 1]
ggg 1603300 278. §0 2
400 =75.000 79.000 iﬂO-OgO
282 ‘%38:888 154.000 160.000 58.000 0£3.000
700 SPEC
1 N N
980 - g [ H L) -]




Line 100: The first value represents the number of residues
in the peptide. The second value designates the number of
conformations to be studied by ECEPP. The fourth and fifth
numbers control the printed information in the ECEPP output
(Format 1615).

Line 200: These numbers are the list numbers for each residue
in the polypeptide. The list numbers are referenced in NDAT
(Format 161I5).

Lines 300-600: These are the dihedral angles for the starting
conformation of the polypeptide under examination (Format 8F8.3).

Line 700: This line is read by subroutine SPECV in ECEPP.
SPEC tells the program that it will vary only those dihedral
angles specified in input file "Inang" (Format I4).

Lines 710-900: These tell the program which angles in the
particular residue in the polypeptide will be varied. For
example, the first value on each line designates the residue
whose angles will be varied. The second value on each line
designates the number of angles in that residue which are to
be varied. The subsequent values on each line designate the
number of the angles which will be varied. The dihedral angles
are numbered as follows: £ = 1; 0= 2; w=3, X1-.-n = 4*°°

3 + n. For a more detailed explanation of this input file,
refer to pages 11-17 in reference 9.

5. “Fineng" is a summary of the output from ECEPP. It

provides a listing of the calculated energies in increasing

order. Alongside (on the left) of each energy is a listing of
the corresponding dihedral angles which were used to generate
this energy. Note that the only angles listed are those which
were varied. All the other dihedral angles in the peptide are
the same as those designated in the starting conformation
listed in the "Polypeptide" file. The following i« a sample
of some of the 150 conformations studied for the example, Pro-

Trp:
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"Fineng" is then used as an input file ECEPEMIN.

"Polypeptidemin" is another input file for ECEPEMIN.

6.

It specifies the input parameter used by the minimizer program.

It, like file "Polypeptide", provides the dihedral angles for

The following is a

one starting conformation for the peptide.

sample input file for the Pro-Trp example:

888 58.000 83.000

2

§ 18
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Line 100: The first number in the sequence represents the
number of peptides to be studied. The following two numbers
control the information which is printed in the ECEPEMIN out-
put (Format 16I5). Refer to pages 11, 14-16 in reference 9.

Line 150: The first value designates the number of residues
in the peptide. The second value designates the number of
conformations which will be examined by ECEPEMIN (Format 16I5).

Line 200: These are the list numbers of the residues in the
peptide (Format 1615).

Lines 300-900: These lines perform the exact same function
as lines 300-900 in the ECEPP input file, "Polypeptide" {(For-
mat 8F8.3).

Line 950: These values are used by subroutine MNOP, which
minimizes the energy values and optimizes the geometrics which
were first examined in ECEPP. The first value is the step
size. The second value is the energy criterion for convergence.
The third value designates the maximum number of iterations to
be carried out upon the conformation being studied. The fourth
value is a print option (Format 2F10.0, 2I5).

7. "Minfineng" is a summary of the output file for
ECEPEMIN. Similar to "Fineng", it provides a list of the
conformations and their corresponding energies (in increasing
order). The following is some of the "Minfineng" file for

the Pro-Trp example:

€.636 79.007 180.017 =035.951 £0.991 =60.014 104.036 =.18690E«Q2
8.023 79.002 180.007=143.995 148,980 =59.997 105.048 =.18464E452
2.166 79.0%0 180.083~140.960 78.878 =-60.518 105.320 '-1&3355002
€4109 79.036 180.041-145.95C =61.138 =65.798 105.289 =.17991£+02
€. O; 79.013 180.126~154.974 150.914 60.053 =88.317 =.17950E¢02
8. 04 79.018 120,034 ~76.981 =48.031 =60.001 105.072 ~.17820E¢02
5 reois il neia HUS-EEG e Thiet
0.014 79.004 100-063'15‘-.09 156066 58.000 83.037 .32£98€«04

8. ‘"Hygpolypeptide" is an input file used@ by HYGBOND and
INDOLE. It specifies the parameters to be used by these pro-
grams. It also designates the dihedral angles for one starting

conformation for the peptide.

The following is a sample used




in the Pro-Trp example:

10
3
%8
i
§

Lines 100-900: Each line in this input file provides exactly
the same parameter information as the input file for ECEPP.
Refer to section C4 in this appendix.

BOOOHDAOHBNO
[
Ve
mee
OO0

e



10.

11.

12.

13.

14.
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